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ABSTRACT

Isothiocyanategphytochemicals found in cruciferous vegetables, are known for their health
benefits and their antioxidant and ammtilammatory effect. They are known to act indirectly
as antioxidant, through the induction of Nrf2 and phase Il enzymes, while theyaneteh
reduce cytokine production, leading to reduced inflammalsothiocyanates are studied on
their effects on skin disease, such as dermatitispantb-aging and are shown to reduce
inflammationand reduce UV damage, respectively. This project aomgrovide further
insight of the effect of isothiocyanatesmotcagingand psoriasis through models of photo

aged HaCaT cells and a novel therapeutic approach using UVB, respectively.

Initially and for the determination of the total isothiocyanatesatercress, a determination
method was developed using the cyclocondensation assay. Measurements were taken usi
the spectrophotometer, while validation of the method was conducted using a hexane
extraction method from the literatufEhe standard curved five ITCs studied in this work
(SFN, IBN, AITC, BITC and PEITC) gave a response factor from 0.028 to 0.035, indicating
limited variation in the reaction of ITCs, while the limit of detection (LOD) w&91g /

mL or 1-400 M or 1-60 mg / g dry matterCompared to the literatur®y. Zhang et al.,

1992) the maximum LOD presented in the current work is significantly higher with an actual

confidence level of 98.4%.

During the determinationfdotal ITC content in watercress matrix component interference
was examined, revealing a macromolecule interference that was successfully resolved by th
addition of a clarification step that includes addition of methanol and centrifugation,
improving thereliability of the method by reducing the coefficient of variation from 23.6%

to 14% (n = 6). No fibre or metal interference is shown, while plastic is shown to interfere
with the quantification and glassware increased recovery of ITCs by 35% givifiglé 7

decrease in the corresponding coefficient of variation from 14% to 2%. The developed



PHWKRGRORJ\ ZLWK DQ UHFRYHU\ GHWHFWHG
in freezedried watercress powder, while significantly higher quantities of *“ —PRO

/ g were detected in fresh watercress.

Photeagingis characterised from physiological changes of the skin and overall increased
wrinkles that gradually appear due to sustainably prolonged UVR exposure of the skin.
sulforaphane, one of the most studied isothiocyanates, is knowecrgase viability in
photo-aged cells and reduce the effect of UV oxidatiorhuimanimmortal keratinocyte
cells.In this project both phytochemicals had a phototective effect on the UVdhduced
photaaging models of 25 and 50 mJ / Twith significantly increased cell vidiiy at 72

hours by at least 10% compared to contrBls: the role of ITCs and UVB on psoriasis
HaCaT cells were treated with low doses of UVB and-prestted with either of the five
isothiocyanates; sulforaphane, Iberin, allyl isothiocyanate, benzyhiasyanate and
phenethyl isothiocyanat@ll but allyl isothiocyanate were shown to further reduce viability
and growth, when combined with 5 and 10 mJ P &WVB, while all phytochemicals
mentioned above were shown to induce apoptosis, increase mitoehameémbrane
permeability and affect the cell cycle. ROS inducfimm the combinational treatments was
also studied and it was shown that the viability of the cells increased, reversing the effect of
the treatment and indicating the main mechanism ofdingbination therapyAll ITCs but
$,7& —0 VWXGLHG VKRZHG D VLIJQLILFDQW UHGXFWL
/ cn? UVB at 48h or 10 mJ / cAUVB at 24h, while BITC was shown to be the least potent.
HaCaT cell growth was also shown to redsigmificantly after their treatment with all ITC
combinations but AITC. All ITCs studied showed an increase of apoptotic cells through the
evaluation of caspase 3/7 activity, while AITC only showed an increase of apoptotic cells
after the treatment with 1MJ / cnt UVB and not with 5 mJ / clUVB. Moreover,
treatments with combinations of UVB and PEITC, AITC, IBN and SFN showed necrotic

cells significantly high indicating damage to membranes, while PEITC was shown to be the
)Y



most potent. AITC reduced necmtiells significantly compared to 10 mJ /cbivB but

not with the AITC alone, while BITC combination did not show any increase to necrotic
FHOOV FRPSDUHG WR WKH FRQWUROV 0 P ZDV VKRZ
treatments indicating intracellrd ROS induction and mitochondrial dysfunction. SFN and
3(,7& ZHUH WKH PRVW SRWHQW RQ UHGXFLQJ G P 526
action of the combinational treatment was shown to reverse after the addition of GSH
strengthening the hypothesis téduced viability being mediated by the induction of
intracellular ROS. SFN, IBN and BITC were shown to arregiMGhase at 24h / 16J /

cm? UVB, when compared to the individual controls of UVB or ITC alone, while PEITC
significantly arrested &M phaseonly when compared to UVB control. 48h / 5 mJ Acm
UVB only showed a significant8M phase arrest after treatments with IBN and AITC when
compared to their corresponding ITC controls. SubG1 phase was arrested by SFN, IBN ant
BITC combinational treatmentg 24h, while similar effect was shown by SFN, IBN, AITC

at 48h. No effect on S phase was shown from either ITC, while SFN and PEITC arrested Gl
phase at 24h, when compared to SFN alone control and UVB control, respectively. The
treatment of 10 MJ /MU 9% LQ FRPELQDWLRQ ZLWK —0 RI 6)1
were the most effective of the two treatments overall, with the most significant effect on cell

YLDELOLW\ DSRSWRVLV 0P FHOO F\FOH DQG 526 LQG

When watercressvas used for the treatment BfaCaT cells posUVB exposure in the
optimised combinational treatmentwas shown to have a similar effect on cell growth
(SRB123 assay), apoptosis (caspase 3/7), mitochondrial membrane permeabiljtycglC

cycle (P1) and ROS induction (DHR assaylaudition of antioxidant glutathione) —0
watercress extract expressed in PEITC significantly (p<0.0001) reduced cell growth, while
its combination with 10 mJ / émUVB further (p<0.001) enhanced the effect. The
comparison of the combinational treatrteensing watercress extract or synthetic PEITC,

reveals a similar effect of the two, on caspase 3/7 activation, increasing apoptotic cells
%



significantly compared to the controls of UVB alone and ITC alone. Significant reduction of
the ratio of JE1 aggregees over JEL monomers U P RQ +D&D7 FHOOV IUR
HIWUDFW DQG VIQWKHWLF 3(,7& LV VKRZQ ZKLOH D IXlI

when watercress or PEITC are combined with UVB.

Vi
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1. General Introduction

1.1 Skinstructure and function

The main role of human skin is to function as a barrier between internal and external
environment. The function of the skin is separated in three categories; the physical, where
the outer layer of the skin provides protection from sharp objects and incpeassgre due

to its mechanical stability, the chemical where the organ acts as a filter and barrier for
chemicals to enter the body and immunological where the skin reacts through an
inflammatory immune response against stimulants such as pathogens dswausing a
series of symptoms, such as swelling or increased production of keratinocytes for wound
healing. Homeostatic regulation, prevention of loss of fluids, electrolytes and proteins
through the skin, temperature maintenance, sensory perceptionrande surveillance are
amongst the various roles of skin. Skin is also responsible for the rise of hairs, a mechanisn
that is supported by muscles surrounding the hair follicle and helps the body maintain its
temperature through trapping of small air blgs at the base of the hair. The skin consists

of 4 layers, the epidermis, the dermis, the dermoepidermal junction and the hypodermis

(figure 1.1)(Lorencini et al., 2014; Tobin, 2017)



Figure 1.1 Skin structure in layers

Skin consists of three main layers, g@dermis, the dermis and the hypodermis, while a
fourth layer between the epidermis and the dermis acts as a connective layer that plays ¢
role the integrity of the skin. Glands, such as sebaceous glands and eccrine sweat gland:

are also found in the skifrarage et al., 2007)

1.1.1 Epidermis

The epidermis is the external layer of the skin and its thickness varies from 0.05men on th
eyelids to 1.55mm on palms and soles while these measures can differ between human:
Keratinocytes are the main cells that the epidermis consists of (95%), while other cells are
also present in this layer, such as melanocytes, Langerhans and Merkel Amsdither
important function of the epidermis is the amiicrobial barrier that provides due to the
natural flora, such astaphylococcusepidermidisthat acts as a growth inhibitdoy

competitive exclusiof Propionibacterium acneandAcnevulgaris, two microorganisms



that areknown tocauseacne(Berretta et al., 2012; Y. Wang et al., 201¥poreover, skin
microbiota and fatty acid secretions from the sebaceous glands, maintain the low pH of the
epidermis inhibihg the growth of pathogens such&taphylococcus aurepelanghe et

al., 2021) Moreover, hair follicles and sweat glands traverse various layers including the

epidermis, while there are no blood capillaries or nerve endings found in this layer.

1.1.11 Keratinocytes

Keratinocytes are found in the whapidermis and their growth, division and cell cycle is
initiated at stratum basale (basal layer). There are 4 layers of keratinocytes that are dividet
based on their stage of life and function. The cells gradually move from the bottom layer of
the epiderns, towards the surface of the skin, while this movement is their process of
maturing and eventually reaching the stratum corneum (horny layer), the outer layer of the
epidermis, in a nowiable form (figure 1.2). The stratum basale, also knowsti@gum
germinativum is the layer where keratinocytes are differentiated from stem cells and
proliferate. Once they reach the final stage of their differentiation, cells enter the stratum
spinosum (spinous layer), a layer where cells are metabolically highlg aatid their size

is increased. Cells take 2 weeks until they are ready to enter the stratum spinosum an:
another 2 weeks to pass through the latter layer and enter stratum granulosum. At this laye
keratinocytes are flattened and insoluble proteins asd®ratin, are produced, also known

as keratinizatiorfL. Guo, 2009) Keratin acts as a fibre and is respbtesior the bondage

of demosomes (cadherin molecules) with epidermal cells, providing stability and resistance
in tension and protects the skin from tearing aff@@hner & Clark, 2016)_amellar bodies

are also formed in this layer secretirngdsis that move to the stratum cormeum (horny layer)
and maintain the low pH of the skin, protecting the organ from pathogens, while the cells

lose intracellular organelles and nudgdg & Lau, 2015) By the time keratinocytgsass the



stratum compactum anetach the stratum corneuatratum disjunctum)they are non

viable cells that fall from the skin througlesquamation

Figure 1.2 Schematic representation of epidermis layers
Epidermis consists of five layers; stratum basale, stratum spinosum, stratum granulosum,

stratum compactum and stratum disjunctum (stratum corng&ayvlings, 2017)

1.1.12 Melanocytes

Melanocytes are found in the stratum basale and their role is to produce melanin inside
melanosomegNg & Lau, 2015) Melanosomes are g@uuced from melanocytes and
transferred to the main epidermis cells, determining the pigmentation level of the skin and
providing photo protection. The increased production of melanin, gives a darker colour to
the skin, while vitamin D production is inited by UVB chemical reactior(Slominski &

Postlethwaite, 2015)



1.1.13 Langerhans cells

Langerhans cells are dendritic cells resident in the skin. They play an important role in
detecting pathogens and migrating to lyrafic tissue where they present potential antigens
to T-lymphocytes(Johnston et al., 2000)This presentation is a key initiating step in the
activation of the adaptive immune system. T cells play a number of key roles in eliminating
infected cells angroducing cytokines to direct immune responses, such as the activation of
macrophages, whilactivate B cells that secretatibodies another vital component of the
immune response (Fenner & (ark, 2016) Langerhans cells play a major role in
autoimmune skin diseases, such as psorfRsieman et al., 2012nd their mechanism on

the disease are mentioned in the next chapters.

1.1.14 Merkel cell

Merkel cells are found in thiewer layer of the epidermis, amongst keratinocytes, and are
associated with the nervous system as they contain hormonal producing particles that ar
similar to neurosecretory particlggenner & Clark, 2016) These cells also provide
sensatiorof pressure, shapes and sharpness to the skin by sending information to the brai
and act as tactile sensors. Merkel cells are known to create adrenergic synapsies, which a
junction points between the dendrite cell of a nerve to the axon cell of anetker through

A afferents, while the mechanisms by which Merkel cells activate and communicate with
sensory neurons is not well studied, unlike epithelial cells that are shown to activate senson

neuron througtB.-adrenergic receptofsioffman et al., 2018)

1.1.2 Dermoepidermal junction
The dermoepidermal junction is the layer that holds the epidermis and the deyetieto

and strong bonds between fibrils and cells provide further stability to th¢Rskimerthaler
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et al., 2015)Hemidesmosomes are molecules that contain keratin and are found in the basa
layer. These molecules connect the epidermis to the dermoepidermal junction layer securing
the basal cells to the membrandile most molecules that are found in the dermoepidermal

junction, including collagen 1V, are produced by keratinocyiesg et al., 2012)

1.1.3 Dermis

The dermis provides the organ with elasticity and firmr{Essiner & Clark, 2016)There

are various cells found in the dermis, lsuas macrophages;and B-lymphocytes, mast

cells, vascular muscle cells and fibroblasts. The matrix of this layer consists of collagen and
elastin fibrils, as well as extrafibrillar matrix that are produced from the fibroblasts. This
network is dividedn two sections, the papillary and the reticular dermis, the former layer is
thinner than the latter. The papillary dermis is located close to the epidermis and it consists
of loose collagen fibrils in contrast with the reticular where the network of tlageon and
elastin fibrils is denser. The reticular dermis also contains hair folliclest giaads, blood

vessels and nerve endin@&rage et al., 2007)

1.1.31 Collagen

Peptide chains of the types of collagens, also known as procollagens, are mainly produce:
by fibroblasts before the synthesis of collagen protginkl. Chung et al., 2001yhe main
collagens found in the derméxtracellular matrixECM) is collagen |, which cmpromise

most of the overall collagen found in this layer{7%b), and collagen Ill. Keratinocytes
produce collagen IV, which is then moved to the dermoepidermal junction and provides
stability and strength to the layer. The procollagen of the indivichliEgens produced are
considered biomarkers of the overall collagen produced, since they all lead to mature

collagen in the dermi€Once the proteins are expressed, they form tripledsbf three
6
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fibrils that connect to the elastin network. Collagen fibrils are held together by molecular
bonds between residues of lysine and together with the elastin network, they allow the skin

to have elasticity while maintairgnts shape and firmness.

1.1.32 Elastin

Elastin, similarly to collagen, is produced in fibroblasts and provides the skin and other
organs, such as lungs and aorta, with elasticity and durafi#tsage et al., 2007; Van
Doren, 2015)Elastin forms fibrils and, like collagen, thesedound in the ECM forming a
network and bonding with collagen fibrils. These molecules are resilient, and they are
synthesized in a such way to last for a lifetitfarks et al., 1993)Although elastin is
insoluble, its precursor, tropoelastin, is soluble and exerted in the ECM where elastin fibrils
are selfformed by bonding with hydrophobic amino acids found in the ECM, lysine, and
extracellular enzyme lysyl oxidas€he hydrophobic parts @lastin are important for the
elasticity of the skin and the prevention of body water loss. Tropoelastin expression and
elastin synthesis takes place at early life stages and when damage occurs, the fibrils ar
irreplaceableThe irreplaceability of thelastin fibrils enhances the significance of the need
for a protective and preventive method against aging factors. A potential protective and

preventive role of phytochemicals against phaging will be assessed in this study.

1.1.33 Matrix Metalloprotenases

The balance of this extracellular system is controlled by a group of enzymes called Matrix
Metalloproteinases (MMPs), that maintain collagen and elastin levels by degrading any
excess production from the fibroblastsD EAR7WN®X 0 HW .B@nerally, MMPs

take part in various mechanisms in the human body, such as embryogenesis, tissu
7



restoration and wound healing. In thés these enzymes are also produced from fibroblasts,
exported to the extracellular matrix (ECM). Their structure separates them in groups, such
as collagenases, matrilysins and gelatinases, based on their domain. MMPs have a major ro
in apoptosis andancer development, thefore their inhibition is investigated as an anti
cancerdrug -DEAR7UN®X U HW .DlBere are 26 MMPfund and most of them

are responsible of degrading types of collagens. MMPs that degrade the collagens found it
the dermis (collagen | and 1ll) are MMRE -2, -8, -13,-14 and MMP1, -2, -3, -8, -10,-13,
-14,-16 respectively, and the enzymes that taagstin are MMP2, -7, -9, -10,-12, -14,

while in the dermoepidermal junction (collagen 1V) the enzymes are {dMP, -9, -10, -

11,-12 and-26 (table 1.1YChakrabortiet al., 2003)The role of MMPs on skin disease is
significant due to the degradation of collagens produced by keratinocytes and fibroblasts

(section 1.1.3.2) and play an important role of the development of-plyotg.

Table 1.1 MMPs that degrade ECM collagen and elastin molecules found in the skin.

Main collagen and elastin proteins found in the dermis
MMPs
dermoepidermal junction
Collagen | 1,2,8,13,14
Collagen 11l 1,2, 3,8, 10, 1314, 16
Collagen IV 3,7,9, 10,11, 12, 26
Elastin 2,7,9,10,12,14

(Chakraborti et al., 2003)

1.14 Hypodermis
The hypodermis, also known as subcutaneous fat layer, is the last inner layer of the skin an
its main role is to insulate and regulate body terafure, while fat cells store ener@ -

Ghazzewi & Tester, 2012; Farage et al., 20G73lso serves as cushioning and the level of

8



thickness dependsidhe part of the body and the individual. In this layer, blood vessels and
adipose tissue can also be found, while the latter contains certain fat cells that play a majo
role in endocrine response, such as adipocyte cells that are shown to increase insul

resistance when they are exposed to sex hormones, such as test¢Senomad, 2007)

The structure and function of the skin is significantly affected by external factors, such as
sun exposure, that contribute to changes taking place in the epidermis and Gertais.
proteins of the dermis, such as collagen, elastin and MMPs, have @getimeole in
maintaining a healthy skin and they are shown to be altered on aggexsubject and can

be considered as biomarkers of this condifidariashvili et al., 2012; Ravelojaona et al.,

2008)

1.2 Ultraviolet radiation

Solar ultraviolet radiation (UVRip electromagnetic radiation that is emitted from the sun
and its spectrum is separated in three ranges:wawg UV (UVA) 315400 nm, medium

wave (UVB) 280315 nm and shomvave (UVC) 108280 nm(Orazio et al., 2013)The
atmosphere prevents almaés RI WKH vVXQTV 895 WR UHDFK WKH
radiation passed through the ozone layer, a protdetyee of the stratosphere which absorbs

all UVC, part of UVB and does not absorb UVA at all. Although, UVR is shorter than the
human visilte light, insects and birds have visibility of nddy (300-400 nm) that allow

them to detect food. UVR can also be produced by specialised lamps and it is widely usec
for various reasons, such as decoration (black light), cosmetics (tanning) and tisegse t
(psoriasis)(Lim et al., 2015; Miller et al., 2012; Singh et al., 2Q16nfortunately, the
exposure to such wavelengths can have negative effects, such as skindesrelopment,
photoaging and sunburfKammeyer & Luiten, 2015; Watson et al., 201B)e above risks
depend on the wavelength, the length of the exposure as well as the location of the sun at tf

9



time. UVA is known to causghotoaging while it is widely used in combination with UB/

for therapies, such as psoriasis, and for indoor tanning. UVB is known to cause DNA damage
after overexposure or severe sunburn and increase the risk for skin cancer, and therefore i
use for cosmetic or therapeutic purposes is limifadfiero et al., 2006; H. J. Choi et al.,
2020) UVC causes immediate DNA damage and cell death, and it is lethal for the human
skin (Takasawa et al., 200%)is also used for aipurification and object sterilization, due

to its ability to damage DNA in a short period of time. UVA is known to penethate t
epidermis and reach dermis, causing certain molecular changes to the skin, while prolonge
exposure to high amounts of UVA can cause plagiing, a skin disease that is mostly
known for its phenotypic changes of the skin and especially the face, ttheesensitive and

thin skin of this body part (figure 1.3). On the other hand, UVB only penetrates and reaches
the epidermis where it activates melanocytes to produce vitamin D and melanin, causing
colour changes of the skin, known as tanr(i@8pminski & Postlethwaite, 2015UVB is

also known to cause DNA damage, while overexposure of the skin to this radiation can caust
malignancies, such as skin cancer and melan@nazio et al., 2013{figure 1.4). While

UVB is more dangerous for the skin health compared to UVA, UVA is not known to cause
photoaging, a disease that is nlgsknown for the visible facial changes. However, sun
exposure of the skin makes both UVA and UVB unavoidable, increasing the risk for both

types of disease.

10



Figure 1.3 Filtration of ultraviolet radiation from ozone layand penetration of UVA and
UVB in the skin layers of unprotected skin.

UVA penetrates the epidermis and dermis, while UVB only reaches the epidermis.

1.3 Photeaging

Skin aging refers to certain alterations of the skin that appear over time that seen in

a young healthy skin, while it is divided in intrinsic and extrinsic skin agiiofpin, 2017)
Intrinsic skin agings the natural aging of the skin that occurs in ages over 80 years old and
is characterised by thin expression lirseggl loss of elasticity and volunf@obin, 2017)

During intrinsic skin aging, the collagen production and the moisture of the skin are reduced,
while thin expression lines axésible. Extrinsic aging occurs due to external factors, such

as chemicals, lifestyleair pollution chronic sun exposure, smoking and diet. The external

11



factors that mostly contribute to extrinsic skin aging are UVR exposure and smbkeng.
main path though which the mentioned factors can lead to skin aging, is through the

induction of oxidative stress, stimulating various pathways.

Long term exposure to UVR can lead to major structural and molecular changes in the skin.
such as collagen breakdown dods of elastin network stability leading to phaiging, a
condition that is known mostly from its phenotypic characterisation occurring in the skin
and more often on the face of patients. Deep wrinkles, excess loss of moisture and volums
of the skin, hyprpigmentation and random breakdown of the surface of the skin, are the
main phenotypic characteristics observed in pfagied skin. In contrast with natural aging,
photoaged skin is observed in earlier ages depending on the severity, which depends on th
length of the sun exposure over time and the location of the sun. An interesting example is
the case of a 69earold man, whose profession was a truck driver, and his left side of the
face, which was more exposed to the sun, is showing severe sigrgaégimg, in contrast

with the other half of his face, as shown in figure 1.5. The structural changes of the skin have
caused significant alternations in the features of his face, while hyperpigmentation is also

observed.

On a molecular leveit was shavn that NBUVB induces apoptosis in both keratinocytes
and Tlymphocytes in a dose and time dependent maffédrero et al., 2006)In a study

where naturally aged and pheaged human skin was analygeain human subjest it was

shown that while the former showed decreased collagen production and increased MMPs
when compared to young skin, the latter showed both collagen production and MMPs to be
increasedChung et al., 2001)n the above study young people with healthy skinedderly

people with diagnosed phesging condition were selectetherefore, it is understood that

the balance of collagen and MMPs between natural intrinsic aging and-aajiotp are

12



different. Moreover, it was shown thstMP-1 and MMR2 was increaseciphoteaged

skin, compared to the healthy skfigure 1.6)

Figure 1.4 Effect of UVA and UVB on skin.

UVA-induced ROS and UViduced DNA Damage leads to cell cycle arrest and MMPs
overproduction that results to lossE&B€M stability and integrity and eventually phaiging
(Panich et al., 2016)
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Figure 1.5 Photcaged face of a man.

The face of a 69earold man that his left side is showing heavy signs of pagtag in
contrast with the right side of his face due to the nature of his work as a truck driver. Picture
WDNHQ IURP p7KH 1HZ (QJODQG -RXUQDO RI OHGLFLQH

1.3.1 Photeaging biomarkers

Certain proteins of the dermis, such as collagen, elastin and MMPs, have a synergetic rol
in maintaining a healthy skin and they are shown to be altered on aggexdsubject and

can be considered as biomarkers of this conditlanashvili et al., 2012; Ravelojaona et

al., 2008) Collagen, elastin and MMPs are the main targets of investigation when it comes

to photeaging.

14



Figure 1.6 Role of extrinsically induced ROS in collagen and elastin proafuct

ROS through the increase of MMPs, TIMPs and inflammatory cytokines and decrease of

TG UHFHSWRU YLD WKH 0$3. SDWKzZD\ DFWLYDWLRQ D
61UG\

1.3.1.1 Collagen

As described above, caljen production was shown to increase in plaged skin, in
contrast with natural agin¢J. H. Chung et al., 2001y he effect of UVR on collagen
translation and synthesis has been further investigated. The triple helix of col{garel

1.7) contained in solution, was shown to lose the helical content and create a new therma

stability point, following UVC exposur@ariashvili et al., 2012)A breakdown of collagen

15



chainsand a reduction of their peptidess shown. The mechanism by which the reduction

of collagen I(the main characteristic of pheéging occurs, was studied by Quah al,.

(2004. UVB (30 mJ/ cn?) *exposed human skin fibroblasshowed changes to
transforming growth factor bettf G / Smad pathwayQuan et al.,, 2004)TGF

pathway is involved in many cellular stagef growth and apoptosis, while Smad are a group

of proteins and major regulators 86 UHFHSWRUV W ZDV VKRZQ W
UVB and UVA affectsTGF 6 PDG SDWKzZD\ LQ VXFK zZzD\ WKDW U
TG~ W\SH ,, UHDB H INsRa&isto reduction of collagen | in human skimvivo
through downregulation of 5,, EORFNV 6PDG DFWLYLW\ - Q D
exposed and uaxposed samples from healthy human subjects were obtained and compared
UVR was shown to decreaseopollagen | in dermis through TGF VLIJQDOOLQJ SI
while MMPs were shown to increagkaisers et al., 2017)Thedenaturation of collagen
proteins is caused by MMPs found in the ECM #rey argoroduced by both keratinocytes

and fibroblasts in the epidermis and dermis, respectively. The effect of UVR on MMPs and
therefore the denaturation of collagen, leading tdghging, is described below, at section

1.3.1.3.
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Figure 1.7 Mechanism of collagen formation.
Fibroblasts produce collagen through the chains gene expression, transcription and
translation. Fibrils are formed after the sesmbly of .-chains to precollagen and the

formation of collagen protei(Sibilla et al., 2015)

1.3.1.2Elastin

The main constituents of elastin fibrils are tropoelastin férdlin proteins (Yeo et al.,

2012) while changes in their expression can lead to certain conditions that characterise
photoaging disease, such as deep wrinkles and thickening of th@/g&tson et al., 2013)
Tropoelastin, the precursor of elastin protein, was shown teaserafter UV exposure in a
study where normal dermal fibroblasts were treated with 4.5 m3U¥iB and tropoelastin

production and expression of its MRNA was measured 5 days after the tre&@omsevdrtz

17



etal., 1995) Similar observation were made on phated skin where the two proteins were
increased 4 days after the UV treatm@kimes & Quigley, 1995)The increase of elastin
production after sun exposure is linked to solar elastosis, whichuised by abnormal
production of elastin and its observable characteristic is the deposition of elastic material
that creates yellow and deep, thick wrink{g®ssodo et al., 2004; Watson et al., 2013)
This conditon is likely to occur due to the destruction of fibrils and the increased production
of tropoelastin taking place in the fibroblasts, in combination with the increase of MMPs,
that leads to elastogenesis, and eventually solar ela@imsite et al., 2012; Neumann et
al., 2008; Yang et al., 2008Yioreover, experiments showed that tropoelastin mRNA was
expressed in keratinocytsvitro andin vivoin human skin, as well as fibroblasts, revealing
an important role ofhe epidermal cells in the formation of solar elastosis and fawim

(Seo et al., 2001 Additionally, reactive oxygen specieRQS generation caused by UVA
exposure was slwn to lead to tropoelastin degradation, revealing the role of ROS in

disorders related to elastogidayashi et al., 1998)

1.3.1.3 MMPs

Therole of MMPs is to degrade collagen and elastin proteins found in excess in the ECM.
In diseased and stressed conditions, such as +plgotg and extended sun exposure, an
increase of those enzymes is observed, reducing the available extracellulamcafidge
elastin and leading to permanent structural changes in the skin, such as elastin fibril
breakdown and reduced collagen in the collagiastin networkfigure 1.8) UVR is known

to induce MMRL1, -3 and-9 in the skin, enzymes that are known to degrade collagen | and
II (Pluemsamran et al., 2012; Quan et al., 2009; Van Doren, BEXpgriments congtted

on UVA or UVB exposed human dermal fibroblasts from reconstituted tissue, showed an

increase in MMPL and-3 productionKossodo et al., 2004yvhile the majority of the UVR

18



induced MMPs in human skin was produced by keratinocytes in the epidermis, rather than
the dermis, indicating the important role of&emocytes omphotoaging (Quan et al., 2009;

Seo et al., 2001)The presence of MMR in the ECM hasdeen specifically studied on
human skin obtained from biopsies, 24h after UVB exposure at the minimum erythema dose
(MED) of each subject and the analysis of the organ culture fluids showed increased
qguantities of the enzymdgBrennan et al., 2003MMP-9 is known to degrade dissolved
collagen | and Il monomef¥an Doren, 2015)while other MMPs were also shown to have

a significant role irphote-agingthrough abnormal TGF signaling and elastolys{¥Vatson

et al., 2013)such as MMPL2 that was shown to lead to elastolysis through the degradation

of extracellular proteins, such as chemokines.

Therefore, it is understood that long term sun exposurdezahto indirect damage of
collagen and elastin fibrils network through the increase of MMPs, while the balance
between the ECM proteins and MMPs is crucial for the healthy function of the skin, its

protection from UV radiation and the potential developtrad skin disease, such as photo

aging.
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Figure 1.8 Changes taking place in the ECM duripgotcaging
UV radiation causes elastin and collagen network break down through the overexpression
of MMPs (degradative proteasg$yeitas5 RGUtJXH] HW DO

1.3.2 Sunscreen

Sunprotective cloths, hats and sunscreens are known to be the most effective means o
protection against UVR. Sunscreen creates a protective layer on the skin and, when applie
in sufficient quantities, it absorbs / reflect UV light depending on themd& (Mancuso et

al., 2017) There is a variety of products and formulas in the market that all aim to protect
human skin from the harmful effects of UVBun protection factor (SPF) refers to the
protection of a product against UVB (23Q0 nm), while UVA filters (328100 nm) can

alter this factor when combined with UVB filters. Sunscreens are divided in organic and
inorganic (mineral), with the former catery being the most commonly used.
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Organic sunscreens absorb both UVA and UVB transformimg id heat which is then
reflected away from the bod@asparro et al., 1998)here ardour types of organidilters:
paraaminobenzoic acid derivatives (PABA), salicylates (weak UVB absorbers),
benzophenoles, such as oxybenzone, and other, such as cinnamates. Some of the orgal
filters, such as PABA and oxybenzone, are known to cause phetgealic reactions and

their use is limited, while they are usually combined in order to achieve good absorbance of

both UVA and UVB raygGasparro et al., 1998; Mancuso et al., 2017)

Inorganic (mineral) filters are nemansparent compounds that absorb and reflect (scatter)
UV rays and are mainly zinc oxide and titanium dioXid@ncuso et al., 2017 hese filters

are mainly used in nanparticles due to the ability of titanium dioxide smaller particles to
absorb more UVB better compared tgdpr particles, while zinc oxide absorbance in not

altered by the particle size, having flat absorbance curve.

Natural compounds were also studied for their-phtitcagingand antioxidant effects on
skin, such asaffeoylquinic acid (cQajOh, Karadeniz, et al., 2018nd other antioxidant
(Pandel et al., 2013s well as natural products, such as prop(fis]fa et al., 2013jand
probiotics, such as Lactobacill(id. M. Kim et al., 2014; Lolou & Panayiotidis, 2019gave
also been studied for their potential protective and preventive role on-qédumage and

eventually photeaging.

While UVR is commonly known for its negative effects on skin health, itsis aed as a

therapy for other skin conditions, such as psorig&isgh et al., 2016)
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1.4Psoriasis

Psoriasis is an autoimmurskin diseasethat is characterised by rapid proliferation of
keratinocytes forming excess skin dry patches which are accompanied by inflammation,
redness and itchine§Rahman et al., 2012Body areas that are affected include the navel
area, the shinshe back of forearms, the scalp and the fingernails/toenails, while it can affect
the whole body, depending on the type of psoriasis, as explained in sectiorHigh.3.
income countries mostly iBurope, Australasia and North America are shown to have th
highest prevalence of psoriasis, while 81% of the countries lack information on the
epidemiology of the conditiofParisi et al., 2020Moreover, it is reported that a yelang
treatment for a milgevere psoriasis per person, costs to the National Health
Service (NHS) of United KingdoniBarker et al., 2P1). Therefore, the development of
alternativetherapies that aim to reduce the cost through use of effective and easily accessible

treatments is necessary.

There is a strong immurngenetic basis to psoriasis and genes involved in the inheritance
of the disease include PSORS1, PSORS9, I, AADSN, CCHCR1, while IL12B, IL23R

and chromosome 5q are also shown to be associated with pd@wisi et al., 2014; Rasi

et al., 2021; Rahman et al., 201Nloreover, medication, such as amilarial drugs, beta
blockers and lithium has been shown to induce or worsen psoriasis, while psoriatic lesions
might persist even after the end of the drug treatifizadek & Hajdarbegovic, 2017)The
druginduced lesions are shown to differ compared to-chagy induced psoriatic lesions,
while treatment includes a combinational therapeutic approach in addition to the
conventonal treatments (for details see 1.4.3). Psoriasis is also known as a T cell mediatec
inflammatory disease and its mechanism is divided in three @(Ratsman et al., 2012)
Initially (a) Th17 cells are activated and (b) move to the skimtgesvhere (c) they release
cytokines, while inflammation markers, such as interleukins and TMI€eptors, increase

the proliferation rate of keratinocytes (figure 1QpP8+ TandCD4+ T cells are shown to
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be the predominant inflammatory mediators in the psoriatic epidermis and dermis,
respectively, while genes that are related to psoriasis, suBlsd#\6 and ERAPA are
located in chromosome (Elder et al., 2010)Other causes of psoriasis are microbial
imbalance and infection, other disease, such as HIV, and lifestyle that induces skin stres:

andinflammation, such as exposure to chemicals and (f\gdre 1.9)

Figure 1.9 Psoriasis disease mechanism
Following a stimulant, keratinocytes overproduce cytokines and stimulated dendritic cells
produce a psoriasis biomieer IL-23 that lead to further production of other interleukins

that increase keratinocyte cell proliferation and inflammaii@ooderham et al., 2018)
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1.4.1 Types of psoriasis andhet related diseases

There are five types of psoriasis, plaque psoriasis, guttate psoriasis, inverse psoriasis
pustular, and erythrodermic psoriasis and are divided based on the visual differences of th
lesions and sympton($igure 1.10) Plaque psoriasj also known as psoriasis vulgaris, is

the most common (800% of cases) form of psoriasis and it is characterised by inflamed
raised patches covered in white dry skalak, 2015) Guttate psoriasis forms red scaly
drop-shaped lesions that are usually spread over the torso, arms, legs and the scalp, whil
inverse psoriasis is found in skin folds as redipedc + | Q L J V P D Q.®ustular psoriasis
forms little blisters that contain pus but are mdéctious, while possibly the most severe
case of psoriasis is erythrodermic psoriasis which is when other types of psoriasis becom
widespread and affect the homeostatic mechanism and barrier function, becoming even fate
(figure 1.10) There arether diseasghat are linked to psoriasis and affect the overall health

of the patient, such as psoriatic arthritis which appears in 30% of patients suffering from
psoriasigRahmati et al., 2021Pther related diseases are lymphomas, a type of cancer that
affect the lymphatic system of the body and is a group of blood malignances thataeslinit
IURP O\PSKRF\WHYV ZKLOH FDUGLRYDVFXODU GLVHDVEF

seen in psoriasis patier(Blmets et al., 2019)
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Figure 1.10 Types of Psoriasis. Picture taken from www.freepik.com.

1.4.2Current treatments

1.4.2.1 Creams

Current treatments fopsoriasis are usually combinations of topical treatments and oral
drugs, while it depends on the severity and spread of the disease. Initial treatments of milc
psoriasis include topical applicatiomsth corticosteroid creams and vitamin D creams that
reduce inflammation and cell proliferation rate, while they help with itchi{Bakk &
Hajdarbegovic, 2017)These creams can be used on every &ifleatea of the body and it is

an effective first step for the management of psoriasis symptoms, while the combination of
corticosteroid creams and vitamin D creams are shown to be more effective than either

treatment alon€éRanjan et al., 2007)

1.4.2.2 UVR treatments
In more severe and prolonged situations where creams are not suppressing the conditior

UV light is also used in combination with creams and / rat medicine +|QLJVPDQQ
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2001) Phototherapy has been widely used in the past, with thewmepoisthe diseased area

to the sunlight. As science progresses these treatments are more controlled in order t
achieve more satisfying results and to avoid potential overexposure that could lead to sever
burning of the skin and other disease such ascdacer anghotcaging There are various
treatments when it comes to UVR use, while the MED is usually used in multiple doses over
a period. Controlled phototherapy was initially referred to UVB use, while currently either
UVA or UVB rays are used, and the intensity of thergp®f the treatment depends on the
type of skin of the individual and the MED. After evaluation of the MED, patients are treated
in weekly (25) sessions and initial radiation dose is usually 70% of the MED, while it
increases by 20% in every sess{¥ones et al.,, 2006JJVA alone does not have an effect

on psoriasis, therefore it is used in combination with the oral drug Psoralen UVA (8
methoxypsoralen). Oral medication is supplied 2 hours prior to the #reitmincrease the
amount of UV light absorbed by the skitt | QLJVPDQQ <RQH¥X HW
common side effect of this medication is nausea which is managed by changing the treatmer
to 5methoxypsoralen. The dosage can differ between patients due to the metabolic pathwa
(first-pass effect) of oraPsoralen from the body, which is metabolised by the liver and
discharged through urination in the next 24h after the supplementatib@ L JV P D Q.Q
PsoraleAJVA treatment is a welestablished form of therapy for psoriasis, while there is a
risk of skin cancer anghotoagingin long term exposure. The mechanism through which
PsoraleAUVA treats psoriasis is the recurrent phototoxic reactions. UVA exposure of the
skin activates oral Psoralen, and the UV rays penetrates the epidermis and reach the papilla
dermis. Psoralen enters the double stranded DNA and allows a series of cytokineactivati
and ROS formation that damage the cell membrane and lead to reduced cell proliferatior
and cell cycle arrest. Moreover, Psoralen was shown to be a better inducer of apoptosis il
lymphocytes, than in keratinocytes, which makes the treatment efficieeduning Fcells

and inflammation + | QLJVPDQQ HW DO
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UVB is shown to be very effective on treating psoriasis symptoms without the aid of oral
medication and it can be either broadband (BB) UVB {280 nm) or narrowband (NB)

UVB (311-313 nm), while the lagtr is considered safer compared to the former due to the
damaging effect of UVB rays on skin. BB UVB long term use can cause DNA damage and
carcinogenesis and it is therefore not ideal for psoriasis patients that require regular
treatements, while NB UVBsisafer, emitting light at a shorter wavelength. Thus, NB UVB
and Psoralen UVA therapies are preferred over BB UVB due to efficacy difference, as well
as the reduced risk of skin cancer and DNA damage. The efficacy between Psoralen UVA
and NB UVBtreatmerd have been evaluated by Yoretsal.,2006, where 88 patients were
randomly treated with either treatment and results were comp#etes et al., 2006)
Although UVA-treated patients were more likely to deyekrythema, compared to UYB
treated patients, who did not show any signs of erythema, Psafgleireatment showed

a longer relapse time of 8 months, compared to the 4 months relapse timelBfBNB

treatment.

As with most treatments, UVR therapy for pgasis has side effects, such as erythema,
blistering, dry skin and in some occasions herpes-tlpeehave been reported, while long
term effects argphotoagingand carcinogenesis+ | QLJVP D Q Q H.\Xnd@r side

effect that is observed in patients that hbgen treated with UVR for an extended period of
time in their lives, dermatoheliosis is also shown to appear with symptoms of dry skin,
changes in pigmentation of the skin, xerosis and actinic keratoses, while hypertrichosis
(excess hair growth) arldntiginosis(lentigines in large numbers) is also observed in some
casesln psoriasis patients that UVR treatments are not effective and fail to suppress the
symptoms of the disease and clear the lesiongjune system suppression medication

(immunosuppressiy is often used.
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1.4.2.3 Immunosuppression

Immunosuppressivenedication, including steroid creams or systemic drugs, such as
cyclosporine acitretin and methotrexate, suppress the immune response in order to reduc
inflammation and T cell activatiofRahman et al., 2012¥pteroid creams are used for local
immune suppression and can be used long term, while oral medication suppresses the over:
immune system. Systemic immunosuppressant drugs are also known for their side effect:
affecting the functionality of liver and kidneys, while other side effects have also been
shown, such as in the skin orga® H G Hlii@&te) al., 2021)Methotrexate is known to
suppress bone marrow, cause nausea and hepatic fibrosis, while cyclosporine is known to k
toxic to the kidneys. Other systemic drugs inclufiemaric acid estersand
hydroxycarbamideHydroxycarbamidas a drug orally supplied and usually used for the
treatment ofvariouscancer types, such #&sukemiaand cervical cancer, or other disease
such ashrombocythemiand psoriasis. It is a drug that inhibits cells from Bgaizing DNA

and repairing DNA damage and therefore, it inhibits cell grof®anjan et al., 2007)
Fumaric acid esters are known for their role in citric agitle; a basic process required for

the production of energy from the mitochondria and it is shown that oral supplementation of

fumaric acid esters can mediate psoriasis symp{8aisk, 2015)

1.4.2.40ther treatments

Other treatments against psoriasis have been studied lately and includéNnti
antagonists and VEGF antagonjsthile some of the studiésve shown 75% improvement

in psoriatic lesions of more than half subje(@slak & Hajdarbegovic, 2017Although
monoclonal antibodies are widely used on inflammatory disease, such as rheumattgl arthri
DQG &URKQYYVY GLVHDVH DV ZHOO DV SVRULDVLV WKH!'

cases or even cause psoriasis in inflammatory disease that are not related to the skin, such
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inflammatory bowel disease. The cause of this reaction, also kasywaradoxal psoriasis,

is not fully evaluated in the literature, while it is probably related to dendritic cells producing
interferon . DQ LQIODPPDWRU\ F\VWRRwWh Gadtor 9idt) regDlates
neovascularization and a biomarker of psoriéisiboda et b, 2005) when inhibited, it was
shown to either clear psoriatic lesions from patients or flare up existing léBialak &
Hajdarbegovic, 2017)The used VEGF antagonist, sorafenib, is thereforesidered a

paradoxal medicine, as it is used for the treatment of psoriasis.

1.4.2.5Natural treatments

Therapies using herbal extracts, such as polyphenolics, steroids and lipids on psoriasis hax
also been shown to reduce inflammation and suppress the immune @ystaman et al.,
2012) Herbs such aBucommia uloides OliyLiquorice, Aloe ¥ra, llex paraguariensiand
Mahonia aquifoliumare known to reduce cell proliferation and skin inflammation either by
topical application or oral supplementatiivian et al., 2008)Such herbs are shown to
enhance cytokines secretion, such as -TNF -8 and IL- Z K B<oitdlea corylifolia L

was shown to inhibit keratinocyte proliferation is psoriasis due to its phenolic glycoside
content (Rahman et al., 2012) Curcumin and ginger are also known for their anti
inflammatory properties, while Indigo naturalis, when used asr@ment, was shown to
inhibit abnormal cell proliferation and differentiation of keratinocyte d@lisV. Lee et al.,

2005; Liau et al., 2007; Moon et al., 2006; Suzuki et al., 2G8b)e 1.2)
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Table 1.2 Properties of natural products on skin cell proliferation and inflammation.

Natural products

Properties

Reference

Herbal extracts:
polyphenolics,
steroids, lipids

Reduction of inflammation and
immune system suppression

(Rahmaret al., 2012)

Eucommia uloides
Oliv.

Ligquorice

Aloe Vera

llex paraguariensis

Mahonia aquifolium

Reduction of cell proliferation and
skin inflammation

(Man et al., 2008)

Psoralea corylifolia L

Inhibition of keratinocyte
proliferation

(Rahmaret al., 2012)

Curcumin

Ginger

antrinflammatory

Indogo naturalis

Inhibition of abnormal cell
proliferation and differentiation of

keratinocyte cells

(J. W. Lee et al., 2005
Liau et al., 2007; Moor
et al., 2006; Suzuki et]

al., 2005).
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1.5 Cruciferous vegetables

Cruciferous vegetables are a group of vegetables that belong in the faBibseicaceage

which contains about 3000 species of plants and includes broccoli, cauliflower and
watercresgDinkovaKostova & Kostov, 2012; IARC, 1986l the sulfufrich cells of this

family of vegetables a class, of phytochemicals called glucosinolates (GSLSs) is found, which
is released after the tissue dage of the plant and reacts with myrosinase, forming
isothiocyanates (ITCs) and other by products, such as thiocyanates and nitriles. GSLs rolc
in nature is protect plants from natural enemies, such as insects, birds and mammals, makir
the compounds ingtdly toxic for the host and inhibiting their growth and development
(Buskov et al., 2002; Halkier & GershenzoQ0B; Lazzeri et al., 2004; Noret et al., 2005)
GSLs were shown to attract or repulse certain insects, while other insects, such as herbivore
(beetles and moths) are shown to metabolise the phytochelthicalgh cleavage of the

sulfate with an endogenous sulfatésides et al., 2005; Rojas, 1999)

When the vegetdds are chopped or chewed, myrosinase creates cleavage with the thio
glucose bond of the glucosinolate and gives rise to thiohydroximatdf@ate, which is

then rearranged to various products, such as isothiocyanates, nitriles and thiocyduilates

the former is a welktudied group of phytochemicals that are known for their health benefits
(IARC, 1986)(figure 1.11) They are known for their high nutritional value, while they are
shown to have various health benefits, such asi@ftammatory and antioxidant effect and
anticarcinogenic activity(Fung Lung Chung et al., 2006ahey et al., 2002; Traka &
Mithen, 2009) Sulforaphane (SFN), iberin (IBN), allyl isothiocyanate (AITC), phenethyl
isothiocyanate (PEITC) and benzyl isothiocyanate (BIT€jresent ame of the most
studiedITCs (figure1.12. ITCs consist of a commoiN=C=S group, while the unique
structure of each ITC is shown to determine their biological effect. Their structure can differ
in the number of double bonds, the presence of aromatic ring and their oxidation state of

sulfur(figure 1.12) In a study where épG2 cells were treated with various ITCs of different
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structures, it was shown that the number of double bonds does not have a significant effec
on apoptotic and necrotic cells, ROS generation and cell cycle arrest, while the increasec
oxidation state ofsulfur showed a significant (p<0.05) increase of both apoptotic and
necrotic HepG2 cells, increased ROS generation compared to SFN (p<0.05) and S phas
arrest(Pocasap et al., 201L&8FN, an ITC that does not have an aromatic ring in its structure,
showed increased apoptotic and necrotic cells, compared to RETItas an aromatic ring,
while the ROS generation caused in the cells by the exposure of the phytochemicals, wa
not significant between them. Moreover, when cell cycle was observed, SFN and PEITC
showed a G2/M and G1 phase arrest, respectively. Theréftrhypothesised that although

all ITCs are shown to have similar effect on biological processes and metabolism, some
might be more potent from other due to their chemical structure. Moreover, some ITCs are

more lightsensitive and volatile than otlserwhich makes them harder to handle and

quantify.

Consumption of cruciferous vegetables is linked with various health benefits, such as
reduced cases of cancer, due to theireattinogenic effect through apoptosis induction of
abnormal cellswhen 11— PR O RI ,7&V D UHSBa@i® etal \ 200U YyWAN Gt

al., 2016)while concentrations >16—-0 DUH V KR Z Qell\Widbility lefGaxi€éercells by
approximately 15%¢Mantso et al., 2016200mg / day of dried broccoli sprouts are shown
to have anindirect antioxidant effect and prevention of oxidative stress, through the
induction of phase Il enzymeflraka & Mithen, 209) and therapeutic effect on
inflammatory skin conditions, such as dermatitis and psoriasis, due to their anti
inflammatory effect and their arpiroliferative effect on skin celis concentrations <16- 0
(Guerrere% HOW U i Q -OfiMerOe&s B.U30Q2; Mantso et al., 2016; Sussan & Sussan,
2012) Topical application of cruciferous plant extracts (15%) are shown twegasoriasis
lesions(Sussan & Sussan, 201Zheir antiproliferative effect is shown through cell cycle

arrest of normal and diseased cells, while it depends on the catmentof the
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phytochemicals. In low concentratioosSFN(0.3 — P Ra®0% reduction of tumor burden

is shown while ITCs are shown to enhance growth and rescue cells that have been exposec
to UVR, reducing erythema by 37.7#inkova-Kostova et al., 2006; Saw et al., 2011b;
Talalay et al 2007) Higher concentrations (>19M) are shown to further increase apoptotic

and necrotic cells and induce ROS production, possibly due to their cleavage with
glutathione (GSH), the antioxidant of cells, reducing its availability to the cells and it
defense mechanisms against R@®siogianni et al., 2021; P Rose et al., 2000)
Isothiocyanates are nadtolised in the human bodya the mercapturic acid pathway and
their cleavage with GSH, giving several dithiocarbamates, while the metabolism of the
phytochemicals takes minutes in cells and just a few hours in human subjects (excreted) ir

2-6 hours(IARC, 1986)

Table 1.3 Studies on the effects of ITC containing extractiwman and rat subjects and

cell lines
Natural Cell line / subject Effects References
Extract
Watercress HaCaT cells, endothelial (Loboda et al.,
Decrease of cell growth
extract cells 2005)
Nanopatrticles of (Adlravan et al
watercress lung carcinoma cells A54¢ Decrease in cell growth 2021) v
extract
cell growth inhibition through .
Watercress Breast cancer cells alteration of ALDH1 and SOX9 (Abbasi et al.,
extract . 2018)
expression
Broccoli and Decrease of cell viability,
watercress Human breast cancer cel inhibition of MMPS (0.1 to 1 mg (Peter Rose, et al.
(MDA-MB-231) 2005)
extracts mL of plant extract)
Anti-proliferative effect, anti
Human colon metastatic mode through cycle|
Watercress adenocarcinoma cells an arrest and inhibition of DNA (Boyd et al., 2006)
extract human ling fetal GDPDJH DW — y v
fibroblasts concentration, reducing DNA
damage by 28%.
Watercress Human colorectal Cell viability reduction (Rodrigues et al.,
extracts adenocarcinoma cell lines Y 2016)
Reduction of erythema sympton . .
Moringa extract Rat paw erythema by 33%, nitric oxide (NO), IL (JajaChimedza et
al., 2017)
IL-6 and Nrf2 target genes.
Mice suffering from colitis Reduction of Il 71) :
. . . . . (Y. Kim et al.,
Moringa extract| symptoms, keratinocytes| expression, colonic inflammatiof
) , . 2017)
(topical and oral effect) | and preinflammatory cytokines.
Anti-diabetic effects through the (Waterman et al
Moringa extract C57BL/6J mice reductionof Il DQG-71 2015) v
levels.
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. Human skin and mouse| Reduction of erythema through| (Dinkova-Kostova
Broccoli extract :
models the ircrease of phase 2 enzyme et al., 2007)

Watercress Murine hepatoma Hepa ,QKLELWLRQ-RI (¢ (P Rose et al.,

extract 1clc? cells JOXFRVLGanwks®d Q 2000)
Watercress : '"HFUHDVH RI1 7-1Q. [ (Schuchardtet al.,

extract Human studies production 2019)

Reduction in blood sugaleptin, .
W:)t(?rr;:(r;ss Diabetic rats total glucose, triglycerides and (Hadjggollgy etal,
cholesterol.
Cruciferous - .
Psoriasis lesions on huma . . (Sussan & Sussan

vggﬁfctiges subject Reduction of lesions 2012)

For the ITC profiling of vegetables and the quantification of ITCs in them, various methods
have been used in the literature. The most commonly used method of analysis is High
Performance Liquid Chromatograph(HPLC) and Gas Chromatography + Mass
Spectrometry (GEMS), while the cyclocondensation assay has been widely used for the
total quantification of ITCs from plan{8ertelli et al., 1998; Fusari et al., 2015; Pilipczuk

et al., 2017; Theresa A Shapiro et al., 199BLs are not stable in aquensolutions due to

their lipophilic and electrophilic nature and are therefore hard to handle in such solutions.
Therefore, organic solvents, such as hexane, are usually included in the sample preparatic
of plants, as well as solid phase extraction amobua steps of sample clarification, such as
filtration and centrifugéBertelli et al., 1998; Pilipczuk et al., 2017; Rodrigues et al., 2016;

T A Shapiro et al., 2001)
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Figure 1.11 Hydrolysis of glucosinolates in theresence of myrosinase forming
epithionitrile, thiocyanates, nitriles, isothiocyanates and oxazolithiene.
(Rask et al., 2000)

Figure 1.12 Structure of isothiocyanates (SFN, IBN, AITC, BITC, PEITC).
(Mitsiogianni et al., 2019)
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1.6 Aims of the thesis

1.

2.

To develop rapid and easy samplepamation and analytical procedures for the
quantification

of isothiocyanates in cruciferous vegetables that do not require expensive equipment
and expertise.

To investigate the effect of UVB on HaCaT cells in order to develop a UVB induced
optimisation mdel, evaluate the effect of SFN and PEITC on HaCaT cells in the
absence of UVB and investigate the effect of SFN and PEITC on a UVB induced
photoaging model using HaCaT cells through observing their dose and time
dependent effect on viability levels.

To determine the role of five synthetic ITCs (SFN, IBN, AITC, BITC, PEITC) in
combination with low doses of UVB on HaCaT cells, as a novel therapeutic approach
for psoriasis.

To combine low dose UVB and ITCs, with the aim of inducing a strong effect when
comhbned treatment that could negate the risk of skin cancer but lead to a significant
improvement of psoriasis symptoms.

To validate the findings of aim 4 and determine the role of naturally derived ITCs in
combination with low doses of UVB on HaCaT cedls,a novel therapeutic approach

for psoriasis.

1.7 Hypotheses of the thesis

1.

2.

3.

Isothiocyanates can have a beneficial effegiluotoagingwhen the phytochemicals

are supplemented in low doses.

Isothiocyanates, in combination with low doses of UVB, carelzleneficial effect

on psoriasis through their biphasic nature.

Watercress plant extracts can have a similar effect on psoriasis disease as th

commercially available synthetic PEITC.
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2. Methodologiesand Materials

2.1 Principal of molecularassays used

2.1.1 Resazurinszay

Resazurirassay is based on the ability of cells to metabttisenontoxic nonfluorescence

blue dye (resazurirtalamarBlue dye) that is contained in the assay reagent to resorufin, a
fluorescent, pink coloured produdihe level of oxidation or reduction is shown through
absorbance or fluorescence intensity. For the experiments conducted in this study, data wer
collected by monitoring absorbance at 570 nm and 600 nm for oxidised and reduced product
respectively(Mantso et al., 2016)This method was used to evaluate cell viability during

and after the treatments.

2.1.2Sulforhodamine Basssay

The sulforhodamine B (SRB) assay is a colorimetric method for the determiohtoel
viability through the ability oSulfornodamine Bo bind to protein basic amino acid of TCA

fixed cells and it measures the cellular protein content of adherent and suspension cell
(Orellana & Kasinski, 2016}-or this study, the protocol was followed with minor alterations
DQG DFFRUGLQJ WR RXU ODERUDWRU\YY SURWRFRO
methanol:acetic acid. This alteration aimed to reduce the evgooftine researcher to hazard
chemicals. The rest of the protocol was followed as described below. This method was use

to evaluate cell growth during and after the treatments.

2.1.3 Caspase 3/7 assay
CellEvent caspase 3/7 Green detection reagentifidtésher Scientific Ltd) is a fotamino

acid peptide which is conjugated to nucleic dumiloding dye and in the presence of activated
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caspase 3/7 in apoptotic cells, the peptide is cleaved allowing the dye to bind to DNA and
have a fluorogenic effect aB8 nm. < -diamidino2-phenylindole(DAPI) stain was used

for the exclusion of necrotic cells from the analysis.

The response measured through the flow cytometer is presenting the quantified activation o
caspase 3/7 and therefore the apoptotic celldstMDAPI fluorescent measurements are
SUHVHQWLQJ WKH QHFURWLF FHOOV 7KH DVVD\ ZDV
protocol. This method was used to evaluate cell apoptosis through the induction of caspas:

3/7, during and after the treatments.

2.1.4 JC1 mitochondrial membrangermeabilityassay

In healthy conditions, mitochondria sustain an interior potential that is higher compared to
the exterior potential of the cell and the high inside potential prevents certain molecules to
enter into te mitochondria. In pathological conditions, the mitochondrial membrane
becomes permeable, leading to a decrease of the interior potential and an increase of tr
exterior potential. This increased exterior potential allows § -tefraethyds- 1 1
tetrachloroimidacarbocyanine iodide (I stain to enter the mitochondria and form
aggregates that have specific absorption and emission characteristics, while monomers at
formed in the exterior space with specific absorption and emission characteristiel. as
7KH DVVD\ ZDV FRQGXFWHG DFFRUGLQJ WR WKH PDQXI
to evaluate mitochondrial membrane permeability of the cells through the induction of

caspase 3/7, during and after the treatments.
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2.1.5 Cell cycle assay

The asay is based on the different amounts of DNA that exist in each cell cycle stage and
the ability of propidium lodine (Pl) to penetrate the cell membrane of only dead cells,
binding with the major groove of the DNA (adeniaghymine regions) upon cell déato

give fluorescence axcitation/emissio®35 / 617 nm, 280 fold higher than the unbound

dye. Therefore, Pl is a good indicator of dead cells and cell cycle stages, as well as the
quantification of dead cells. The assay was conducted according t8 l@ X IDFW X U

protocol. This method was used to study the cell cycle, during and after the treatments.

2.1.6 Dihydrorhodomanine 123 (DHR123) assay

DHR123 assay is used for the indication and quantification of ROS in live cells through its

rapid reactiorwith them and its conversion to rhodamine 123, a fluorescent compound the

levels of which quantitatively indicate the presence of ROS. Moreover, in order to exclude
WKH GHDG FHOOV IURP WKH DQDO\VLV '$3, D G\HI WKD
binds with the major groove of the DNA, was used as a quantitative indication of dead cells.
7KH DVVD\ ZDV FRQGXFWHG DFFRUGLQJ WR WKH PDQXI

to investigate and quantify ROS induction in cells during and aftereagnients.

2.2 Materials and methodsfor the development of a novel rapid determination of total

ITCs in Watercress

2.2.1 Materials and chemicals

Watercress was provided by The Watercress Company (TWC) and kept in the freBZer at
f & X QumherQuse. Reference compoursigforaphane (SFN) (>98% purity) and iberin
(IBN) (> 95% purity) were purchased from Cayman Chemical Company. Allyl isothiocyanate

(AITC) [99.7% purity], phenethyl isothiocyanate (PEITC) (99% purity), benzyl isothiocyanate
39



(BITC) (>=98.5% purity), rethano] hexane (99.9% HPLC gradient grade) and the
cyclocondensation assay readagnzend-2 dithiol were purchased from Sigafddrich. The
spectrophotometric measurements were carried out udfiagian Cary 50 Bio UWisible
Spectrophotometer (Agilent (Varian), Stockport, Cheshire, UK) and operated with the
Varian Cary Win UVsoftware PlasticUV-transparenplastic disposablecuvettes(1l cm)

were used during spectrophotometry.

2.2.2 Sample and reference compopneparation

Frozen watercress was kept in the freezeraf & XQWLO IXUWKHU XVH )R
the freezedried watercress, leaves and stalks were taken from the frozen material and were
immediately placed in the freezieier for 72 hours at40 f &The frozen plant tissue was
carefully and quickly processed to avoid thawing and potential myrosinase actiVéion.
dried material was then milled to a thin powder, using IKA A1l basic analyticallkl-(
Werke GmbH Staufen, Germanyndstored in a cool and dry place, in glass containers, until
further useFresh watercress was purchased from a local store and processed immediately
Briefly, watercress leaves and stems were chopped and mixed with distilled water for further
analysis (se@bns 2.2.3 and 2.2.4). For the commercially available ITC, dilutibrg+/ mL,

2 -g/mL, 4 g/mL, 8 -¢/mL, 15 ¢/ mL, 30 -¢/ mL, 60 -g/ mL) of 5 ITCs (SFN, IBN,

AITC, PEITC and BITC) were prepared in methanol and storetBaf &

2.2.3. Agueougxtraction of ITCs

Watercress powder (0.5 g) was vortex mixed with 10 mL distilled water and the samples

were ultrasonicated for 5 minutes in ultrasonic water bath under ice and then incubated fol
KRXUV DW f& LQ D VKDNLQJ Z Doéhtifuges BAOOR rp@DIP S O F

minutes) and 0.2 mL of the supernatant was mixed thoroughly with 0.8 mL of methanol
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followed by a second centrifuge step (14000 rpm, 5 minutes). Absorbance of the sample:s

was measured at 365 nm following the cyclocondensati@y ass

2.2.4. Solvent extraction

ITC extraction was performed, following modifications of the method proposed by
Rodrigues (2016). Aliquots (0.5 g) of dried watercress were humidified in 10 mL distilled
ZDWHU DQG LQFXEDWHG DW ipn&0RlUbfn-HekaXeinas ahlded kbU L
the aliquots and extractions were performed for 2 hours under magnetic stirring. Filtration
DQG FRQFHQWUDWLRQ RI WKH H[WUDFW ZDV GRQH LQ D
pressure, whilst the dried mattgas reconstituted in 3 mL methanol. For the measurement
of the total ITC content, samples were prepared for the cyclocondensation assay as describe

below.

2.2.5 Cyclocondensation assay

The quantification of the total ITC content was conducted through the cyclocondensation
assay, as described by Zhang et(Ml.Zhang et al., 1992, 1996)Vatercress extracts and
reference compound solutions (0.2 mL) were mixed with 0.8 mL potassium phosphate buffer
(100 mM, pH 8,5and 1 mL1,2-benzenedithio{BDT) in methano(8 mM)to a final volume

R P/ LQ P/ JODVV YLDOV 6DPSOHV ZHUH NHSW DW
and absorbance was measured at 365 nm usingarian Cary 50 Bio UWisible
Spectrophotometer (Agilent (Varian), Stockpd@heshire, UK) operated with the Varian
Cary Win UV software For the evaluation of heavy metal interference
Ethylenediaminetetraacetic acfEDTA) was added to cyclocondensation assay samples
substituting 0.1 mL of the buffer volume used for the asshye control samples contained

0.1 mL of distilled water instead. For the spiked standard curve samples PEITC was used ir

4 concentrations —J P/
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2.3 Materials and methodsfor the evaluation of the effect of isothiocyanates on a photo

aging experimental model
2.3.1 Cell culture

Cell recovery

HaCaT cell line (SigmatAldrich) was used for both experimental models of pfagmg

and psoriasis. Cellswerestoredat f & LQ D OLTXLG QLWURJHQ IUHH]
a minimum of5x1® cells / mL in DMSGcontaining fetal bovine serum (FBS) 10% (V/v).
Upon use, cells were removed from the liquid nitrogen freezer and quickly defrosted and
resuspended in 5 mL at 3T medium. The complete DMEM was preprepared mixing
Dulbecco'sModified Eagle MediunfDMEM) (Labtech International Ltd, East Essex, UK)
high glucose with 2 mM.-Glutamine (Labtech) (1% final concentration), 10 mL fetal
bovine resume heatactivated (Labtech) (10% final concentration) and 1% (v/v)
penicillin/streptomycin mix (1% final concentration). The amhtaining media was
centrifuged at 2000 rpm for 2 minutes and the formed pellet was resuspended in warm medis
and transferred in a 25¢émell culture flask. Cells were cultured and used fomuwe than

20 passages until new stocks were used, while they were kept in an incubator for growth ir
conditions of 5% atmospheric GAD W [ & ZLWK KLJK KXPLGLW\ %

observed daily regarding the normality of their morphology and droate.

Subculture

The subculture and expansion of HaCaT cells was conducted through trypsinization. The
cells were initially washed with 5 mL warm PBS following the discharge of the growth
media and then washed with 1 mL tryp&DTA (1x) (trypsinrEDTA 0.25% in phosphate
buffer saline (PBSW/o Mgz+, w/o Ca+) . 2 mL of fresh tryps#EDTA was added and the

flask was incubated for 125 minutes and until all cells were detached. For the deactivation
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of trypsinEDTA, 5 mL of media was added in the flaskile the mix was used to aid the
cells fully detach from the flask and in to the media. Cells were then centrifuged (2000 rpm
for 2 min) and supernatant was discharged and resuspension of cells in certain volumes c
complete DMEM depending on the peltétcells followed. 5x10cells were resuspended in
10-15 mL of complete DMEM and added to the new flask, following counting of the cells

using the hematocytometer.

Cell plating

Cells were left to grow in the flask to between-8W0% confluence befotbey were used

for plating. For the plating process, cells were colleciattypsinization as described above

and centrifuged at 2000 rpm for 2 minutes after their resuspension in media. To initiate
plating cells were resuspended in B0 mL and in acaaance to the size of the pellet. For
WKH GHWHUPLQDWLRQ DQG FDOFXODWLRQ RI WKH FHO
of trypan blue solutio®.4% (v/v) (HyClone Inc, South Logan, USAhd celicontaining

media were added to a centrifuge tubeHTHPP L[ ZDV YRUWH[HG DQG —/
loaded in a hemocytometer (Neubauer). Cells were counted under the microscope and th

calculations were conducted using the equation as shown below:
- Z o~ - -~
Z>“"« OCE%0<”LTM—YUS°’>S"CE¢%0§JUU

Where N is the number of cells that were counted, and the dilution factor is 2 and it is set
according to the dilution made while mixing the media with trypan blue solutiémefds

to the conversion factor that is calculated based on therdiions of the squares of the
hemocytometer. After the calculation of the number of the cells contained in the media, the
appropriate amount was added to the wells eiv@8 plates, 12wvell plates or in 60 mm

plates depending on the experiment.
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2.32 Treatment of HaCaT cells with ITCs

Cells were seeded in 42ell plates (0.3 x 19 0.15 x 16 and 0.1 x 1Bfor 24, 48 and 72
hours, respectively) and left to adhere overni¢i€ containingmedia was added to the
wells / plates in concentratisnof 0.15, , deperiling on the
experimentandwas allowed in the wellsplatesuntil the timepoint that measurements were
taken )RU WKH GLOXWLRQV VWRFN RI —0 ,7& WKDW Z

calculation were made basex the following simple formula:
C1*V1=C2*V2

Where G is the concentration of the starting solutidf, is the volume of thestarting

solution Cz is the concentration of the final solutidry is the volume of the final solution.

2.3.3 Treatment oHaCaT cells with UVB

For the optimisation of the phetming model, propagation and seeding of HaCaT cells was
conducted as described below. For the UVB treatm@hts,000 Crosslinker@Jltra-Violet
Products Ltjlwere used. The range of UVB doses used for the following experiments were
based on minimum erythema doses (MED) that were found in the literaluRrG UtJ X H |
Granados et al.,, 20L7J UHDWPHQWVY FRQGLWLRQV ZHUH VHW X
emittedrather than time. Time was automatically adjusted from the UV crosslinkers after
appropriate calibration from the manufacturer. Cells were seededvirellLplates (0.3 x

1%, 0.15 x 16 and 0.1 x 1Bfor 24, 48 and 72 hours, respectively) and left toeaglh
overnight.Theywerethen washeavith PBSw/o Mgz+, w/o Ca- following the removal of

the media. —af freshPBSw/ Mg+, w/ Ca-+ in room temperature was added to the
wells asthe salts in PBS promebf cell adhesion and prevecell detacimentunder low
temperature conditions. Plates were placed in UVB chambers and expasadow band

(NB) UVB irradiation 5, 10, 25, 50 and 100 rhdn? under ice by placing the plates on a
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thin layer (0.5 cm) of ice on a thin plastic trdge was used to event damageepair
enzymatic activatioyrwhile control plates were not exposed to U{Reller & Gerday, 1997;
Gerday et al., 2000)After the expsure, plates were immediately removed from the ice and
3%6 ZDV UHSODFHG ZLWK ZDUP PHGLD 3ODWHV ZHUH

measurements of the first timepoint (24, 48 and 72 hours).

2.3.3.1 Viability determination of UVB exposed HaGzells

For the determination of the viability of the cells, the resazurin assay (Alamar Blue dye) was
utilized (Mantso et al., 2016)0.3 x 16, 0.15 x 16 and 0.1 x 10cells for 24, 48 and 72
hours, respeéively, were seeded in 12ZHOO SODWHV DQG OHIW WR DG
Treatment with five UVB intensities (2.5, 10, 25, 50 and 100 m¥) was conducted under

ice by placing the plates on a thin layer (0.5 cm) of ice on a thin plastic traywiiogo
washing of the cells with PBS and replacing with fresh PBS. Immediately after the treatment,
PBS was replaced with fresh complete DMEM (Labtech International Ltd, East Sussex, UK).
$W WKH WLPHSRLQW —/ R1 UHVD]XUL Qe Wwe)s 3dhod/ing P J
WKH UHPRYDO RI WKH ROG PHGLD 7KH SODWHV ZHUH
absorbance was measured at 570 nm and 600 nm using Tecan plate reader. Results we
expressed as percentage of viability at 24, 48 and 72 hourslales were incubated for 4
KRXUV DW f & DQG WKH DEVRUEDQFH ZDV FpakV X U FH
multimode plate reader (Tecan, Switzerlanthe percentage of control cells was used to

express the cell viability.

2.3.3.2 Apoptosis determinat of UVB induced HaCaT cells
For the determination of apoptosis of the pkating model and the optimisation of the final

model used for the experiments of this chapter, CellEvent Caspase 3/7 Green flow cytomete
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assay kit (ThermoFisher Scientific Ltd)as used along with DAPS{gma Aldrich Ltd
which was used to exclude necrotic cells from the ana(iantso et al., 2016 Briefly,
0.35 x 16 (24h) and 0.5 x 10(48h) cells were seeded in 60 mm plated kft to adhere
overnight. Treatment with four UVB intensities (10, 25, 50 and 100 m3)Aeas conducted
under ice after washing of the cells with PBS and replacing with fresh PBS. Complete
DMEM (Labtech International Ltd, East Sussex, UK) was addedednately after the
WUHDWPHQW DQG WKH UHPRYDO RI 3%6 DQG SODWHYV
indicated (see individual figure legends). At the indicated timepoints cells were coitected
tubes with the assistance of cell scrapers, aftgrsimysation with 2 mL trypsiEDTA
[0.25% in phosphate buffer saline (PB8p Mg+, w/o Ca-(1x)] for 12 minutes and washed
WZLFH ZLWK 3%6 —/ Rl FHOO(YHQW &DVSDVH *U
—/ VLQJOH FHOO VX\EHOQVLRP/ VDEBSAMFXEDWHG DW
EHIRUH WKH DGGLW Bigrma Adricls Btg and-te further incubation in room
temperature and dark environment for another five minutes. Samples were analysed usin
fluorescenceactivatedsingle cell sortingFACS) Canto Il flow cytometer (BD Biosciences,
San Jose, CA, USA) and data acquisition was set at 20,000 events. Cell apoptosis wa
indicated as caspase 3/7 positive, whilst necrotic cells were stained with DAPI and indicated

as DAPI msitive.

2.3.3. Treatments of HaCaT cells with ITCs

For the ITC treatments, complete DMEM was used for the dilutions of two ITCs, PEITC
and SFN as described in section 3.2.2. The phytochemicals were diluted in complete DMEM
in six concentrations 0.15, 0. DQRQG —0 7KH HIIHFW RI1 H|

measured at timepoints 24, 48 and 72 hours. At the timepoint, the treatment media wa:s
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removed, and viability of cells was determined using the resazurin assay as described ir

section 3.2.3.1Data are presented as percentage of viability.

2.3.4 Viability determination of IT@reated and UVBxposed HaCaT cells

The optimised photaging model was prgeated with PEITC and SFN and the cell viability
was determined as described in sec@?. Specifically, HaCaT cells were seeded in 12

well plates and left to adhere overnight. PEITC was prepared in dilutidhd®f0.3, 0.6,
1.24,2.5and5 —0 DQG P/ Rl WKH SUHSDUHG GLOXWLRQV |
after the treatment, cells veeexposed at 25 and 50 mJ /2ddVB as described in section
3.2.1, as indicated from the optimised model. After the UVB exposure and at the timepoints
24, 48 and 72 hours, viability was determined using resazurin assay. The same protocol wa

followed forthe pretreatment of the model with SFN.

2.35 Apoptosis determination of IT@€eated and UVB=xposed HaCaT cells

Cells were seeded in 60 mm plates and treated as described above until 24 hours after tt
UVB exposure. HaCaT cells were treated with theénapm conditions of UVB exposure
indicated from the previous experiments, with 25 mJ70WB exposure following a pre
WUHDWPHQW RI DQG —O0 6tjdatmentidn HVBHRpASeR tebs) 1 S
was assessed using the CellEvent Caspase 3/h Goeecytometer assay kit as described

in section 3.2.3.2. Measurements were taken at 24 hours timepoint.
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2.4 Materials and methodsfor the evaluation of the role of synthetic isothiocyanates in

combination with low dose UVB on HaCaT cellsis a therapeitic approach for psoriasis

For the optimisation of the model, propagation and seeding of HaCaT cells was conductec
as described in section32L For the UVB treatments,@-1000 CrosslinkefUltra-Violet
Products Ltdl was used, emitting narrow band U\& 302nm. The range of UVB doses
used for the following experiments were based on minimum erythema doses (MED) that
were found in the literature5 R G U tGraddlos et al., 20175 is shown that the MED for
phenotype | i 7 mJ/cm UVB, while for phenotype I, Il and IV is 19 mJ/cnf UVB, <

27 mJ/cn UVB and< 38 mJ/cri UVB respectively.

2.4.1 Effect of UVB on HaCaT cells

For this section, the data presented in chapteectiord.2.1.1, was used for the optimisation
ofthschDSWHUTfV PRGHO OHWKRG ZZIB\3. Bt theHistértdihaidhGf L Q
the viability of the cells, the resazurin assay was as described in s28tigrwhile for the

determination of apoptosis was as described in se@i81&s

2.4.2 Treatments of HaCaT cells with SFN and resazurin assay

Cells were seeded in 42ell plates (3 x 10and 0.15 x 1®for 24 and 48 hours, respectively)

and left to adhere overnighBFN containingmedia was added to the wells / plates in
concentratiomf5and  — Ontil the timepoirg studied, 24 and 48h. The calculations were
made as described in section.2.3At each timepoint, the treatment serum was removed,
and the viability of cells was determined using the resazurin assay as described in sectiol

2.34.Data is presented as percentage of viability relative to controls of untreated cells.
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2.4.5 Viability and growth determination of combinational treatments of HaCaT cells with
ITCs and UVB
Experiments were initiated using resazurin assay for thendiet@iion of viability of the
cells, while SRBSulforhodamine Bassay was utilized for the observation of cell growth.
3 x 1 and 0.15 x 1®cells / well were seeded in 4fell plates and left to adhere overnight.
Theywerethen washeavith PBSw/o Mg>, w/o Ca following the removal of the media.

—of fresh PBSW/ Mg, w/ Ca- atroom temperature was added to the wadithe salts
in PBS promae of cell adhesion and prevegell detaciment under low tenperature
conditions. Plates were placedthe UVB crosslinkerand exposed t& and10 mJ / cr
UVB under iceas described in sectior323. Control plates were not exposed to UVifter
the exposure, plates were immediately removed from the ice and PBS was replaced witt
warm ITC-containingcomplete DMEM. —0 Rl HLWKHU RI WKH , 1 &V
BITC and PEITC, was added in the wells, while control wells contained complete DMEM.
3O0DWHYVY ZHUH SODFHG LQ DQ LQFXEDWRU f& XQWLGC
and 48 hours). At the timepoint, media was removed from the plates and a solution of
resazurircontaining PBS (1 mg / mL) is added at volumes 330+500 -+ depending on
WKH H[SHULPHQW DQG WKH SODWHV XVHG 7KH SODWH
absorbancwas measured at 570 nm and 600 nm uSjaykmultimode plate reader (Tecan,

Switzerland) The percentage of control cells was used to express the cell viability.

2.45.1SRB (Sulforhodamine B) Assay
Cells were prepared as described above until thgobmeindicated (24 and 48h) where the

below protocol was followed for the SRB assay:
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JLIDWLRQ RI FHOOV ZLWK &DUQR\TV VROXWLRQ

$W WKH WLPHSRLQW P/ RI &DUQR\TV VROXWLRQ Zt
DMEM in each well. Plates were left to fikR U KRXU DW f & DRtEnew KH Q
with tap water immediately after the incubation period. After drying the plates for 2 hours at

f& WKH\ ZHUH NHSW DW f& XQWLO QH[W VWHS

Staining of cells

$IWHU DFKLHYLQJ URRP W H P SBitvIDMaxetid-hcid was-géniyladded 6 5
to each well and left to stain for 30 minutes at room temeperature. After the removal of the
dye solution and the rinsing of the wells with 1% acetic acid (5 times), the plates were dried
DW f& — | ®Wisaminéhtethan€Tris) pH 10.5 was added to each well and
absorbance was read at 570nm after-anffute solubilization of the stain on a plate shaker
(mark 4). The absorbance (nm) was taken uSpgrk multimode plate reader (Tecan,

Switzerland) The percerage relative to control cells was used to express the cell growth.

2.4.6 Apoptosis determination of combinational treatments of HaCaT cells with ITCs and
uvB

For the preliminary evaluation of apoptosis of UVB and SHidosed HaCaT cells, 0.8 x

1P cells were seeded in 60mm plates and left to adhere overnight. Cells were exposed to 1(
and 25 mJ /cm89% DQG DQG —0 RI 6)1 LQ FRPSOHWH 'C
preliminary treatments of the cells, immediately after the UVB exposure. The preliminary
intensites were selected based on the aim of the study, which is to achieve a strong
combinational effect using mild conditions. Chapter 3 showed that exposure at 25 and 50 m.

/c? UVB is effective to reduce viability in HaCaT cells, an effect opposite to theohim
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this chapter. At 24h apoptosis was determined using flow cytometry (FACS) and CellEvent

Caspase 3/7 Green detection reagent, as descrisedtion 2.3.5.

For the determination of apoptosis of the optimised combinational treatments, 6.&8nd10

0.8 x1(P cells were seeded in 60 mm plates and left to adhere overnight. Cells were treatec
ZLWK —0 RI HLWKHU RI WKH ,7&V 6)1 %1 $,7& %,7
exposure at 5 and 10 mJ £and apoptosis was determined at 24 and 48h, usirgathe

protocol as above.

2.4.7 Mitochondrial membrane permeability determination of combinational treatments of
HaCaT cells with ITCs and UVB
0.5 x 16 and 0.8 x 1Bcells were seeded in 60 mm plates and left to adhere overnight. Cells
were then exposed ®mJ /cm (48h) and 10 mJ /ch(24h) UVB and immediately treated
ZLWK —0 RI HLWKHU RI WKH ,7&V VWXGLHG 6)1 ,%1
concentration of total ITC content from the natural compound depending on the experiment.
At the indcated timepoints cells were collectiedtubes with the assistance of cell scrapers,
after trypsinisation with 2 mL trypsiBDTA [0.25% in phosphate buffer saline (PB8p
Mgz, w/o Ca-+(1x)] for 12 minutes and washed twice with PBS. Cells were resuspended in
—/ 3%6 DQG -1stainOI1 ndy / mL) was added to the suspension. After a
300 PLOQXWH LQFXEDWLRQ DW f& FHOOV ZHUH FHQWU
PBS was used for the resuspension of the cells. Samples were injected in the flow cytomete
and data was acquired through acquisition of 10,000 cell event for each sample. For the
analysis and representation of the data, the rati@@df aggregates over JCmonomers

was used.
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2.4.8 Cell cycle determination of combinational treatments of HaCaT cells with ITCs and
uvB

0.5 x 16 and 0.8 x 1Bcells were seeded in 60 mm plates and left to adhere overnight. Cells
were then exposed to 5 mJ fc8h) and 10 mJ /ch(24h) UVB and immediately treated
ZLWK —0 RI HLWKHU RI WKH , 7&V VWXGLHG 6)1 ,%1
timepoints cells were collected as described alameewashed twice with PBS. Fixation of

the cells (approx. 0.5 x $Qusing cold70% ethanol was initiated with the gradual addition

RI WKH HWKDQRO XQGHU YHU\ ORZ YRUWH[ DQG LQFXE
processing. After washing of the cells with PBS (x2) to remove the ethanol, cells were
suspended in FxCyclel/RNase staining solution and remained in room temperature and
dark environment for 30 minutes. Samples were injected in the flow cytometer and data was
acquired through acquisition of 10,000 cell events for each sample. Debris was excludec

from the gatingwhile the graphs were set at DAPI and FITC dies.

2.4.9 ROS induction determination of combinational treatments of HaCaT cells with ITCs
and UVB

Two assays were utilized to determine ROS induction. Experiments were initiated using
DHR (Dihydrorhodomania DVVD\ DFFRUGLQJ WR WKHSYm® XIDF

Aldrich Ltd), and results were compared with the Glutathione assay.

DHR 123 (Dihydrorhodomanine 123) assay

0.5 x 16 and 0.8 x 1Bcells were seeded in 60 mm plates and left to adhere overnight. Cells
were then exposed to 5 mJ fcM8h) and 10 mJ /ch(24h) UVB and immediately treated

ZLWK —0 RI HLWKHU RI WKH , 7&V VWXGLHG 6)1 ,%1
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timepointscells were collecteds described above and washed twice with PBS. Five minutes
LQFXEDWLRQ f& IROORZHG DIWHU —0 RI '"+5 ZH'
(1 FHOOV P/ $IWHU WKH LQFXEDWLRQ —0 '$3eadDV C
cells from the analysis, and a furtheminute incubation followed before the samples were

injected in the FACS and acquisition run at 10,000 events.

Glutathione Assay

For the determination of ROS induction through the glutathione assay, 0081 x 16

and 0.15 x 19cells / well were seeded in 4@ell plates and left to adhere overnight. They
were then prareated with 1mM glutathione in complete DMEM for 4 holrsV f& $IW
the incubation UVB exposure was conducted as per the optimised model (53far 48

and 10 mJ /cAfor 24h UVB) and ITC treatment followed with and without the addition of
glutathione (1 mM). For this experiment the same conditioresbase were usedlates
ZHUH SODFHG LQ DQ LQFXEDWRU f & XQWLOawKH P
48 hours).At the timepoint, media was removed from the plates and a solution of resazurin
containing PBS (1 mg / mL) is added at volume$ & +500 & depending on the
H[SHULPHQW DQG WKH SODWHV XVHG 7KH SODWHV Zt
absorbance was measured at 570 nm and 600 nm$ysamgmultimode plate reader (Tecan,

Switzerland) The percentages used were relativeontrol cells.

53



2.5 Materials and methodsfor the evaluation of the role of total isothiocyanates derived

from watercress powder in combination with low dose UVB

2.5.1 Watercress extract preparation for use on HaCaT cells

For the preparation of theatercress extract, 0.5 g of freed@ed watercress powder were
diluted in 10 mL of milltQ water. After the mix was thoroughly homogenised, it was
LQFXEDWHG DW f& IRU K LQ D VKDNLQJ ZDWHU EI
environment for the glwosinolates and myrosinase to hydrolyze and form isothiocyanates.
After the incubation period, the mix was centrifuged (4000 rpm for 10 minutes) twice and
WKH VXSHUQDWDQW ZDV ILOWHUHG XVLQJ D —P
calculations 6 the amount of watercress extract that is required to achieve a final
FRQFHQWUDWLRQ RI —0 RI WRWDO ,7&V WKH ILQGL
watercress extract were diluted in 8 mL of complete DMEM and the mix was thoroughly
vortexed. Thereatment mix was always prepared fresh to minimize denaturation of ITCs in

the aqueous solution and kept in the hood for no more than 30 minutes before its use on cell

2.52 Growth determination of combinational treatments of HaCaT cells with watercre
extract and UVB.

1.5 x 10 cells / well were seeded in 42ell plates and left to adhere overnight. Thegre
then washeavith PBS w/o Mg2+, w/o Ca- following the removal of the media. —df
fresh PBSw/ Mgz+, w/ Ca+ in room temperature was added to the wakshe salts in PBS
promot cell adhesion and prevertll detacimentunder low tenperature conditions. Plates
were placed ithe UVB crosslinkerand exposed th0 mJ / crAUVB under iceas described

in section3.2.3.Control plates were not exposed to U\Ater the exposure, plates were
immediately removed from the ice and PBS was replaced with \RavifaM containing

54



watercress extract. Preparation of the extract was as described in sectioRl&t@slwere
placed inthe L Q F X E D W Rdy 24h aifid the SRB assamas utilized for the determination

of cell growthof the experimental modak described in sectior4s.

2.5.3 Apoptosis determination of combinational treatments of HaCaT cells with UVB and
either watercress extract or synthetic PEITC.

8 x 1C cells were seeded in 60mm plates and left to adhere overnight. Cells were then
exposedto 10 mJ /d89% DV GHVFULEHG LQ VHFWLRQ —0DQC
of total ITCs in watercress extracin@dl concentration), in complete DMEM were used
immediately after the UVB exposure. The watercress extract was prepared as described il
section2.22. 24h after the treatment, apoptosis was determined using flow cytometry

(FACS) and CellEvent Caspase 3/ieén detection reagent, as described irb2.3.

2.54 Mitochondrial membrane permeability determination of combinational treatments of
HaCaT cells with UVB and either watercress extract or synthetic PEITC.

8 x 1 cells were seeded in 60 mm plates andtefadhere overnight. Cells were then
exposed to 10 mJ /&WVB as described in section® DQG —0 Rl 3+M0&RRU
total ITCs in watercress extract (final concentration), in complete DMEM were used
immediately after the UVB exposure. 24h after titeatment, cells were collectadtubes

with the assistance of cell scrapers, after trypsinisation with 2 mL trg3iIA [0.25% in
phosphate buffer saline (PB&)o Mg+, w/o Ca- (1x)] for 12 minutes and washed twice

with PBS. Cells were resuspendedin —/ 3% 6 DQG -1 stain ROI1 nd&y / mL)

was added to the suspension. AfteraBLQXWH LQFXEDWLRQ DW f& |
(1000 rpm for 5 minutes) and fresh PBS was used for the resuspension of the cells. Sample

were injected in thddw cytometer and data was acquired through acquisition of 10,000 cell
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event for each sample. For the analysis and representation of the data, the J&tib of

aggregates over JICmonomersvas used.

2.6 Statistical Analysis

Statistical analysis of theadaof this thesisvas carried out using GraphPad Prism 8

For the statistical analysis in chapter 3, Wilcoxon sigraedk test was used for the
comparison of the standard curves of the individual ITCs analysed. The significance and
confidence level werees at 0.05 (95% confidence intervalhe distribution of the data was
tested using Shapiw/ilk normality test. Onevay ordinary Anova was used for the rest of

the analysis in chapter 3 afa multiple comparisons statistical hypothesis Tukey test was
used.For the quantification of total ITCs in watercrestegt was used and experiments were
conducted at least three independent times. Each experiment had at least 6 replicates, whil

the number of replicates was selected based on the level of reliyatabi

For thestatistical analysis of the data fphotcaging model(chapter 4) oneway Anova

and tweway Anova was used, and the parameters were adjisstedlltiple comparisons

using statistical hypothesis testing (Tukey test). The significance and confidence level were
set at 0.05 (95% confidence interval). Each P value was adjusted to account for multiple

comparisons.

For the psoriasis experimental nebdchapter 5) two-way Anova analysis was used for
apoptosis, cell cycle and JIC experiments, adjustingpr multiple comparisonsusing
statistical hypothesis Tukey testing, while ROS induction data (DHR assay data) were
analysed using twway Anova, adjsting for multiple comparisonsusing statistical

hypothesis Dunnett testing, as suggested from the statistic gthdesignificance and
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confidence level were set at 0.05 (95% confidence interval). Each P value was adjusted tc

account for multiple compesons.

For the statistical analysis of chapter 6,-@r&y anova was used and the parameters were
adjustedor multiple comparisons using statistical hypothesis Tukey testing, as well-as two
way Anova, using statistical hypothesis Dunnett testing. Thefisignce and confidence
level were set at 0.05 (95% confidence intervajch P value was adjusted to account for

multiple comparisons.

7KH VHOHFWLRQ RI WKH VWDWLVWLFDO K\SRWKHVLV W
and there was no intetaan detected between Tukey and Dunnett statistical hypothesis

testing results.
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3. A Novel Rapid Determination of Total Isothiocyanatesin

Watercress

3.1 Introduction

Glucosinolates (GSLs) are an important class of phytochemiedisally faind in the
localized sulfusrich cells of the Brassicaeaefamily of vegetablegDinkova-Kostova &
Kostov, 2012)which contains about 3000 speciespidints (IARC, 1986)and includes
important agricultural crops such as cabbage, broccoli, cauliflower,orederand Brussels
sprouts, commonly named cruciferous vegetables, and white mustard. GSLs have also bee
identified in other families, in the order Capparales, which is the only order that GSLs have
been reporte(Halkier & Gershenzon, 2006) he role of GSLs in plants has been associated
with protection mechanisms against phytophagic animals, such as mammals, birds, anc
insects, making the compounds instantlyid¢dar the host and by inhibiting the development
and nourishing pathway8uskov et al., 2002; Halkier & Gersham, 2006; Lazzeri et al.,
2004; Noret et al., 2005Moreover, observations made on insect behaviour patterns indicate
either attraction or repulsion to GSLs depending on the irf{Mitds et al., 2005; Rojas,
1999) while herbivores, such as motRlytella xylotellg and flea beetlesPhyllotreta)
probably metabolise GSL to a form not metabolised from myrosinase through cleavage of
the sulfate with an endogenous sulfatase. The flying and landing behaviour of the cabbag:
moth (Mamestra brassicgeon dlyl isothiocyanaé (AITC), the hydrolised product of
sinigrin GSL, was significantly preferred from female inséBtsjas, 1999)GSLs are the
precursor of isothiocyanates (ITCs), a group of phytochemiclatésacterised by the
functional -N=C=S group (Jimenezgarcia et al.,, 2018)metabolised through the
mercapturic acid pathway wiem initial conjugation of glucosinolates with glutathione and

enzymatic degradation by myrosinase (thioglucoside glucohydrplagen the latter
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becomes available from myrosin cells, following tissue disrupfidms rapidhydrolysis
through the cleavag® | *6/V JOXFRVH DQG IR URbnédsis Rahpkte X Q V \
with theformation of isothiocyanatesigure 3.1). Sulforaphane (SFN), iberin (IBN), allyl
isothiocyanate (AITC), phenethyl isothiocyanate (PEITC) and benzyl isothiocyanate (BITC)
represent@me of the most studid@Cs. Although cruciferous vegetables contain a variety
of ITCs, most of those plants have a dominant ITC. SFN is widely known to be found in
broccoli and broccoli sprou{€larke et al., 2008)while erucin (ECN) is also found in these
vegetables, as well as rocket, kohl rabi, turnip and rutafMeganeulen, 2009)AITC is the
dominant ITC in cabbage, horseradish, mustard, wasabi and kale, BITC in gardendtress an
Indian cress, PEITC in watercress and horseradish, while methyl isothiocyanate (MEITC),
a less known ITC is dominant in cauliflower and capers (ak)gFung Lung Chung et al.,
6iYLR HW DO . TXeldanbob €&nter of ITCs is highly electrophilic
that makes them react with nucleophiles, such as thiol, amino and hydroxyl groups, that give
dithiocarbamates, thioureas a@ehiocarbamates, respectivélaschula & Hunter, 2016)
Although ITCs have a similar structure, the side group of each phytochemical determines
their electrophilicity and hydrophobicity, with PEITC being more hydrophobic when
compared to SFN, making it react with cysteines in hydrophobic crevice of proteins

(Kaschula & Hunter, 2016; Y. Zhang et al., 1996)

Isothiocyanates have exhibited strong -@aticinogenic activity via modulation of key
carcinogenesis regulators on rat modelsng Lung Chung et al., 2000; Fahey et al., 2002;
*HUKI X VaH, U9%YWHu et al., 2006; Sugie et al., 1994; Y. Zhang et al., 198N
induced phase 2 enzymes and blocked chemical carcinog¢besisvaKostova et al.,
2007; Y. Zhang et al., 1994inhibited the effect of UVB on human dermal fibrobla@s

Y. Lee & Moon, 2012)xand reduced erythema/infltamation and inflammation markers on
UVR exposed rat and human sKiralalay et al., 2007BITC inhibited tumor induction in

intestinal tract in rats and decreased colon tur(fBugie et al., 1994¥hile PEITC reduced
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p65 levels and inhibitediuclea factorkappa B NF- % activation onhuman prostate
cancer PE3 cells(Xu et al., 2005)Modulation ofNuclear factor erythroid-Belated factor

2 (Nrf2) responséBenedict et al., 2012; Guerretih H O W U i Q -OfVerOds &l. |20 1P)
reduction in cytokines, such as tumor necrosis factor ({TNEyclooxygenas¢COX-2),
interleukin 6 (IL- LQWHUOHXNIRQNOS, rdducing the signaling pathways of
NF- %and decreasing p65 translocat{®mawan et al., 2009; Srivastava & Singh, 2004; Xu
et al.,2005)are amongst demonstrated biological effects of ITCs. Their electrophilic and
nucleophilic character give a variable role on ROS, with high concentrations (0 R
ITCs increasing ROS generation through either reductioglahthione(GSH), direct
generation of intracellular ROS or mitochondrial leakage of ROS through mitochondrial
protein binding(Pocasap et al., 2018; Sestili & Fimognari, 20464 low concentrations
reacting with other proteins, such as cysteines, to decrease ROS through the induction c

Nrf2 (Keapl)(DinkovaKostova et al., 2002)

Table 3.1 ITC profile of cruciferous vegetables.

:?r%mlnant Cruciferous vegetables Reference
. 6iYLR HW DO
AITC ﬁig?;%ewasabi kakl'grserad'Sh' Vermeulen,  2009;
! ’ Wu et al., 2009)
BITC Garden cress, Indian cress (Vermeulen, 2009)
ECN RO(_:ket, broccoli, arl_JguIa, kohl (Vermeulen, 2009)
rabi, rutabaga, turnip
(Fung Lung Chung
et al., 2000; Peter
PEITC Watercress, horser adish Rose, Yen, et al,
2005; Vermeulen,
2009)
SFN Broccoli, broccoli sprouts (Clarke et al., 2008)
MEITC Cauliflower, capers (Vermeulen, 2009)
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Figure 3. 1 The hydolysis of glucosinolates and the formation of isothiocyanates by

myrosinase

Y. Zhang (1992) was the first to develop a methodology for the quantification of
isothiocyanates in cruciferous vegetables via a cyclocondensation assay and subseque
analysisusing High Performance Liquid Chromatography (HPLC) and spectrophotometry
(Y. Zhang et al., 1992, 1996)able 3.2). The cyclocondensation assay is based on the
TXDQWLWDWLYH UHDFWLRQ RI WKIN=C8R Witk the BuliydpyD W H °
group of 12 benzene dithiol, leading to the formatidnaofive membered.,3-dithiole-2-
thioneand the amine RIH2 (Li Tang et al., 2013ffigure 3.2). The absorbance of the main
endproduct (,3-dithiole-2-thione is measured ainax365 nmand .m 23,000 M* cm™, The
methodology has been widely used in the detection and quantification of isothiocyanates,
and modified accordingly to accommodate a wide range of sarffled. F. Choi et al.,

2004; Song et al., 2005; Ye et al., 200ZlH)e limitations of this method is on the d¢i@c

of ITCs that have a tertiary linking carbon of the R group which have an incomplete reaction
(Bertelli et al., 1998; M. M. F. Choi et al., 2004; Jiao et al., 1998; Rodrigues et al., 2016; T.
A. Shapiro et al., 2001; Theresa A Shapiro et al., 1998; Song et al., 2005; Li Tang et al.,
2013; Ye et al., 2002a)Sample preparation procedures for the analysis of total ITC in
cruciferous vegetables include use of organic solvents, such as acet¢hiialesa A
Shapiro et al., 1998; Y. Zhang et al., 1992thyl acetatdYe et al., 2002h)methylene
chloride (Bertelli et al., 1998)hexang(Rodrigues et al., 201@&nd mix ofsolvents(T A
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Shapiro et al., 2001pllowed by sample purification and HPLC determination, whilst for
the analysis of blood and urine samples a more complex prepataadmcludes multiple
levels of purificationis required(Conaway et al., 2000; T A Shapiro et al., 2001; Ye et al.,
2002b) However, even plant samples preparation and extraction process differ between
studies depending on thetuee of the samples and method of analysis. Extraction of ITC
was also performed by supercritical £@odrigueset al., 2016and solid phase extraction
(SPE)(Pilipczuk et al., 2017)techniques that are tintensuming and expensive. Simpler
methods with water extractiorisl. M. F. Choi et al., 2004; Fusari et al., 2015; Jiao et al.,
1998; Prestera et al., 199B6ave also beereported while ultrasound assisted techniques
(UAE) have been used by various researcfieusari et al., 2015; Soares Melecchi et al.,

2006; T. Wang et al., 2011)

Figure 3. 2 Cyclocondensation assay reaction of isothiocyanates witthdn2enedithiol
leading to the formation of 1;8enzodithiole2-thione.
Picture taken from Tang et, al. 2013 (Tang et al., 2013).

The most common analytical method for the qualitative and quantitative characterization
and determination of ITCs is HPL(Eusari et al., 2015; Pilipczuk et al., 2017; Rodrigues et
al., 2016; Theresa A Shapiro et al., 1998; Y. Zhang et al., 19®@¥t gaschromatography

tmass spectrometf{sC-MS) has also been us@Bertelli et al., 1998; C. Chen et al., 1998;
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M. M. F. Choi et al., 2004)However, these methods of analysis require expensive
equipment and skilled personnel for the operation, analysis and maintenance. On the othe
hand, specbphotometric analysis, following a cyclocondensation assay, is a simpler and
faster analytical method that does not require expensive equipment and maintenance and
more suitable for rapid quality control tests at the site of manufacturing/primarycpordu

and when there is no requirement for detailed characterization of samples.

Thus, the purpose of this investigation was to develop rapid and easy sample preparation ar
analytical procedures for the quantification of isothiocyanates in crucifergesaies that

do not require expensive equipment and expertise. For the preparation of the samples,
simple water/methanol extraction process was employed using sonication, followed by the
cyclocondensation assay and spectrophotometric analysis.

Table 3.2 Total isothiocyanate content and main glucosinolate/isothiocyanate in the most

common cruciferous vegetables.

ITC Extraction
Common c?nte[\t GLS/ITC method/solvent Method_of References
Vegetables Oe—"e1 Analysis
100 g)
61.3 Water extraction (Tang et al., 2013;
Mustard N
reens 0.4- Sinigrin / AITC HPLC Verkerk et al.,
g 137.9) 2009)
Water and triple
Glucoraphanin / solvent extractions: (Jiao et al., 1998;
Broccoli 4.9 (2.0. SISN DMSO, HPLC Shapiro et al.,
7.5) dimethylformamide, 1998)
and acetonitrile
Brussel 6.9(2.6. Glucoraphanin/ Water extraction
HPL T l., 201
Sprouts 18.1) SFN c (Tang etal,, 2013)
31.7 (0.5 Glucotropaeolin / Water extraction
Cabbage 77.9) BITC HPLC (Tang et al., 2013)
Cauliflower 1'52(%7 " Sinigrin / AITC Water extraction HPLC (Tang et al., 2013)
3.7(0.4. Glucoraphanin/ Water extraction
Kale 12.9) SEN N/A (Tang et al., 2013)
WiY "1 L Hexane (Vaughn &
Lesquerella 0.07 Glucoiberin / IBN GC-MS Berhow, 2005)
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3.2 Resultsand discussion

3.2.1 Plantpreparation andnatrix interferenceising dried watercress

For the determination of ITCs in plant tissues, as well as blood and urine, commonly
extraction methods utilize organic solvents, such as acetorifréeco et al., 2016nd
methylene chloride, whilst combinations of saits have also been used. Extraction
methodologies reported in the literature for the determination of aked TTC content in
plants as well as blood and urine samples as showabla 3.3. Aqueous extraction of
isothiocyanates was choseém this studyas a more environmentally friendly extraction
protocol, thus minimizing the usef organic solventsDue tothe hydrophilic nature of
glucosinolategKaschula & Hunter, 2016; Y. Zhang et al., 199jueousextractiors are
commonly use@nd complemented Isimple clarification steps such as cloth filtration and
centrifugation of thelant samplesChoi et al. (2004) followed 3 stages of dilution of 10g
plant sample with distilled water, filtering the water samples with cloth, before passing 10
mL of the final dilution through a 0.4%n filter. A similar preparation was followed by
Comaway et al. (2000and Jiao et al. (1998hile Fusari et al. (2015entrifuged and
filtered the samples after the cyclocondensation assay took placean optimum ITC
extraction from watercress samples, disruption of the plant cell walls throughtsmmigas
employedfor our experimentand whilst limited application@~usari et al., 2015; T. Wang

et al., 2011¥or the extraction of ITC from plants have been reported, this methadesyw
used for extractions and improvement of enzymatic reacfigimst & Goh, 2017; Millware
6DGOHU HW DO UHQHU HW DO 6RDUHYV OHOH
while ultrasounds have been used fordgk&action of the GLS sinigrin from mustard seeds
(T. Wang et al., 2011Jusari et al. (2015) ultrasonicated the homogenised samples, before
they hydrolysis stage using a sonicatbath, while Wang et al. (4Q) used an ultrasonic

cell pulverizer, where a cylindricarg@be was introduced to the sample for 5 minules

most applicationamentioned abovéhe temperature of the sonication process was not
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controlled, however, the addition of ice in the sonication bath was necessary in order to
prevent myrosinase inactivatiodue to increased temperature locallg ] EH N hOJHC

2000)

Interferences by matrix components during the extraction of ITCs such as metals and
macromolecules, such as proteins and fibre, was investigated by the radditioulin
(soluble fibre) or cellulose (insoluble fibre) as well as the use of EDTA and methanol in the
extraction media. Moreover, as the resulting ITCs are hydrophobic in nature, interferences
from plastics were investigated by performing the extragiiocess using glassware instead

of plasticware. A simple prelarification step including the addition of methanol and
centrifugation was also introduced, prior to the cyclocondensation assay to allow for the
removal of proteins and other macromolecydessent in the crude aqueous extracts. This
step significantly improved the reliability of the method by reducing the coefficient of
variation of analytical results from 23.6% to 1486<6). The cyclocondensation assay is

not limited on the detection ofkathiocyanates but also reacts with dithiocarbamates,
xanthanes and thioureadpyoducts(Y. Zhang et al., 1996s well as urine metabolites of

allyl isothiocyanate, MacetytS?2 cysteingBhattacharya et al., 2012; Ye et al., 2002ih)is

necessitating some form of sample-freatment before analysis.

Table 3.3 Extraction and analytical platforms used in the determination of ITCs in plant

and other biological tissue.

Sa_m p le Extraction method Meth Od_ of Reference
origin analysis
Broccoli Solvent: methylene GC-MS, (Bertelli et
chloride, SPE HPLC al., 1998)
(M. M. F.
Various Solvent: water GC-MS Choi et al.,
2004)
AITC, Solvent: G(CB:CHl\:’fC (C.Chen et
PEITC methylene chloride LC-MS al., 1998)
Broccaoli, ) (Conaway
human Solvent: water HPLC et al., 2000)
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blood and
urine
Mouse and (Dinkova -
human Solvent: ethyl acetate HPLC Kostova et
skin al., 2007)
Solvent: ethanol,
. . HPLC-ES (Franco et
Various Teflon vessek with MS/MS al., 2016)
MARS system B
. (Fusari et
V Ivent: wat HPLC
arious Solvent: water al., 2015)
Various Solvent: water HPLC (Jiao etal.,
’ 1998)
. HPLC (Pilipczuk
Various NAC, SPE DAD MS etal., 2017)
Ultraviolet
Ivent: ethanol an h .
Solvent et anol and spectropho (Rodrigues
Watercress supercritical COz2, tometry, et al., 2016)
hexane HPLC, GC- v
MS
Broccoli Triple solvent: paired-lon TA
and DMSO, .
. . Chromatog Shapiro et
human dimethylformamide,
. . raphy al., 2001)
urine and acetonitrile
. . (Li Tang et
Various Solvent: water HPLC al., 2013)
Solvents: cooking oil,
. petroleum,
D .
ruzc: LOOtS dichloromethane, N/A (Wu et al.,
. diethyl ether and 2009)
rusticana
ethyl acetate,
supercritical CO2
Human
. . (Yeetal,
blood and Filtrat d wat HPLC
oo_ an iltrations and water 2002b)
urine
Ultraviolet
. - spectropho (Y. Zhang
B I tonitril
roccoli acetonitrile tometry, etal. 1992)
HPLC
NMR spect
roscopy,
P
Broccoli Solvent: water Paired-lon (Prestera et
al., 1996)
Chromatog
raphy, MS
Tripl Ivent:
ple solvent (Theresa A
. DMSO, )
Various . . HPLC Shapiro et
dimethylformamide,
L al., 1998)
and acetonitrile

Addition of smallamounts of methanol coupled with a high centrifugal force centrifugation
step assisted the purification process and enabled the more precise determination of ITC:
The necessity of this step was determined after the turbidity of the samples was gradually

increasing during the cyclocondensation assay. Many variations of intermediate filtrations
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before and after the cyclocondensation assay were tested, however, the precipitation was &
insisting issue. There was no fibre interference detected when spik@desawh inulin
(soluble) and cellulose (insoluble) solutions were passed through the methodology nor heawy
metal interference detected after the addition of EDTA to watercress safmpenflix Q.
Interestingly, when plastic (polypropylene) equipment reasoved from the method, there

was an approximately 35% increase in total ITC detection

The effect of plastic equipment and consumables was investigated further. For the evaluatiol
of potential interaction between polypropylene and isothiocyanates daaqugous
extractions, the samples were processed as described earlier, while half of the sample wel
prepared, using polypropylene tubes during the initial preparation of the samples and
incubation time and the rest of the samples were prepared usingsallegjuipment. Using

all glassware had a significant impact on both the recovery of the analytes as well as the
precision of the measurement with plasticware method detecting‘@9% P R O total

ITC content and glassware method detectirigt “0.04 P R O total ITC content, a 35%
increase in the recovery of ITCs andofd decrease in the corresponding coefficient of

variation (from 14% to 2%).

Moreover, citrate phosphate buffer was used in place of water during the first step of the
methodologyin order to investigate potential improvement on ITC recovery and detection
and further response optimisatjass described from the literatuf®. Guo et al., 2013;
LuangIn & Rossiter, 2015)Although, there was a slight elevation of total ITC content
detected in samples containing the citrate phosphate buffer, the difference between them an

the samples prepared with water was significant (p = 0.7518).
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3.2.2 Determination of linearity and limits of detection

The response factors from the reference standard curves of five ITCs (SFN, IBN, AITC,
PEITC, BITC) (1.5 —PRO P/ UDQJHG IURP IRU ¥igoe WR
3.3) indicating limited variation in the reactivity of the ITCs studied and/or molar
absorptivity of the 1,®enzodithiole2-thione derivatives of the different ITCEhe limits of
GHWHFWLRQ /2' IRU 3(,7& ZHUH —PRO 94R/Iimitta DO |
TXDQWLILFDWLRQ /24 —PRO P/ ILQDO FRQFHQW!
98.4%. The comparison and confidence level of the standard curves were evaluated usin

Wilcoxon testwhilst all ITCs passed the normality Shapivik test (alpha = 0.05).

Figure 3.3 Standard curves of ITCs.

Sulforaphane (SFN) iberin (IBN), allyl isothiocyanate (AITC), pheneatothiocyanate
(PEITC) and benzyl isothiocyanate (BITC) as determined by cyclocondensation assay anc
absorbance measurements at 365 nMilcoxon signedank test was used for the
comparison of the standard curves of the individual ITCs analysed. Thacsigod& and
confidence level were set at 0.05 (95% confidence interval). The distribution of the data was
tested using Shapir@d/ilk normality testActual confidence level 98.4%. Data shown are

representative of three independent experiments.

The spectropotometric LOD according to Zhang (199%) Zhang et al., 1992yas as low

as 1 nmol / mL, while typical standard curves were constructed at concentrations & 1.25
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40 nmol / mL phenyl igthiocyanate, in a 2 mL reaction volume. In this present study
linearity was observed at concentrations of 0:25 PRO P/ ILQDO FRQFU
corresponding to 0.25 15 mg/g dry matte(figure 3.3). In contrast with the methods
described in the literatury. Zhang et al., 1992)vhere phenyNCS and propyNCS
(artificial ITCs) were used for the standard curve, in this study the chidic€e was based

on their biological effects and bioavailability and they are naturally found in cruciferous
vegetables. The phytochemical used for the typical standard curve of our plant experiment:
is PEITC based on its bioavailability in watercress, dlaat studied which its total GSL
content consists mostly of gluconasturtiin, converting to PEITC when hydrofifsdd

Chung et al., 1992However, as shown ifigure 3.3, five ITC of three different chemical
structures, respond similarly using the cyclocondensation assay, with an actual confidence
level of 98.4%. Therefore, is shown that the standard curve of any of the five ITCs can be
used for the detection of total ITC content in vegetables, through the assay. This is becaus
1,2 benzene dithiol reacts quantitively with the N=C=S group of the ITC giving the end

productl,3-dithiole-2-thionethat absorbs ultraviolet light at 365 nm.

The recovery of the developed methodoldglassware)figure 3.4) was determined by
spiking of watercress samples with 0.44 mg of synthetic PEITC and analysed as describe

earlier, giving a reovery of 88.95% (figur&.5).
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Figure 3. 4 Schematic representation of the developed methodology for the determination
of total ITC content in cruciferous vegetables.
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Figure 3.5 PEITC standard addition curve in watercress samples.
Samples were spiked with 0.44 mg of PEITC with a recovery of 88.95%. Graph was createc

by linear regression analysis of data.

3.2.3 Comparison of novel aqueous extraction method with organic solvent extnasitgn
dried and fresh watercress
The novel, rapid methodology was compared against the methodology suggested by
Rodrigues (2016) with minor alterations, as described earlier using both powdered and frest
watercresgRodrigues et al., 2016The two methods resulted in almost identical total ITC
values, for both powdered and fresh watercress. In the first instance delestng0.04

PR O verdusl48 “0.04 P RO of tatal ITC content using the modified method of
Rodrigues (2016), while much higher and similar content between the two methods was
determined in fresh watercress. The discrepancy is attributed poskibdle destruction of
myrosinase dumg drying and / or storage or to possible loss of ITCs during the same
processes. Freezkied watercress contained only 7.5% of total ITCs compared to the fresh
watercress samples ( “ P R/Q) as determined by the aqueous extraction protocol,

while similar results were obtained when the modified extraction process using hexane was
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employed confirmingur findings ( ! P R/@) (table3.4). To further investigate

the hypothesis of desiction of myrosinase during drying and / or storage, exogenous
myrosinase was added to both dried and fresh watercress. The addition of ehnyimef (
exogenous myrosinase at 2 gl in 0.1 M potassium phosphate buffer, pH)§®etahun

& Chung, 1999; Jiao et al., 1998howed a 1l4imes increase in the total ITC content
detection when using dried watercresZE LWK D FRQFHQWUDWLRQ RI
addition of the enzyme in fresh watercress did not show a significant difference (p > 0.05)
when compared with samples before the enzyme addition. The moisture content of the fresl

watercress was fourtd be 92.74%.

Table 3.4 Total ITCs in freezelried and fresh watercress using the novel aqueous

extraction and the modified organic solvent method by Rodrigues (2016)

Data were processed usingest and are means ofréplicates.
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Due to the hydrophobic nature of isothiocyanates it is hypothesised that during the first
incubation period (hydrolysis of GLS), part of the ITC content was attached to the pulp
and/or walls of the plastic tubes used. Therefore, the mettgdalas followed using only

glass equipment. The total ITC content was determined spectrophotometrically following
the cyclocondensation assay. Ultraviolet spectrophotometry is a less complicated and les
time-consuming method compared to chromatography athdr advanced methods of
analysis, although it has limitations on the characterisation of the ITCs contained in the
samples. Moreover, it does not require expensive equipment and / or consumables, while th
training for the operation of the equipment@nparatively easier. Therefore, the choice of
the method of analysis for the suggested methodology, makes the process approachable f
industrial use. For the spectrophotometric measurements, plastic disposable cuvettes (1 cn
were used. The watercressymter that was used, containe®4 “0.038 P R Ototal ITC,
amount that is significantly lower than the total ITC content found on the lite(@ilet

al., 2007) Myrosinase could have been either lost or inactivated during processing and/or
storage. Most researchers have followed a myrosiheaetivation step and introduction of
additional myrosinase to initiate their extraction processes. Although this studsstesed

the effect of the addition of exogenous myrosinase, for the further use of this methodology
it was decided to not includbe addition of enzyme, in order to provide a method that can
quantify total ITCs in crude samples with no further additions and to determine the natural
potential nutritional value of the vegetable as consumed. Although it is found that intestinal
microflora produces small amounts of myrosinase, the activity can vary from each individual
(Angelino et al., 2015)In a recent study, where the sensitivity of mysorinase in stomach
acids was evalded by the supplementation of glucoraphanin along with additional enzyme,
a 28% bioavailability increase of the formed ITC was observed, when coated and uncoatec
capsules where supplementi@a@hey et al., 2019)This suggests an effect of the stomach

acids tomyrosinase and to the overall bioavailability of ITC after consumption.
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Possible experimental errors were dismissed by validating the results obtained using &
modified reference protocol, (hexane) extraction process, as described previously by
Rodrigues 2016) (Rodrigues et al., 2016)The comparative method detected similar
amounts of total ITC1(48 “ 5 P R/@) and it confirms the accuracy of the suggested
extraction process. In order to investigate the low content of ITCs in the -fteede
watercress powder, both methodologies were repeated using fresh watercress. Th
significantly higher amounts of ptoghemicals found in the plaft “ PRO J ZL
QRYHO PHWKRGRORJ\ DQG . PR O), aslwéllLag/ the W K F
myrosinase addition experiments, confirms the earlier hypothesis that myrosinase is being
inactivated or lost ding freezedrying process. Comparing the data collected from the two
methods, it is shown that the novel methodology benefits compared to the hexane methot
on the detection of total ITCs. Moreover, the organic solvent use in the former method is

eliminated and it is less expensive, friendly to the environment and less time consuming.

3.3 Conclusions

A low cost, green, reliable and accurate methodology to determine the ITC content in
cruciferous vegetables is of use to both academic research as veelttzes ihdustry since

such compounds have been widely studied for their beneficial properties on human healtt
and diseaselhe proposed agqueous methodology suggested in this study provides a rapid
methodology for the detection of total ITC content in wakss with low RSD (2%), similar

to other methodologies utilizing more complex processes, and the method was validated witk
hexane extraction as described from Rodrigues et al 2016. Moreover, the total ITC found in
fresh watercress agrees with the literatand the content found in freedeed watercress

when myrosinase is added. In contrast, very low quantities of ITCs were detected in the
freezedried watercress powder, suggesting a potential inactivation of naturally occurring

myrosinase during the feeedrying process. Various ITCs reference standards tested
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demonstrated little variance in reactivity and/or molabsorptivity during the
cyclocondensation assay making it suitable for the determination of the Total ITC content in

various plant tissued different origin and of different ITC profile.
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4. The effect of isothiocyanates on a photaging experimental

model

4.1 Introduction

The skin is the largest organ on the human body and it is the first protective barrier that
protects us from external factors, such as extreme temperature changes, harmful chemica
and pathogens. It has various mechanisms and levels of defense, suofeastasis for
temperature control as well as an acidic environment for microbiological defense, while it
hosts beneficial microorganisms that maintain that pH balance of the external layer of the
skin and prevent pathogens to colonise and enter the(Nodyang et al., 2014)The skin
consists othreemain layers, the epidermis, the dermis and the hypodewhike there is

a department, called the dermoepidermal junction found between the epidermis and dermi:

(section 1.1, figurd.1,4.1) (Lorencini et al., 2014; Tobin, 2017)

The epidermis is the first layer of defense of the skin and it consists mainly of keratinocytes
(section 1.1.1.2)The main role of those cells is to protect the skin from pathogens and other
extrinsic factors, such as UVR, chemicals and extreme tetoyperchanges. Melanocytes

are also found on the epidermis and are responsible for the production of vitamin D when
activated from UVB exposure. Other cells that form part of the epidermis, are immune cells
that respond when inflammation is triggered, sast.angerhans cellas well as epithelial
cells(Merkel) (L. Guo, 2009) As mentioned above, the epidermigliso hosting a variety

of normal flora that are part of the defense mechanisms of the skin and work against
pathogens through competitive exclusion. In the main functions and roles of epidermis is the
production of keratin that provides the skin layerhwstrength, durability, and elasticity
through the bonds between keratinocytes that is supported by desmosomes (section 1.1.1

Between the epidermis and the dermis, a dermoepidermal junction makes the organ mor:
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resistant on damages and tears throughdipgnof the epidermal basal cells with the
basement layer by collagelmemidesmosomesnd other moleculeection 1.1.2)It also
consists of molecules, such as various types of collagen , that contribute to hold the twa
layers (epidermis and dermis) toiger (Fenner & Clark, 2016)This layer is attached to
dermis, thesecondlayer of the skin, which consists maindf fibroblasts that produce
collagen, elastin and other proteins, such as MMPs and maintain the balance of this network
MMPs arefound in the dermis matrix maintaining healthy levels of collagen by degrading
the latter when in excess, whilst TIMPs are also found in the matrix. Finally, the hypodermis
is the subcutaneous tissue that is mainly used for fat storage consisting ohisebasitfat,

along with blood and lymphatic vessels. This layer also provides protection of the organs

through cushioning.

Figure 4.1 The layers of the skin.
The skin consists of 3 main layers, the epidermis (top layer), the dermis and the hypodermi
(Lephart, 2016)
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Photeaging is a skin condition that is characterised by eariggagf the skin through
extensive and lorterm exposure of the organ to Wd its degeneration depends on the
intensity and length of exposure as well as the skin pigmentation that provides protection
from UVR (Kammeyer & Luiten, 2015; Watson et al., 2018) irradiation that reaches

the skin is UVA and UVB, with the former penetrating the first two layers of the skin with
UVB only reaching the epidermis activating melanocytes and causing erythema and
malignanciewia excesDeoxyribonucleic aciyfDNA) damage. Although, UVA is mainly
responsible for thehoto-agingof the skin, both UVRs are known to cause pkidmage

on the organ resulting in various harmful effects such as sunburn, or disease, such a
malignant melanoma. The visual characteristigshaftoagingdiffer from the nateal aging

of the skin and are shown as deep wrinkles of the skin (other than expression lines), overal
breakage of the surface of the skin, loss of elasticity and thinner skin. The structural
molecular changes that are observed in a phgaa skin includ loose elastin network,

reduced collagen production and breakage of the collagen ndtwenker & Clark, 2016)

Certain proteins of the dermis, such as collagen, elastin and MMPs, have a synergetic rol
in maintaining a healthy skin and thage shown to be altered on a phatged subject and

can be considered as biomarkers of this conditaniashvili et al., 2012; Ravelojaona et

al., 2008) Collagen, elastin and MMPs are the main targets of investigation when it comes
to photaaging Collagen type | and Il are the main collagen molecules that are produced
from the fibroblasts, and their expression is shown to be reduced by(R&tRI|ojaona et

al., 2008) MMP1 and MMP3 expression is shown to increase, resulting in further
denaturation of collagen proteins and reduction of their overall availability in the dermis
matrix (S. Y. Lee & Moon, 2012)Photeaged skin is also characterised by increased

production of ROS and oxidative strdsammeyer & Luiten, 2015; Lephart, 2016)
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Various cosmetic products, such as creams and masks, claim to have a preventive role ©
photoaging with one type of chemical sun protecting prodscnscreeng3hown to protect

from the damage caused from UV. Sunscreen creates a protective layerkom dimel svhen

it is applied in sufficient quantities, it absorbs UV light and transforms it in to heat that is
then reflected away from the bod@asparro et al., 1998Natural compoundsuch as
caffeoylquinic acid (cQajOh, Karadenizet al., 2019gand other antioxidar{Pandel et al.,
2013)as well as natural products, such as prop(iisifa et al., 2013and probiotics, such

as LactobacillugH. M. Kim et al., 2014; Lolou & Panayiotidis, 201%)ave also been
studied for their potential protective and preventive role on ptiamage and eventually
photoaging. A widely studied naturally fodrgroup of phytochemicals are isothiocyanates
(ITCs) which are shown to have an acdincer (Fung Lung Chung et al., 2000; Dinkeva
.RVWRYD HW DO * H UaKtloxidahiBeHadicte@l., 2012; Brown &
Hampton, 2011and photeprotective effec{Shibata et al., 2010; Sikdar et al., 201d)Cs

are generally known to have a variable effect depending on the concentration and the type
RI FHOO OLQH RU WLVVXH W LV VKRZQ WKDW ORZ FR
effect onhuman immortal kratinocyte KaCaT) cells or other cell lines, such as A35Kn

cancer cells whilst higher concentrations of the mentioned phytochemicals show an
antioxidant and inhibiting role of artipoptotic mechanisms through suppression of N&

and stimulation ophase 2 enzyméMantso et al., 201,6Mitsiogianni, Mantso, et al., 2020)

ITCs have been shown to reduce inflammation though the activation of antioxidants, such
as IL-6 and COX2, induce apoptotic pathways through the caspase 3 activation and
inhibitions of NFkB and reduce ROS and oxtdee stresqSikdar et al., 2016; Talalay et

al., 2007; Y. Zhang et al., 2005; Zhu et al., 2000 RUHRYHU 6)1YV DQWLR]L
shown through activation of transcriptional factor-ARNnd inhibition of NF %on HaCaT

cells and thereforenaintainng collagen levels and provith an antiwrinkle effect(Sikdar

et al., 2016) Through the inhibition of NF % SDWKzZD\ WKH VDPH SK\WR
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MMP-1 and MMR3, proteins that degrade collagen proteins in the extracellularxmatr
(section 11.34). PEITC is also known to be a strong antioxidant compound and as being
the main ITC in watercress, both pure PEITC and plant extracts have been studied on thei
antioxidant and chemo preventive effecighile the most effective conceation are
between 0 WR (GOpta et al., 2014)The phytochemical inhibited ardpoptotic
pathways on various clinical trials and models through inhibition of MM\#etia in breast
cancer cellsin doses 00.1to 1 mg/ mL of plant extract(Peter Rose, Huang, et al., 2005)
oxidative stressnduced DNA damage inhibition and delay of cell cycle of colon cancer
cellsat +/ mL concentation reducing DNA damage b38% (Boyd et al., 2006)As
mentioned above, photo aged skin is characterised from high levels of oxidative stress ant
increased production of ROS and the memtphytochemicals have been widely studied

on their antioxidant properties. Therefore, it is hypothesised that both SFN and PEITC can
have a beneficial effect gghotoaging Although there is research on the former compound
and its photo protective andtaxidant effect, little research has been conducted on PEITC

and its antphotoagingeffects

The aim of this chapter was to investigate the effect of UVB on HaCaT cells in order to
develop a UVB induced optimisation model, evaluate the effect of SENP&ITC on
HaCaT cells in the absence of UVB and investigate the effect of SFN and PEITC on a UVB
induced photeaging model using HaCaT cells through observing their dose and time

dependent effect on viability levels.
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4.2 Resultsand Discussion
4.2.1 Effect of UVB on HaCaT cells

4.2.1.1 Cell Viability determination of UVB on HaCaT cells

During initial optimisation both 98vell plates and 1-2vell plates were used. 96 well plates
gave more scope for replicates howeiaeras obsered that results were less consistent
compared to the 1®ell plates and the data collected showed a high variation in viability.
Indeed, six and twelvevell plates are preferred in similar studi@enedict et al., 2012;
Kannan & Jaiswal, 2006; Talalay et al., 2007; Zhao et al., 2013; Zhu et al.,.206)
hypothesised that the narrow walls of the wells of thev8b plates may prevent the uniform
exposure of the cells. Thereéri2well plates were preferred for the experiments and all
results shown are from the experiments conducted with these plétesnumber of

replicates was determined based on the repeatability.

A remarkable reductiom cell number( > 60%)was observedafter treatment, when PBS

w/o Mg+, w/o Ca+ was used. It is hypothesised that during the low temperature conditions
of the treatment, cells detached from the bottom of the wells and were eventually discardec
with the removal of the PB®/0 Mgz+, w/o Ca+. PBSw/ Mg+, w/ Ca-+ was therefore used

with little cell loss noted. It is well established that salts have an important role in cell
adhesion withCa- creating bridges between anions on cells, binding them together, while
Mgz+supports the conneotis between cells and the bottom of the w@lékeichi & Okada,

1972) The optimisation of the experimental model was initiated with exposure of HaCaT
cells in eight doses of UVB: 2.5, 105,250, 100, 250, 500 and 1000 mJ /2cand the
evaluation of their viability after 24, 48 and 72 hours was completed using resazurin assay
and absorbance was measured at 570 and 600 nm as described earlier. It was observed t
250, 500 and 1000 mJ / émmhibited the cell proliferation significantly and the assay failed

to detect any viability, with OD (57600 nm) < 0.1 absorbance. A dose dependent viability
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reduction is observed at 24h, 48h and 72h on all UVB exposures when compared to the
controls. Alsg UVB treatments within the range-50 mJ / cmi show a viability reduction
of a time dependent manner, while no significant changes are shown at 2.5 filJVEBm
exposure, which remains stable through the time stutigui¢4.2). 100 mJ / crireduced
viability to <20% (p<0.0001) at 24h, while 48h and 72h show a further 50% viability
reduction, an observation that makes this intensity unsuitable for our experiments, as the ain
of the optimisation is to select levels of UVB that the damage dawmesald be reversible
and would enable the effects of ITCs to increase viability. The suitable UVB range for this
study, based on the viability test is shown to be 25 and 50 ridvitimreduction of viability
SHUFHQWDJH DW “ K K DQG “ K
. K ¢ K DQG “ tablé UH
4.1). This range was decided based on current studies on MED (details below), while a rang
the two intensities selectg@uovide a range of viability reduction through time starting from
mild viability reduction of 10% at 25 mJ /cm2 at 24h and 50% at 50 mJ /cm2 at 72h. In a
study investigating the MED in various phenotypes, it was shown that NB UVB <7 mJ /
cm2 can cause'ygthema in phenotype I, which is the minimum erythema dose investigated,
whilst the maximum erythema dose was found to be < 38 mJ / cm2 for patients that have
phenotype IV 5 R G U t@rdnddlos et al., 2017n other studies, 15 mJ / cm2 is shown to
be tre MED to cause oxidative stress without causing significant damage and mortality to
the cells(Miller et al., 2012; Oh, Karadeniz, et al., 2019; Oh, Seo, et al., 26a®ething
that is also observed on the viability levels of this study (figt2e However, when photo
damage rescue was studied from Ryu et al. (2019), 40 mJ / cm2 was used for the
experimental model reducing viability of HaCaT cells by approximate® %@ble4.1), an
effect that is observed in this study 72 hours after the UVB exposure. In similar studies where
UVB was used to treat human dermal fibroblasts in order to determine gidnotggS. Y.

Lee & Moon, 2012gand photeoxidative stres¢Benedict et al., 201225 and 20nJ / cm2
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ZDV XVHG UHVSHFWLYHO\ FRQGLWLRQV WKDW DJUHH
optimised model. Considering all the above, it is concluded that the effect of UVB on HaCaT
cells varies between studies and it is depended on the nfoslstto study. In most studies
where photo damage was studied, MTT assay is used for the evaluation of cell \@&bility
Choi & Lee,2018; S. Y. Lee & Moon, 2012; Oh, Karadeniz, et al., 2019; Oh, Seo, et al.,
2019) while resazurin, the assay used in the present study, is shown to be more sensitivi
method compared to colorimetric methods, such as WST and MTT d&ayge eal.,
BUIEVW HWN®IiOis also widely used as a method of determination of cell
viability -DLVLQ HW DO 0D QW ViRn&lavvalD ZD21; Mitsiodiardrg H O C
Trafalis, et al., 2020)0On the other hand, resazurin is knownctuse cellular stress and
induce apoptosis due to production of ROS, when higher concentration of the dye are uset
and / or the cells are incubated for an extensive tine LNVWHLQ HW DO
20000 )RU WKH SUHVHQW H[SHULPHQWY UHVD]XULQ zZD'
conditions (section 2.1.1) and the assay was used as an end point measufaother
parameter that differs between studies is the UVB chambers / lamps used, such as Bio Su
UV lamps(Oh, Karadeniz, et al., 2019; Oh, Seo, et al., 2@b@)cross linker CI508M (S.
Y. Lee & Moon, 2012)while a variety of NB and BB lamps are used, such as SF20UVB
(NB) (Zhu et al., 2004)FS72T12UVB-HO (BB) (Benedict et al., 2IR)and Baarlin Spectra
lamps FS24HO (NB and BRAufiero et al., 2006)For the experiments of this study, -CL
1000 Crosslinkers (Ultr&/iolet Products Ltd) were used, chambers that have the flexibility
in UVR choice and the time of the exposure is automatically adjusted from the chambers

depending on the energy settings (secti@a3p.
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Figure 4.2 Effect of UVB on HaCaT cells.

Cells were treated with five UVB intensit{@s5,10, 25, 50 and00 mJ / crf) for a duration
automatically adjusted from the UV crosslinker and measurements were taken at 24, 48 anc
72h using the resazurin assay. Viability of cells is presented (A, Bn @Gpnlinear
regression curves [log(inhibitor) vs. normalised respoaS@riable slope] to calculate I3

of UVB and (D) the effect of 50 mJ/BiVB on cells is shown in linear regression at all 3
timepoints. (E) The viability percentages and standadiations for all timepoints and

intensities of UVB used.
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Table 4.1 Studies on photdamage and apoptosis caused by UVB on HaCaT cells

Model UVB type | UVB dose Study Vﬁb'“ty Reference
ssay
i 40 mJ/ | Photedamage and rescu 3 (Ryu et al.,
HaCaT cells cn? of cells from prunin WST-1 2019)
BB UVB 100, 150, | The Production IE21 and (H. Kim et al
HaCaT cells (280 + | 200, 300 J /| VEGF inUVB-irradiated N/A ' 2010) "
320 nm) m? HaCaT
Protetive effect of 3,5
JQP| 15mJ/ | dicaffeoytepiquinic acid (Oh, Karadeniz,
HaCaT cells uvB cn? against UVBinduced MTT etal., 2019)
photoaging model
Anti-photoaging effects
HaCaT cells )QP| 15mJ/ on UVB-stressed human MTT (Oh, Seo, etal.
UvB cn? Kerati 2019)
eratinocytes
Antioxidant and anti .
HaCaT cells - 50mJ/ aging properties of rice MTT (E. Choi & Lee,
cn? 2018)
extracts
NB-UVB
at 1000 mJ
Primary human / e (Aufiero et al
. NB UVB and BB UVB apoptosis induction N/A v
keratinocytes 2006)
UVB at
125 mJ/
cn?

4.2.1.2 Cell apoptosis determination of UVB on HaCaT cells

To achieve optimum conditions on the phatging model, cell apoptosis was also studied

for the four indicated intensities (10, 25, 50, 100 mJ #cah 24h. This timepoint was
preferred over the other two timepoints as it is shown that apoptosis and caspase 3,7 activit
peaks at 24h when low concentrations of chemicals used, as shown in a study where
tamoxifen was used to access the apoptosis(fBuedquist et al., 2006Moreover, 48 and

72 hours are shown to further reduce viability indicating that cells fail to repair and therefore,
apoptosismight be less indicative for the optimisation due to potential deterioration of
apoptotic cells to necrotic or debris (cell material), that represents death of cells and indicate:
that apoptosis and / or necrosis has alremdyrred which would not be dectible from the
assay. The lowest dose (2.5 mJ Fowas excluded from this experiment due to the minimal

viability reduction shown in figure 2. Briefly, HaCaT cells were cultured as described in
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3.2.1.2 in 60 mm plates and left to adhere overnigfirbahey were treated with UVB in
the intensities indicated, following the protocol as described in segt®hB. At the
timepoint, cells were collected, and CellEvent Caspase 3/7 Green flow cytometer assay Ki
was used for the determination of cell afosjs of the model. Generally, apoptotic cells were
shown to increase witWKH LQFUHDVH RI 89% H[SRVXUH DW P-
FP ¢ P - FP : FRPSDUHG VIl WKH
whilst necrotic cells remaieat consistent increased levels on all UVB doses uskthal

FP “ P- FP “ P- FP “
FP “  (p<0.0001) when compared to the control group: 1.5% (figure 4.3).
Also, an increasén debris was observed during the data collection of the experiment,
showing a significant increase at 100 ned?. The debris was excluded from the data and
it is suspected that increased cell debris may explain the reduction in apoptotic cells at 10(
mJ /cn?: 31.8 “ 3.215% without an increase of necrotic cells as described above (figure

4.3A).

A wide range of UVB doses have been used in previous studies investigating potential
protective effects of ITCs with 20 mJ / éfBenedict et al., 20123nd 25 mJ / cA(Al-
barnawi, 2018; S. Y. Lee & Moon, 2012ing the most common conditions in the literature,

50 mJ / crihas also been used in similar experimental mo@Hébata et al., 2010¥he

above firdings of viability and apoptosis indicated 25 and 50 mJ? tbe most suitable

conditions for the HaCaT cells model
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Figure 4. 3 Cell apoptosis of photaging model

HaCaT cell apoptosis antecrosis was measured followitige UVB exposuref four doses

(10, 25, 50 and.00 mJ / crf). CellEvent Caspase 3/7 Green flow cytometer assay kit was
used along with DAPI and live, apoptotic and necrotic cells are showA)asell events
(20,000 eventsézond) in scatter plotd) percentage of event&tatistical significance was
set as*p < 0.0001relative to corresponding control®ata shownare represenative of
threeindependenéxperimentskor the analysis of the data tweay Anova waperformed

adjusting for multiple comparisons.
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4.2.2 Effect of ITCs on HaCaT cells in the absence of UV

The determination of the effect of ITCs on HaCaT cells was required for the selection of

ITC doses that are not toxic to the cells in order to be usedmbination with UV. To

evaluate this effect in the absence of UV, HaCaT cells of normal cellular growth were pre

treated with 6 concentrations of either of the two phytochemicals for 24, 48 and 72h and the

resazurin assay was utilized to determinewiadility levels (figure3.4). It is shown that

SFN is inhibiting cell proliferation, when applied on healthy growing cells, at 48h and 72h

DW K ¢ S K “ S DQG —

S K .4%"p<0.0001), whilst PEITC is shown to have a stronger cytotoxic

HITHFW RQ FHOOV ZLWK UHGXFHG YLDELOLW\ OHYHOV
DQG —0 “ @ DQG K > —0 “ —
“ —0 “ . —0 ¢ @ 7KH LQE

3(,7& LV VKRZQ WR UHYHUVH DW KRXUV ZKHUH FHOO

“ —0 “ —0 “ —0 “

¢ —0 ¢ ZKHQ FRPSDUHG WR WKH FRQWURO E

> 0.05). Similar observations were made when the same concentfpbgtochemicals

was used on PG C4 cells and the cell viability wassssed, PEITC was shown be a

more potent growth inhibitor than SKXu et al., 2005) On tke other hand, when Mantso

et. al.(2016) treated HaCaT and human malignant melanoma cells withds either SFN

or PEITC and investigated their proliferative and apoptotic effect , SFN was found to be a

more potent phytochemical on the reduction of\dability, using the resazurin assay, while

lower concentration had no effect on HaCaT cells at either end point (24h arftldBtgo

et al., 2016)The potency of the phytochemicals to induce apoptodiseiuce cell viability

varies between cells lines, with HaCaT cells being more resistant to ITCs when compared tc

A375 melanoma cellgMitsiogianni, Trafalis, et al., 2020)whilst the two studied

compounds have been shown to be less poteHL60/S and8662/Scells than other ITCs
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when compared to HaCaT ce(¢. Zhang et al., 2003Although the reason for this is still
unknown, we hypothesis that it might be because of the doubling time of HaCaT cells
compared to A375. Another possible reason for this variation is the density of the cells, since
HaCaT cells are growing faster whelenser compared to A375, as observed in our
ODERUDWRU\ JURXS ,Q FRQWUDVW ZLWK RXU ILQGL(
treatment of HaCaT cells and apoptosis was investigated, showing no significant effect on

caspase 3 after 24 and 48 hourD HV | F ]&t &.N2013)

Although our findings suggest a mild toxic effect of both phytochemicals when used on their
own, rather than a beneficial role on their cell growth, other studies have shown that when
ITCs are used on a diseased model, such as photgdd(Baw et al., 2011a; Sikdar et al.,
2016)or cancer mod€[Clarke et al., 2008; Xu et al., 2005 show to have a beneficial
effect through reduction of Nrf2.OHV]F]\ VNL HoWsupgession of NF %(Xu et

al., 2005) respectively.

Figure 4.4 The effect of isothiocyanates on HaCaT cell viability

Cellswere treated with 6 concentratiof8.15, 0.3, 0.6, 12 2.5 5 -M) of either SFN or
PEITC and their viabilityat 24, 48 and 72 hourwas evaluated using resazuriassay.
Statistical significance was set g3 < 0.05 **p < 0.01** p < 0.001,**** p < 0.0001 ns

for not significant,relative tocorresponding contral 'DWD VKRZQ DUH PHDQ
three replicatesfrom 3 independent experiments with 5 replicates per sarfplethe
analysis of the data twevay Anova was performed adjusting for multiple comparisons.
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SFN alone was shown to aciie this nuclear factor in rat kidneys and prevent inflammation
and cell death in nephropatf@uerrere % HOWUIQ OXNKR S D GRREIDG albh&/ D O
is shown to moderately inhibit the activation of NB6 E\ GRZQUHJIXODWY/LQJ
pathways on human colon cancer cells @@k = 21.24 “ 6.24 -M (Prawan et al., 2009)
while another ITC with similar chemical structure, BITC, was shown to have the same effect
on human pancreatic cancer cells witBd@ —0 $0O W K R XehifidrdiKdr disease,
such as cancer or psoriasis, the opposite effect is expectgdotwraging Lee and Moon
2012, showed that SFN and PEITC inddde % LQ ORZ FRQFHQWUDWLRQ)
— 0 R @B &eells, respectively, but thabservation was not significant. Whereas,
higher concentration of the phytochemicals was shown to inhibit 8% 7KHUHIRUH
hypothesised that ITC can have a beneficial effect on a fatystd model using HaCaT cells,
despite their mild effects on vidiby. In this chapter we aimed to study tpetentially
beneficialeffect of PEITC and SFN piteeatment in low concentrations, on a UNfRRluced
photoaging model using HaCaT cells, through utilising methods of viability and apoptosis

determination.

4.2.3 Effect of SFN and PEITC on UVBxposed HaCaT cells

For the investigation of the effect of ITCs on the pkagang model, two doses of UVB, 25

and 50 mJ / chqwere indicated as suitable during the optimisation of the experimental
model. Although, our sdy showed that 5— Oof either of the ITCs inhibit the cell
proliferation in most timepoints, it was decided to include this condition in the experimental
model in order to investigate a potential reverse effect of the combination of ITCs and UV.
Although,other studies have shown ITCs to inhibit cell growth in a time and dose dependent
manner(Mantso et al., 2016; Mitsiogianni, Trafalis, et al., 202Qir findings reveal a more

complex effect when the phytochemicals are applied to a UVB idduoelel.
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For the 25 mJ / cAphotoaging model, SFN is shown to significantly increase cell viability

DW K > —0 —0 “ —0 - —0
(102.2 ¢ S @ DQG K > ¢ —0 —0 ¢ —0
(100.7 “ —0 - — 0 “7.6%) p< 0.0001] when compared

to the relative UVB controls, whilst the 50mJ /Zamodel is showing increased cell growth

DW WKH VDPH WLPHSRLQWYV DWW B-C0®/1 (101.6-“ 5.5%,
S DQG —0 S — 0" S —0
(86.3 S —0°" S DQG — 6.4%,

p<0.0001), respectively. On the other hand, PEITC did not show proteffaéceat the early
WLPHSRLQWY EXW UHGXFHG YLDELOL32%,@+06D0)v43hK U W
—0 " S DQG K “3.0, p<0.01) for the 25 mJ / ém
PRGHO DQG DW “K DQ@® — 06.19% p<0.05) for the 50 mJ / ém
model. A protective effect is however seen with PEITC at 72h atdhattoagingmodels,

with 25 mJ /e VKRZLQJ DQ VLJQLILFDQW LQFUHDVH.A% FHC

p<0.05) and with 50 mJdn? D W —0" S — 0 “ 3.1%,
S I 0 “ S R 0 1] S I O “
3.9%, p<0.0001D Q G — 0" 7.3%, p<0.001. This study showed that both ITCs can

have a significantly beneficial effect on a U\tlucedphotoagingmodel, through either
protective (SFN) and / or repairing effect (SFN and PEITC) when the modeltieeated

for 24 rours with low doses of thesph§tochemical. In a study
where DNA damage through oxidative stress was investigated on keratinocytes and derma
fibroblasts using 20 mJ / @BB UVB and 20 J/ cfUVA a protective effect of SFNgainst

UVA through the induction Nrf2 pathway genes, was observed, while damage caused due
to UVB exposure remained unaffect¢Benedict et al., @L2) Another study, where the
photoprotective effect of the SFN on HaCaT cells was investigated, cells weranate

post treated with SFN and four doses of UVB were used (25, 50, 100 and 200 f)J / cm
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(Al-barnawi, 2018)Although, postreatments with SFN did not show significant protective
effect, increased cell proliferation was observed ortngi@ed cells after 24 and 48 hours.
These findings agree with the findings presented in this study, where theppbictive

effect of SFN is shown 24h hours after the UVB exposure. There is little research conductec
on the role of PEITC as a phegpootective compound, possibly due to its strong cytotoxic
character (tabld.3). Kleszczy ski et. al.(2013) studied the same two phytochemicals and
their photeprotective effect looking at apoptosis and oxidative stress, and both ITCs were
shown to reduced sunbuegells on human skin tissue, an observation that its mechanism was
evaluated through experiments on HaCaT cells and showed induction of antioxidant Nrf2
activity and reduction of caspa8eactivaton .OHV]F]\ VNL HWMdpeOver,
although a previous G\ GLG QRW VKRZ —O0 Rl 6)1 WR KDYH D
cells (Shibata et a).2010) our findings revealed a significant inhibition of cell viability of

this concentration with this effect being reversed at 72h of fiodihoagingmodels, while

no effect is shown at 48h. PEITC keeps its cytotoxic character on both healthgaod p
aged cells in certain concentrations (figdr4). Moreover, in the mentioned study the same
dose of UVB on a UVBnduced inflammation model was used on the same cell line and the
antrinflammatory effect of SFN was shown through increased prolierati concentration

XS WR —0 LQ OLQH ZLilyliKeAMKShiiate sVd201BRZQ L Q
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Figure 4.5 Isothiocyanate effect on HaCaT cell viability of UWBluced photeaging model
at 25 and 50 mJ / cm2.
The experimental models were treated \@ittoncentrations aéither SFN oPEITC (0.15,

—0 DQG WKHLU ¥t2Bh=480 and2h.Bafistithly D O X
significance was set a&p < 0.05 **p < 0.01*** p < 0.001,*** p < 0.0001relative to
corresponding controlsData shownare represerditive ofthreeindependenexperiments
with 5 replicates per sample.
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Similar observations were made from Carpeatel.2018 when human primary epidermal
keratinocytes were treated witB-methoxybenzyl isothiocyanatéMBITC) and 3-
methoxyphenyl acetonitril@PACN) after the treatment of 10 mJ / €idVB and the
combinational treatment further inhibited cell viabil{f@arpenter et al., 201.8Although

there is not extesive literature on the role of ITCs on the prevention of photo damage and
photoaging of the skin, research so far has shown that main mechanisms of action of specific
ITCs are through suppression of UNigluced inflammatory response and oxidative stress.
Specifically, SFN is shown to enhance the activity of Nf2OHV]F]\ VNL HW DO

et al., 2011g)while suppresses the production of inflammatory markers, thatduced by

UV irradiation, such as H6 and cyclooxgenas® (COX-2) and therefore reduce
inflammatory response. All the above could give a possible explanation on the variant effect
of the phytochemicals on the current model with increased viabilitwerl concentrations
indicating an increase of NF% DQG WKHUHIRUH FHOO UHVFXH DQG
concentrations indicating an inhibition of N6 DQG WKHUHIRUH FHOO Y
Moreover, the effect of ITCs should not only be linkeith NF % EXW DOVR-ZLWK

inflammatory role of the phytochemicals as described above.

94



Table 4.2 Studies on photprotective effect of various ITCs

ITC
Model E[Jy\gz UVB dose stIJ—o(li:e d concentrati Study findings Reference
ons
uvB Prevention of
Fibro- Cross 5 1,2,5,10, | MMPs expression| (S.Y.Lee &
blasts linker 25mJ/m SFN 0 through inhibition Moon, 2012)
312 nm of NF-kB.
increased rate of
cell proliferation at
200, 100, 50 05—0
HaCaT ' ' 0.5,1, 25,5, —0 (Al-barnawi,
- and 25 mJ/ SFN
cells on? —0 —0 2018)
—0
DQG —
(111.0%)
EL lam COX-2 protein
HaCaT (peak:t 50 mJ / crd SEN 0+ 0 expressiorandIL-6 | (Shibata et al.,
cells 302 nm) - production 2010)
suppression
primary
keratina Protection from
cytes and 2 UVA through (Benedict et al.,
dermal BB UVB 20mJ/m SFN 10 induction of Nrf2 2012)
fibro- genes.
blasts
Keratino BBUVB | 20mJ/crd SEN 0 photooxidative (Benedict et al.,
cytes stress 2012)
. Cells:
HaCaT Cells: 101 \ipacN | 5005 —0 |  ITCs failed to
mJ/cnf, ) ) (Carpenter et
cells and - . ) , tissue: 10, protect from UVB
: tissue: 60 mJ al., 2018)
tissue | oim? MBITC 25, damage
—0
Humars:
100800 mJ/
Human cn?in 100 Broccoli Reduction of UVR
and mouse (NSEillJ;/r?) mJ / cnt SFN sprouts induced erythema (Talglglggt al,
subjects increments, extracts by 37.7%
mice: 30 mJ /
cn?
. UVR- . Increase of caspas
E:rlgt%r:)d source of géjomlig /Slé'r'% SFN, 3 activation in .OHV]F]\
ovies 3.3 UVR PEITC concentrations db et al., 2013)
Y mWi/cn? 0 and 10 0.
Increase of pase Il
enzymes and GSH
HaCaT levelsdo not (Zhu et al.,
cells | 313nm | 2500/m | SEN | 0% 0 | niieyve- 2004)
induced AR1
activation

SFEN, PEITC, MPACN and MBITC were used for the treatment of human epidermal cells
(either primary keratinocytes or HaCaT cells), human and mouse skin and human fibroblasts

on UVB induced models and the phegiootection and antioxidant role of the

phytochentals was evaluated.
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The present results are significant in at least two major respeaim the two
phytochemicals studied in this chapter, SFN is shown to be highly potent to enhance cell
growth and increase viability levels at 24 and 72 hours dfterUVB exposure. and
therefore, may be an indicator of SFN mediated recovery from UV exposure. In the contrary,
PEITC is shown to inhibit cell viability at the first two timepoints studied, while a protective

effect is shown at 72h, increasing cell prakifiton by 1015%.

Contrary to expectations, this studgs also shown that although ITCs have a protective role
on a photedamage model in low concentrations through the increase of cell viability, higher
FRQFHQWUDWLRQV —0 RI ,0\8yarezskdidg fhe eppdsiferefBacy L W
than when used alone on HaCaT cells (figu4e. Although this is observed only for PEITC,
there is an inconsistency on the potency and on the concentrations on which the
phytochemical reduces growtHence, it couldconceivably be hypothesised thrtain
concentrations of ITCs, when combined with UVB can provide an effect that is beneficial
on disease that the reduction of cell viability and the increase of apoptotic cells is desirable
All this can reflect an efid on Nk % WKDW DSSHDUV WR KDYH D PRI
comes tgphotaaging Specifically, it was shown the UV light induced NE4 OHDGV W
increase in MMPs and, therefore to collagen degradation and eventually skin wrinkle
formation(S. Y. Lee & Moon, 2012)On the other hand, whenNP4 LV LQKLELWHG

is promoted through the stimulation of TNE

More research needs toe bconducted on the mechanisms of protection of both
phytochemicals, as well as the repair processes that possibly take place from the time o
exposure and 72 hours after this point, by which the viability levels are shown to significantly
increaseln future investigations, it might be possible to use a diffecefitline, such as
human dermal fibroblasts, as well as UVA, the irradiation that penetrates the epidermis anc

reaches dermis, causing the breakage of elastin and collagen network, the maindogomark
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of photaaging Further investigation of the findings of this study could include experiments
that look at apoptosis markers, such as caspase 3/7, and oxidative stress. Furthermore, t
epigenetic mechanisms of the effect of ITCs on the suggested-iddfikced experimental
models and their protective mechanisms, could be analysed through rgahdinge
polymerase chain reactigint-PCR) and protein expression (western blots) assays. With
further investigation of the findings of this study, the natur&tlund compounds, are
promising, active ingredients on potential cosmetic and care products that could protect from

severe photalamage and potentially decrease the symptoms of atgyihg.

4.3Conclusions

The current chapter showed that both phytochalsiibad a photprotective effect on the
UVB-induced photeaging models of 25 and 50 mJ /<with significantly increased cell
viability at 72 hours by at least 10% compared to controls. Although there is abtowrant
for further progress in determininpe exact effect of ITCs on phe&wing, this study

provides two significant findings:

1) The significant cell viability enhancing effect 8FN and PEITGn low concentrations

—0 RQ W Khbtvaging@adel &f 25 mJ /chand 50 mJ / cfa

2) The cytotoxically enhanced combination of higher concentration of the phytochemicals

with UVB and its potential use as a therapeutic approach for psoriasis.

The second significant finding of this chapter will be further studied in the next chapter as a
comhbnational treatment of ITCs with UVB as a novel therapeutic approach for Psoriasis,

using HaCaT cells.
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5. The role of synthetic isothiocyanates in combination with low

dose UVB as a novel therapeutic approach for psoriasis

5.1 Introduction

Psoriasis isan autoimmune skin disorder that is usually developed at a young agé (13
years oldYRahman et al., 2012The condition worsens after a skin injury or when another
autoimmune disease already exists. The key mechanism of pathogemesigjis increased
keratinocyte cell proliferation, which takes place evefy @ays, instead of the normal rate

of 28-30 days. This is triggered by the underlying immune dysfunction seen in these patients.
Briefly, dendritic cells, macrophages and T cefisalate keratinocyte cell proliferation by
moving to the epidermis and secreting cytokines, such as IL12B and (E28& et al.,
2010)(section 1.4). Psoriatic skin is characterised by patches of abnormal inflamed skin with
signs of dryness, itchiness, and redness, and it can affect the whole body or parts of the ski
which is usually the eliws, the knees, the scalp, the navel area, and the fingernails / toenalils.
There are five types of psoriasis, plaque psoriasis, also known as psoriasis vulgaris, pustule
psoriasis that is characterised by small-imdactious pudilled blisters, guttatgsoriasis

with dropshaped lesions and erythrodermic psoriasis, when the other types of psoriasis
spread throughout the body and can be fatal. 30% of patients that suffer from psoriasis, migh
also suffer from psoriatic arthritis, while other related dissare lymphoma, cardiovascular
GLVHDVH &URKQYV GL\CGhingrd eb 8.G206G3 BdebexgVet BIQ 2016;
Rahmati et al., 2021 Although the reason this adttmune disease exists iglsunknown,
psoriasis may be inherited, evidence shows that there are certain genes involved in th
development of psoriasis such as PSORS1, PSORS9, ILD Q G3R which are pro
inflammatory cytokines and chromosome 5gy#okine clusterrich region(Geisel et al.,

2014; Pisani et al., 2021Yoreover, psoriasis can be triggered by changes in the lifestyle of
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the patient, such as smoking, other infections sublu@sn immunodeficiency virugHIV),
microbial infections as well as medication, such as antimalarial drugs, beta blockers and

lithium (Balak & Hajdarbegovic, 2017; Tsankov et al., 2000)

Current treatments include conventional and natural treatments, while the choice of
treatment depends on the stage and severity of the disorder (dedt@®)n Steroid creams

and vitamin D3 creams are shown to be effective on psoriasis by suppressing skin
inflammation and improving the symptoms of the disease (figure In more severe and
prolonged situations where creams are not suppressing thei@ond¥ light is also used

in combination with creams or oral medicine, known as PsoratehQ imaikh, 2001)As
described in section 1.4.2.2, UVA and UVB light is currently used in multiple doses. UVA
alone is not effective in treating the symptoms of the disorder but when combined with oral
treatment of Psoralen (PUVA), it is used for the sumpoes of inflammation and
keratinocyte overproduction. BB UVB and NB UVB is also used in sessions, while the
former is responsible for the carcinogenic effects on skin, which depend on the length of the
exposure and the number of treatmeffsifiero et al., 2006; Markham et al., 2003)
Although these treatments are shown to be very effective in dealing with the symptoms of
the disease, it is an approach that cannot be repeated often due to its carcinogenic effect
while it is also an unplesant procedure for the patients due to the erythema caused by UVB
(PasketDe Jong et al., 1999As the effect of these treatments are therefore limited, they
are usually combined, while NB UVB is usually dsm situations where a full body
treatment is require(iTalalay etal., 2007; Yones et al., 20068YB UVB is shown to cause

less erythema compared to BB UVB and it is considered a better option for treatments
(section 1.4.2.2). Another therapeutic approach for psoriasis, is the use of
immunosuppressants, such as meth@ate % DODN +DMGDUEHJR-YUnk

et al., 2021)
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Figure 5.1 An overview of psoriasis.

Psoriasisis presentedn sections of types of psoriasis, general characteristics and areas
affected, causes, mechanisms, other related disease and current tre@@memsti et al.,
2013; Egeberg et al., 2016; Elder et al., 2010; Ke@\ HW DO 6LQJK HW

While there are various therapeutic approaches based on medicine and UV light, natura
remedies and compounds have also been shown to help and treat the symptoms of tt
disease. Turmeric, gingeéksparagus cochitF KLQHQVLY OHUULOO /LOLDFH
charantia and Rhizoma coptidisiue to their rich content of berberine that exerts an anti
inflammatory effect are only a few of the herbs and natural compounds that are known to
have an effect on psoriasisdaother inflammatory disorde(Peral et al., 2009; Tse et al.,

2006)

Although ITCs have not been widely used in the treatment of psoriasis, they are shown to
have beneficial effects on inflammatory conditions and autoimmune disorders due to their

indirect antioxidant effect{Kubo et al., 2017)through induction of Nrf2 target genes and
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inhibition of cytokines such as 12 and IL-:23 in dendritic cell{Geisel et al., 2014)n-

vivo experiments have shown that ITCs decrease inflammatomtaetind reduce psoriatic
patches, through the reduction of the production of cytokines, related to psoriasis, such a:
IL-12/23 and TNF. (Yehuda et al., 2012Moreover, SFN is shown to increase ROS and
deplete GSH leading to inhibition of inflammatory response-o&lls, a mechanism that
could be beneficial for many autoimmune conditions and cgheang et al., 2018) In a

patent where plantextractor1 —0 Rl ,7&V ZHUH XVHG R@m3pBoviakis] Q W\
LW ZDV VKRZQ WKDW —0 RI WKH SK\WRFKHPLFDOV
successfully treated the patches of the disease top{Salysan & Sussan, 201Powever,

and to the best of our knowledge, the combination of ITCs with low dose UVB, as a therapy
for this autoimmune disorder, has never been studied. The above information alongside the
findings from chapted ZKHUH —0 RI ,7&V ZKHQ FRPELQHG ZL\
further decrease HaCaT cell viability that indicates a potential use as a psoriasis treatmer

which we went on to investigate.

The aim of this chapter was to determine the rolgvefsynthetic ITCs (SFN, IBN, AITC,
BITC, PEITC) in combination with low doses of UVB on HaCaT cells, as a novel therapeutic

approach for psoriasis.

Obijectives of this chapter:

To determine the role of five synthetic ITCs (SFN, IBN, AITC, BIREITC), alone and in

FRPELQDWLRQ ZLWK ORZ GRVHV RI 89% RQ +D&D7 FHOC

1. Measure of viability using resazurin assay and observation of growth using SRB
assay.

2. Apoptosis through caspase 3/7 activity.

3. Evaluation of the effect of the treatment on mitochoradnembrane permeability,

looking at the levels of JT aggregates overJC PRQRPHUYV UDWLRQ @
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4. Determination of the effect of the treatment on life cycle and potential cell cycle
arrest.
5. Evaluation of ROS induction using two different methafdHR assy and addition

of antioxidant (GSH).

5.2 Results and Discussion

5.2.1 Cell viability of UVB on HaCaT cells

For the preliminary evaluation of UVB on HaCaT cells for the therapeutic approach on
psoriasis, the results of the UVB exposure conducted in ahéptere taken into account
(section4.2.3). Briefly, it was shown that when HaCaT cells are exposed to various UVB
intensities, in a UVB crosslinker that emits radiation at 302nm, viability of the cells is
decreased in a dose and time dependent manremifiSally, after the exposure of the cells

to 2.5, 10, 25, 50 and 100 mJ /%ie cell viability decreased significantly in all intensities
and for thephoto-agingmodel, 25 and 50 mJ / éwere selected as the most suitable for the
experimentsof chaper 4. However, he selection of the suitable UVB intensity for the
combinational treatments on psoriasis, aims to provide a significant cell viability decrease
with reversable effects, while causing minimal damage, since it is hypothesised that the
addition of ITCs will reduce viability.Intensities of 25 and 50 mJ / étdVB were not
suitablefor chapter 4incethe purpose of this chapter is to provide an alternative therapeutic
approach for psoriasis that will benefit on the low UVB damage, an asseiftaet from

the current treatments that include exposure on MED or higher, depending on the skin
phenotype, and in weekly treatments (section 1.4.2.2). Therefore, for the preliminary
determination of the suitable conditions for the treatments 10 and 2%&mflwas used.
Current therapies for this disease, using UVB, are initiated with0D86 of the MED and

it differs based on the skin type, while treatments are usually done in doses, in order to
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minimize skin damage + | Q LJV P D Q.@QAs described in section 1.4.2.2, UVB therapy
includes BB UVB that comes with the risk of skin cancer developmérite NB UVB is

used in whole body therapies and is suitable during pregr{&imoyh et al., 2016)

5.2.2 Cell Viability determination of SFN on HaCaT cells

For the initial optimisation of the therapeutic model, SFN was selected for the treatment on
HaCaT cells. The selection was based on the observations that were made on effect of th
phytochemical on the cell line in chapt(figure 4.3). Moreover, SFN is widely used
compound known for its ability to reduce cell viability in high concentrations. Moreover,
SFN as was preferred over PEITC, which was also used in chapter 3, due to the effect of th
latter on cell viability at 24 and 48h, where PEITC was shéwrbe a more potent
phytochemical compared to SFN, as shown in fighi@ section5.3.2. Therefore, the
selection of a milder phytochemical was preferred in order to establish the most effective
concentration in mild conditions. However, in this chaptiee, effect of five ITCs on the
therapeutic model is evaluated. For the purpose of this preliminary optimisation, the highest
concentration (5—0 VW X G L H G wa® séléCtedsad/ #roinimum dose, whilefald
KLIJKHU FRQFHQWUDWLRQ —0 ZDV DOVR LQFOXGHC
YLDELOLW\ DW FRQHRM&MAOLED &V, L2RI1BWIoreover- s tis is a novel
WKHUDSHXWLF DSSURDEFK —0 ZHUH VHOHFWHG DV I
mechanisms through which the combinational treatment reduces cell viabditylity was
REVHUYHG DW DQG KRXUV DIWHU W Hnd itWasHsiowhP H Q
WKDW —0 RI WKH SK\WRFKHPLFDO VLJQLILFDQWO\ U]
3.9% S K DIWHU WKH H[SRVXUH ZKLOH —0 VLJQ
timepoints at 86.5° 3.7% after 24h and at 76.63.3% (p<0.0001) after 48h of exposure,

when compared to the controls (figu@).
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Figure 5.2 Preliminary evaluation of the effect of SFN on HaCaT cell viability.
Cells were treated with either50r260 R1 6)1 DQG WKHLU YLDELOLW\
48h. . Statistical significance was set as *p < 0.05 and ****p < 0.0001, relative to

corresponding controls. Data shown are representative of three independent experiments.

Based on the above resuylts is shown that both SFN concentrations were able to
VLIQLILFDQWO\ UHGXFH YLDELOLW\ ZLWK —0 VKRZI
therapies for psoriasis are aiming to reduce topical inflammation and reduce cell viability
through apoptosigjsing UVR exposure in skin tyggependent doses. These results come

in contrast with other studies that do not show a significant reduction of cell proliferation at
FRQFHQWUDWLROQWV]F]\ ¥RL HW DsO et al.,, 2016)0Q better
investigate this mechanism and determine the effect of this therapeutic approach, it is
essential to study the effect of the combinational treatment on apoptotic pathways, such a

induction of caspase 3,7.
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5.2.3 Preliminary evaluation of apoptosis of preliminary combinational treatments of SFN

and UVB on HaCaT cells

For the better understanding of the effect of the suggested therapeutic approach, th
evaluations of the effect of the preliminary treatment coomlition apoptosis was required.
Althoughin-vitro experiments are very early stages of a possible therapy, in order to mimic
a more realistic approach of this treatment, cells were first exposed to UVB, as it would
happen in the current UV therapies and $Mzere used as a pdstatment. Moreover, the

aim of this optimisation was to achieve an effect that would be significantly stronger than
WKH 89% DORQH $V LQWURGXFHG DERYH FRPELQDWLI
mJ / cnt UVB were used for thevaluation of caspase 3/7 activation. It was shown that 5
—0 RI 6)1 ZKHQ FRPELQHG WBWrEreaseRhe apbpiotic cells when
compared with the control sample, but this observation is not significant when compared to
the other controls: SFN arndVB. However, the combination showed a decrease in the
necrotic cells at “ %, compared to the UVB: “ —0 RI 6)1
significantly increased apoptotic cells at  “ % (p<0.0001) when compared to the
relative controls. When theame concentration of SFN was combined with 25 mJ% cm
UVB, it was observed that the UVB exposure was overlapping the effect of the ITC, with
apoptotic cells between the combination: 17@283%and the UVB alone: 14.50.71%

not being significantly dierent, while necrotic cells of the combination are significantly
increased at 31.95 1.343%(p<0.05), when compared to the UVB alone: 25.8.778%
(figure53C) $SRSWRWLF FHOOV DW 2UVB: @5 ¥ 1MIB%(figure - F
5.3 D) are not showto have a significant difference when compared to the UVB alone: 25.5
“0.778% However, the opposite is observed when compared to the SFN alone? 9.85
1.204% indicating that UVB is mainly responsible for effect of the combination, rather than

the ITC. 7KH FRPELQDWLRQ RI — 02 8YB, &tQoGgh it iB showh
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significantly lower apoptotic cells: 14.50.071%, when compared to UVB: 18'9.706%
(p<0.01), it is hypothesised that this decrease is related to the significantly decreased live
cells: 51.9“ 0.07% and the increased debris, indicating that cells have passed through the
apoptotic and necrotic phase and were eventually excluded from the analysis, leading to :
drop in live and apoptotic cells. Overall, it is observed thah23 cn? UVB is an intensity

that has a strong effect on apoptosis of cells, masking the effect of SFN, while/1ch?

UVB are shown to enhance the effect of the combination when it comes to live cells (figure
5.3 B). From the four combinations above, 0 /cn? 89% DQG —0 6)1 LV Vi

be a more promising combination for this therapeutic approach.
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Figure 5. 3 Cell apoptosis of the combinational treatments for psoriasgeliminary
optimisation.

HaCaT cells were treated with either 10 or 25 mJ # &VB on a thin layer of ice.
Immediately after the exposure, cells were treated with either 5 oM@f SFN. The
apoptotic and necrotic cell population distribution was observed at 2#igCellEvent
Caspase 3/7 Green flow cytometer assay dtdng with DAPI and live, apoptotic and
necrotic cells are shown &4, B, C, D, Fpercentage of evendsd ( E) cell events in scatter
plots. Statistical significance was sat *p < 0.05 *p < 0.01 ** p < 0.001,**** p <
0.0001 ns for not significant, relative to corresponding cont®l Data shownare

represendtive ofthreeindependengxperimentsEACS images are representative.
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From the current information found in the literature and as mentioned in sgetidas well

asin chapter4, ITCs have a very complex effect on cells. ITCs are known for their indirect
antioxidant effect through induction of phase Il enzyifd¥esZhang et al., 20059nd it was
shown that phytochemicals, such as SFN, BITC and PEITC, suppress UVB induced
inflammation on HaCaT cells. OHV]F]\ VNL HW DO . BtHslsBdwW D H
that the concentration of BITC that are shown to have an antioxidant afé also inducing
oxidative stress. On the other hand, AITC, BITC and PEITC is shown to activate caspase 3
8 and 9 on HaCaT cells after 6 hours of expog¥dr&hang et al., 2003) $SOW KR X JK

is shown to inhibit ROS formattn (superoxide),2 —0 RI WKH VDPH SK\WK
shown to induce mitochondrial dama@&bbaoui et al., 2012; Y. Zhang et al., 2003)
Therefore, it is clear thahe effect of these phytochemicals strongly depends on the duration

of exposure and the cell line used.

Based on the observations made so far and for the determination of the effect of UVB in
combination with ITCs, a more extensive study is requiredgusiare ITCs, such as IBN,
AITC, BITC and PEITC. Moreover, the effect of the most suitable combination of ITC
concentration and UVB is required to be observed in a later timepoint (48h) in order to
understand and evaluate the effect and its-tengp effecs. 72 hours were not considered

for this chapter since the effect on apoptosis is detected in the first 48 hours after the

exposure.

5.2.4 Cell viability and growth determination of combinational treatments of 5 ITCs with
UVB.

Five ITCs (SFN, IBN, AITCBITC and PEITC) were used for the study of the combined
effect of ITCs with UVB, while in addition to the optimised conditions determined in section
5.3.3, 5mJ/ crhUVB were also used. The addition of this condition was considered as it is
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hypothesisedhat this intensity might have a similar effect on cells at 48h, as the effect of 10
mJ / cnt UVB at 24h. This hypothesis is based on the {tergn effect of UVB and the
ability to gradually reduce viability at 48 and 72 hours as presented in this stehtiah
4.2.1.1. Intensities less than 7 mJ /2NB UVB are shown to cause erythema on people
with phenotype | 5 R G U tGrérddios et al., 201And therefore, the minimum possible
dose should also be considered. It is also hypothesised that the dffeetemhanced with

the addition of ITCs, as shown so far in this study.

For the cell viability and growth determination of the combinations above, two assays were
utilised, a metabolic assay using resazurin and a colorimetric assay (SRB123). Owerall, th
two assays gave similar response with variations at the p value. 10 raiuV&8nwhen
combined with either of the four ITCs: SFN, IBN, BITC and PEITC, is shown to
significantly reduce viability and growiffigures5.4.,5.5,5.6,5.7,5.8), with the exception

of BITC at 24h where the resazurin assay does not show any effect of the phytochemical o
the combination. This comes in contrast with the SRB assay where the effect of the
combinational treatment: 63.162.74%is significantly strongr than BITC alone: 76.8

4.54% (p<0.05) and UVB alone: 952.45% (p<0.0001{figure5.7).

6SHFLILFDOO\ UHVD]XULQ DVVD\ VKRZHG WWBWh aslIIKH H
viability is stronger at 24h: 93.24.45% (p<0.05) and at 48h: 80%11.62 (p<0.0001), than
UVB alone at 24h: 102.09 5.33% and 48h: 96.6 4.66%, similarly, the SRB assay also
showed a significant differena 24h: 62.4" 1.866% (p<0.05) with SFN alone: 76.738
7KH HIIHFW RI — 0 BYMB on céll-viabRtyis shown to be stronger
than the 5 mJ / cAlUVB at 24h: 82.65" 0.859% (p<0.0001) and at 48h: 5%.39% when
compared to UVB at 24h: 96 1.87% and 48h: 84.3 3.956%, and SFN at 48h: 86.88
2.27%, (p<0.0001). For the same combination, the SRB a$®ayed a stronger response

with the combination at 42.8271.68% at 24h, when compared to UVB at 24h:*2545%,
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and SFN at 24h: 69.652.82%, while 48h are showing the same effect with 461153%

compared to the relative controls (p<0.0001).

IBN was studied in the same conditions and resazurin assay showed that when combine
with 5 mJ / cm UVB, cell viability significantly decreased at 76.171.763%, when
compared to UVB at 24h (p<0.0001) and IBN alone at 24h: 87.85378% (p<001).
Similarly, at K WKH FRPELQDWLRQ YV “RIB6%E WhichWs \sighiicantlyw
lower than UVB (p<0.0001) and IBN: 80.261.065% (p<0.0001). SRB assay did not agree
with resazurin assay, wherg1l DORQH ¢ Z D (p>@Q08))tarthd | H U T
combination 63.4 “ 3.65%. For the combination of IBN with 10 mJ /0dVB, both assays
agree on the response and the significance (p<0.0001) of the effect, between the
combinational treatment and the relative controls. However, the effect shown by the SRB
assy is significantly stronger than the effect shown by the resazurin assay, where the
combination cell viability was at 41.531.96% at 24h and 43.950.294% at 48h, and cell
growth at 70.53" 1.735% at 24h and 25.422.51% at 48h (p<0.0001), respectively. The
difference observed between the two assays at 48h, is significant and shows that the
treatment is a good growth inhibitor, which indicates multifactorial effect on cell growth and
viability. When the data werekan into account with the pictures taken using ZOE imaging
(figures5.4E,5.5E,5.7E,5.8E), the data collected using the resazurin assay appear to reflect
with the image of the cells, with the 24h showing enough cells being attached on the bottornr

of the pate, while 48h present the severity of the effect.

There was no effect of AITC when combined with UVB or alone on cell viability in both
assays (figur&.6). The same observations were made when viability was determined using
resazurin assay at the comdiion of BITC with 5 mJ / cAUVB at both timepoints. In the
contrary, SRB assay showed a significant reduction of cell growth after the combinational

treatment at 24h: 73.34.18%, when compared to UVB (p<0.0001) or BITC alone: 76.8
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4.54% (p<0.001) ahat 48h: 79.6* 3.67% when compared to the relative UVB control

S 7TKH FRPELQDWLRQ RI 2UyBshaned@ Qidificar® effecE P
on cell viability at 48h: 78.1" 6.61% with either of the relative controls (p<0.0001) when
using the esazurin assay, while SRB assay showed a stronger effect of the phytochemical
with the combination reducing cell viability at 24h: 63.18.74%, when compared to the
controls, UVB (p<0.0001), BITC: p<0.05) and at 48h: 6952% , when compared to the

UVB (p<0.01) and the BITC (p<0.0001) (figusey).

Finally, PEITC is shown to have an effect in all conditions and assays used. In detail, when
the phytochemical was combined with 5 mJ # £hB and the cell viability was determined
using the resazurin agsaa decrease of viability was observed at 24h: 89.73176%
(p<0.001), compared to the UVB control, and at 48h: 6946489% (p<0.0001), compared

to the relative controls, UVB and PEITC alone: 87:721%. SRB assay, agreed with the
effect of the corhination with viability at 24h: 62.47 6.31% (p<0.0001) when compared

to the relative UVB control and at 48h: 71Y63.98% (p<0.001) when compared to the
relative UVB control. The effect of PEITC alone: 69.73.944% (24h), 81.45' 0.34%

(48h) was not ginificantly different than the combination with 5 mJ /2ddVB, indicating
WKDW HLWKHU WKH SK\WRFKHPLFDOYfV HIIHFW LV RYHU
the latter is not effective enough, to enhance the effect of the former. This hypaghes
confirmed when 10 mJ / VB were combined with PEITC and a significant difference
was observed using the resazurin assay at 24h between the combination Z&88%

and the relative UVB sample (p<0.001) and the PEITC control: 92.89% (p<00001)

and at 48h: 54.84 3.684% (p<0.0001). SRB assay showed that the proposed combination
reduced viability at 24h at 43.036 2.1% (p<0.0001), when compared to the relative
controls, and at 48h at 62:73.47% (p<0.001). Based on the results of the bwdiaassay,
PEITC alone and in combination with 10 nei? UVB is shown to be less effective on cell

viability at 24h and the results, when compared to the SRB assay, are significantly different.
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Also, when the results are compared with the visual inoddke cells after the treatment
(figure 5.4 5E), the SRB assay results appears to be agree more with the visual image, rathe
than the resazurin assay results. This is possibly due to an increase of cell proliferation rate
linked to increase of ROS thabuld lead to increased metabolism of the dye and therefore
false positive results. However, the difference of the results between the two assays is
observed in all ITCs used and especially in BITC + 20 mJ¥WwB at 24 hours were
resazurin assay did nsthow a significant effect, while SRB assay showed an approximately
40% drop in growth, while BITC alone effect is also significantly different as described
above (figureb.8). For the combinational treatments, when the results of the two assays were
compaed, resazurin assay is shown to give overall higher values by approximately 30%.
Specifically, the effect of SFN, BITC and PEITC in combination with 5 m¥A&%#B, and

SFN, IBN, BITC, PEITC in combination with 10 mJ / €dVB at 24h, was stronger by
appoximately 30% when using the SRB assay, while IBN in combination with 5 m3J / cm
UVB at 48h and in combination with 10 mJ /TbVB at 24h, showed a stronger effect by
approximately 20% when using the resazurin assay. This difference between the two assay
indicates the potential effect of the treatment on cell cycle, since SRB assay measures ce
growth, which could be inhibitedut not necessarily escalate to apoptosis. Moreover, it is
possible that the metabolism of the cells has increased due to stress and therefore increa
the metabolism of resazurin to resorufin, giving false positive results. Further studies using
CalcuSynsoftware are required in order to measure whether the effect of UVB and ITCs on

HaCaT cells is synergistic.

It is widely known that UVB alone induces ROS formation and leads to reduction of cell
viability. In a study where HaCaT cells were exposed to iftensities of UVB (5,10, 20,
30 mJ / cm) a significant reduction of approximately-26% in cell viability was observed
in the two highest doses, while the lower doses agree with our findMeagamone et al.,

2000) A significant effectwas shown, when HaCaT cells and fibroblasts were exposed to
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10, 20 and 30 mJ / VB, the viability dropped at 13%, 29% and 33% in fibroblasts and
19.5%, 33% and 51% in HaCaT ce{lkarrukh et al., 2014)The latter study presented a
drop of cell viability, sigrficantly higher than our findings and the previous study by
approximately 15%. Also, ITCs are known to have a biphasic effect on cell viability, as
shown in a study where the effect of SFN was evaluated it was shown to increase cell
viability in low concelWUDWLRQ XS WR —0 ZKLOH KDYLQJ WKH
of 25 and 50nJ / cn? UVB at 24h(Shibata et al., 2010yWanger 2010 exposed HaCaT cells

in a wide range of SFN concentrations and the phytochemical was shown to be toxic over
25 — P R @QVagmer eal., 2010) In another study where the same cell line was treated with
SFN and IBN, cell viability showed a signifidca HFUHDVH DW FRQFHQWUD
24 and 48h, with EC50 for SFN at 24h: 21.6 —0 DQG DW* K —0 DQG IRU
at 24h: 23.56“ —0 DQG DW* K —Witsiogianni, Trafalis, et al., 2020)
Similarly, when SFN, PEITC and BITC were used for the treatment of HaCaT cells at
various concentrations, a significant decrease in cell viability was shown at concentrations
over10—0 IRU 6)1 D@QGD®G RYHU —0 IRU % ,7& DRI % Dr@&C
was used for the treatment of the same cell line in another study, and a significant decreas
in 24h (approximately :20%) and 48h (approximately BD%) was showS. H. Huang

et al., 2012)findings that agree with the results of this study. In the same study of Huang et
al.,allyl isothiocyanate was not shown to have any effect of HaCaT cell viability at 24h and
48h at concentrations25 —0 D VWXG\ WKDW DJUH Hswidy whernd R X |
the protective effect of SFN was studied in a UVB induced model (200 mJU¢B), it

ZDV VKRZQ WR LQFUHDVH FHOO YLDELOLW\ DW K DW |
48h at concentrations 1, 2.5,5and400 7K H FH Q@iywer® pkrkdied with SFN
instead of postreatment that is used in our experime(As$-barnawi, 2018)This is a
parameter that could significantly change the effect of ITCs on cells and it is possible that

extended IT@xposure of the cells might lead to increased cytotoxicity. Finally, when this
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cell line was exposed to PEITC, ans¢©f 40 — 0 Z DV nvaKZRIZand 48h. Overall, it is
clear that the conditions selected for the experiments of the current study are both mild
conditions that do not cause severe viability reduction to the cells, while their combination

is showing an either enhanced effecain additive effect on cell viability.

As hypothesised, the combination of ITCs with 5 mJ 7 VB has a milder effect at 24h,
compared to 48h, while the effect shown at 48h is similar to the effect of ITCs with 10 mJ /
cm? UVB at 24h. Moreover, the efte of the latter combination on cell viability remains
stable between 24h and 48h, without showing any further reduction in cell viability through
time. Due to the above observation, it was considered necessary to keep two conditions fo
the further expements of this chapter: ITCs + 10 mJ /<ddVB at 24h and ITCs + 5 mJ /

cm? UVB at 48h, for reasons of comparison and better understanding of the mechanisms by
which the effect of UVB, when combined with ITCs is more enhar@ederally, it is shown

that iothiocyanates have a variable effect on cell viability that depends on the duration of
the treatment and the cell li(¢. Zhang et al., 20055 hort treatment of callwith low doses

of ITCs are shown to have a beneficial effect on cell proliferation by protecting cells from
oxidative stress that could lead to cell cycle arrest, while it is shown that prolonged exposure
of cells to ITCs arrest cell cycle and induce Rfofnation leading to a reduction in cell
proliferation. Although, HaCaT cells are generally shown to be more resistant to the effect
of ITCs compared to other cell lin@glitsiogianni, Trafalis, et al., 2020)hey are the most
suitable cell line for the preliminary experimentationpsoriasis, a disease characterised

from increased proliferation of keratinocyte cells.

For further investigation of the mechanisms of the above effect, apoptosis was also
investigated through the activation of caspase 3/7. Although AITC was not shaifacto
cell viability of HaCaT cells, it was not excluded from our experiments as current literature

suggests an effect on viability on human prostate cancer(X&ls et al., 2003and human
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cervical cancer HelLa cel(Qin et al., 2018)increase of @M cell cycle on human prostate

and bladder cancer cells, induction of apoptosis in bladder carcinoma cells, mitochondrial
dysfunction and cell cycle arrebeng et al., 2011; Savio et al., 2014; Xiao et al., 2003)
7TKHUHIRUH ZH FRQVLGHUHG LW QHFHVVDU\ WR REVHI

pathways and cell cycle, along with the effect of the combination of it with UVB.
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Figure 5.4 Cell viability and growth determination of SFN and UVB on HaCaT cells.

Cells were exposure to either 5 or 10 mJ / cm2 UVB on a thin layer of ice and treatment with
— Of SFN followed immediately after the UV exposure. Cell viability was measured using

(A, B) the resazurin assay and growth using (C, D) the SRB assay at 24h or 48h, respectively

Statistical significance was set as *p < 0.05, **p < 0.01 ***p < 0.001, *p*« 0.0001, ns

IRU QRW VLJQLILFDQW UHODWLYH WR FRUUHVSRQGLQ

three replicates from 3 independent experiments. E: Microscopic representation of cells

using ZOE Fluorescent Cell Imager.
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Figure 5.5 Cell viability and growth determination of IBN and UVB on HaCaT cells.
Cells were exposure to either 5 or 10 mJ / cm2 UVB on a thin layer of ice and treatment with

— 0 IBN followed immediately after the UV exposuell viability was measured using
(A, B) the resazurin assay and growth using (C, D) the SRB assay at 24h or 48h, respectively
Statistical significance was set as *p < 0.05, **p < 0.01 **p < 0.001, ****p < 0.0001, ns
for not significant, relatve to RUUHVSRQGLQJ FRQWUROV 'DWD VK
three replicates from 3 independent experiments. E: Microscopic representation of cells
using ZOE Fluorescent Cell Imager.
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Figure 5.6 Cell viabiity and growth determination of AITC and UVB on HaCaT cells

Cells were exposure to either 5 or 10 mJ / cm2 UVB on a thin layer of ice and treatment with
— 0 RITC followed immediately after the UV exposure. Cell viability was measured

using (A, B) the resazurin assay and growth using (C, D) the SRB assay ait 28h,

respectively. Statistical significance was set as *p < 0.05, **p < 0.01 ***p < 0.001, ****p

< 0.0001, ns for not significant, relative to corresponding controls. Data shown are means

Rl “6' Rl WKUHH UHSOLFDWHY IURP crosgdpid @pte3ehtat@w H |

of cells using ZOE Fluorescent Cell Imager
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Figure 5.7 Cell viability and growth determination of BITC and UVB on HaCaT cells
Cells were exposure to either 5 or 10 mJ / cnvBWn a thin layer of ice and treatment with

— 0 RBITC followed immediately after the UV exposure. Cell viability was measured
using (A, B) the resazurin assay and growth using (C, D) the SRB assay at 24h or 48h,
respectively. Statistical significancasiset as *p < 0.05, **p < 0.01 **p < 0.001, ****p
< 0.0001, ns for not significant, relative to corresponding controls. Data shown are means
RI “6'" RI WKUHH UHSOLFDWHV IURP LQGHSHQGHQW H]

of cells using ZOE Fluescent Cell Imager
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Figure 5.8 Cell viability and growth determination of PEITC and UVB on HaCaTscell

Cells were exposure to either 5 or 10 mJ / cm2 UVB on a thin layer of ice and treatment with
— 0 RHITCfollowed immediately after the UV exposure. Cell viability was measured

using (A, B) the resazurin assay and growth using (C, D) the SRB assay ait 28h,

respectively. Statistical significance was set as *p < 0.05, **p < 0.01 ***p < 0.001, ****p

< 0.0001, ns for not significant, relative to corresponding controls. Data shown are means

Rl “6" Rl WKUHH UHSOLFDWHYV IURP icrbSQdpitl @pte3cntdt@w H |

of cells using ZOE Fluorescent Cell Imager
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5.2.5 Apoptosigetermination of combinational treatments of 5 ITCs with UVB

7ZR FRPELQDWLRQDO WUHDWPHQWYV RI —0 ,7&V DQG
timepoints wereselected for the determination of apoptosis. After the treatment of HaCaT
cellswith10and5mJ/ &8 9% DQG —0 RI HLWKHU RI WKH , [ &V
at 24h and 48h, respectively. Overall, four out of five ITCs had an effect on apoplistic ce
when combined with either 5 or 10 mJ /%cdvB, and on necrotic cells for some ITCs at

both conditions.

Specifically, it was shown that when SFN was combined with 10 m3 UsB, apoptotic
cells were significantly highe25.64 “ 5.33% (p<0.0001}han all relative controls (cells
alone, UVB alone and ITC alone), with UVB at: 10:2.12% and SFN alone at: 10:2
3.3%. Similar pattern is observed at 5 mJ # tiwvB at 48h, where apoptotic cells of the
combination with SFN are higher: 23:3.96% (p<0.001) when compared with UVB: 9.8
“4% and SFN alone: 13.873.02%, and necrotic cells: 41.37%.73% (p<0.0001), when

compared with UVB: 24.4' 4.95%(figure 5.9).

The combination of IBN with 10 mJ / éiwVB showed an effect on apoptotic cells: 30.50
“1.27% (p<0.0001), when compared to the controls, UVB and IBN alone:“18L/61%

and the combination with 5 mJ / &VB showed an effect on apoptotic cells: 24 :65%
(p<0.0001), when compared to UVB and IBN alone: 15:4577%, and on necrotic cells:
46.15“5.87% (p<0.0001), when compared to either of the controls, with IBN alone at: 36.65

“ 0.49%(figure 5.10),

When AITC was combined with 10 mJ / €VB, it showed an effect on apoptotic cells:
18.55 “ 2.47% (p<0.05), when compared with AITC aloie8 “ 1.84% and necrotic cells:
20.75“1.2% (p<0.05), when compared with UVB: 25.58.53%. There was no significant
effect of AITC and 5 mJ / cAlJVB when combined, on either apoptotic or necrotic cells,
which follows the pattern seen in viability detenation in sectiorb.2.4 (figure 5.11).
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The combination of BITC with 10 mJ / éVB, showed a significant effect on apoptotic
cells: 25 “ 0.14% (p<0.0001), when compared to BITC alone: 10°9%61%, and on
necrotic cells: 29.7* 1.13% (p<0.01), when oapared to BITC alone: 16.85 2.62%.
Although the same effect is observed with the other intensity: 5 m3Ul measured at
48h for apoptotic cells: 21.85 2.05% (p<0.0001), with BITC alone at: 13:81.27%,
necrotic cells are not shown to be increased, but this observation is not sigrfiguaet

5.12).

PEITC is shown to have the strongest effect (p<0.0001) of all ITCs, when combined with
either intensities of UVB. At PEITC + 10 mJ / ¢idVB, apopotic cells are shown to
increase at: 22.8 2.8%, when compared with PEITC alone: 83.12%, and necrotic cells

at: 44.8“ 3.3%, when compared with PEITC alone: 30:6660%. At PEITC + 5 mJ/ch

UVB, apoptotic cells are shown to increase at: 2125/%, when compared with UVB and

PEITC alone: 28.65 2.19%(figure 5.13).

It is generally observed that apoptotic cells between the two controls, PEITC alone and UVB,
are not statistically different (p>0.05). However, the combination is shown to warasit |
additively and enhance the effect of the individual conditions. Moreover, when the
combinations were compared, AITC + 10 mJ 2 &ivB apoptotic cells were significantly
(p<0.001) lower than IBN + 10 mJ / étdVB (p<0.001) apoptotic cells, while PEITE 10

mJ / cnt UVB necrotic cells were found significantly higher (p<0.0001), when compared
with either ITC combination; SFN + 10 mJ / €VB, IBN + 10 mJ / crA UVB, AITC +

10 mJ / crAUVB and BITC + 10 mJ / chUVB. Overall, the effect of the combinatiaf

BITC and PEITC with 10 mJ / chtJVB is shown to be stronger, with necrotic cells being

higher than the other ITC combinations.

AITC + 5 mJ / cmd UVB apoptotic cells were significantly lower than SFN + 5 mJ # cm
UVB (p<0.05) and IBN + 5 mJ / chUVB (p<0.05). However, AITC + 5 mJ / VB
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apoptotic cells were not significantly less than BITC + 5 mJ¥@wB and PEITC + 5 mJ

/ cn? UVB apoptotic cells, an observation that comes in contrast with the results presented
above. Considering that AITC had effect on cell viability as described in secti®2.4,

the mild effect in apoptotic and necrotic cells shown above, as well as the strong effect of
BITC and PEITC, alone or in combination with UVB, it is hypothesised that the last two
phytochemicals havsuch an effect that cells have already gone through the apoptosis and
necrosis phase and became cell material (debris) that was excluded from the analysis. Thi
hypothesis was also confirmed from the results collected from the analysis from the flow
cytometer, where debris is shown to be increased compared to AITC combinations. This is
also seen from the significant increase of necrotic cells observed in PEITC combinations.
Notably, both UVB intensities at their timepoint, significantly enhanced the effdtCs

on caspase 3/7 activity, while necrotic cells are also significantly affected. SFN + 5 mJ / cm
UVB and IBN + 5 mJ / chUVB necrotic cells were significantly higher than AITC + 5 mJ

/ cm? UVB (p<0.0001) and BITC + 5 mJ / VB (p<0.05 and p<0@01 respectively)
necrotic cells. PEITC + 5 mJ / édVB effect increased necrotic cells significantly, when
compared with all other combinations: SFN + 5 mJ # tidB (p<0.0001), IBN + 5 mJ /

cm? UVB (p<0.01), AITC + 5 mJ / chqUVB (p<0.0001) and BITC + BnJ / cnf UVB

(p<0.0001).
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Figure 5.9 Cell apoptosis of the combinational treatments with SFN for psoriasis

HaCaT cells were treated with either 5 or 10 mJ £ dvB on a thin layer of ice.
Immediately after the exposure, cells were treated with-0SFN. The apoptotic and
necrotic cell population distribution was observed at ustelEvent Caspase 3/7 Green
flow cytometer assay kélong with DAPI and live, apptotic and necrotic cells are shown

are shown agercentage of even{é: 10 mJ / crh, B: 5 mJ / crf) and (C) cell events
(20,000 events/second) in scatter ploBatistical significance was sas *p < 0.05 **p

< 0.01*** p < 0.001,*** p < 0.0001 ns for not significant,relative to corresponding
contros 'DWD VKRZQ DUH PHDQV R Ifréré 3 Rdeperidehtebtpdtimén@.L F L

FACS images are representative.
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Figure 5.10 Cell apoptosiof the combinational treatments with IBN for psoriasis

HaCaT cells were treated with either 5 or 10 mJ £ ddvB on a thin layer of ice.
Immediately after the exposure, cells were treated with-20IBN. The apoptotic and
necrotic cell population distribution was observed at ustelEvent Caspase 3/7 Green
flow cytometer assay kélong with DAPI and live, apptotic and necrotic cells are shown

are shown agercentage of even{é: 10 mJ / crh, B: 5 mJ / crf) and (C) cell events
(20,000 events/second) in scatter ploBatistical significance was sas *p < 0.05 **p

< 0.01*** p < 0.001,*** p < 0.0001 ns for not significant,relative to corresponding
contros 'DWD VKRZQ DUH PHDQV R Ifréré 3 Rdeperidehtebtpdtimén@.L F L

FACS images are representative.
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Figure 5.11 Cell apoptosis of the combinational treatments with AITC for psoriasis
HaCaT cells were treated with either 5 or 10 mJ £ dvB on a thin layer of ice.
Immediately after the exposure, cells were treated withHM0OAITC. Theapoptotic and
necrotic cell population distribution was observed at ustelEvent Caspase 3/7 Green
flow cytometer assay kiélong with DAPI and live, apoptotic and necrotic cells are shown
are shown agercentage of even{é: 10 mJ / crh, B: 5 mJ / crf) and (C) cell events
(20,000 events/second) in scatter pld&atistical significance was sa$ *p < 0.05 **p

< 0.01*** p < 0.001,*** p < 0.0001 ns for not significant,relative to corresponding
contros 'DWD VKRZQ D WHbffhe®@plcdRdirdd 3 independent experiments.

FACS images are representative.
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Figure 5.12 Cell apoptosis of the combinational treatments with BITC for psoriasis

HaCaT cells were treated withither 5 or 10 mJ / cmUVB on a thin layer of ice.
Immediately after the exposure, cells were treated withH20BITC. The apoptotic and
necrotic cell population distribution was observed at ustelEvent Caspase 3/7 Green
flow cytometer assay kiélong with DAPI and live, apoptotic and necrotic cells are shown
are shown agercentage of even{é: 10 mJ / crh, B: 5 mJ / crf) and (C) cell events
(20,000 events/second) in scatter plo&atistical significance was sa$ *p < 0.05 **p

< 0.01 *** p < 0.001,**** p < 0.0001 ns for not significant,relative to corresponding
contros 'DWD VKRZQ DUH PHDQV R Ifroé 3 Rdependenterpatimen@.L F L

FACS images are representative.
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Figure 5.13 Cell apoptosis of the combinational treatments with PEITC for psoriasis
HaCaT cells were treated with either 5 or 10 mJ £ dvB on a thin layer of ice.
Immediately after the exposure, cells were treated withHRPEITC. The apptotic and
necrotic cell population distribution was observed at ustelEvent Caspase 3/7 Green
flow cytometer assay kiélong with DAPI and live, apoptotic and necrotic cells are shown
are shown agercentage of even{é: 10 mJ / crh, B: 5 mJ / crf) and (C) cell events
(20,000 events/second) in scatter pld&atistical significance was sa$ *p < 0.05 **p

< 0.01*** p < 0.001,*** p < 0.0001 ns for not significant,relative to corresponding
contros 'DWD VKRZQ DUH PHDQV R Ifroé 3 Rdependenterpatimén@.L F L

FACS images are representative.
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UVB alone is shown to induce apoptoghs Chen et al., 2015hrough ROS induction that
activates p38, MAPK and BAX, that lead to increase of mitochondrial potential and
eventually an increase in caspase 9 and 3 that are the late apoptosis bio(vankers
Laethem et al., 2004However, as UVB induces apoptosia multiple pathways, caspase

3/7 activation is an indicator of late apoptosis and is not specific. In a study, 30 mdf/ cm
UVB were shown to increase apoptosis in various ways, sudhobs [ADP-ribose]
polymerase 1(PARP) cleavage or suppression and FLICE activity reduction (prote
markers of apoptosigMammone et al., 2000PARP are proteins that are involved in DNA
repair and are cleaved by caspaf@baitanya et al., 2010while FLICE are inhibitory
proteins that modulate caspase activation. A study that involved exposure of HaCaT cells ir
5, 10, 20 and 30 mJ / éyVB, showed the complex effect of UVB withehowest doses

(5 and 10mJ / cnt UVB) decreased PARP activity, while the opposite was observed for the
highest dosefMammone et al., 2000Moreover, FLICE activity was reduced at the lowest
doses, while Fas receptor (receptor that leadpoptosis) was only increase at 5 mJ  cm
UVB and reduced from that intensity -arards. Therefore, it is hypothesised that one
pathway of apoptosis observed, after the combinational treatment, is through Fas increase
at least for the lower dose of 5 rh@n? UVB used in this chapter. Moreover, the above
doses of UVB are shown to decrease Keratin K1, K10 and involucrin expression, while
doubling of the apoptotic cells was observed-a02nJ / cri. Another study where 500 J /

m? UVB were used on HaCaT ¢&l showed that this intensity increased caspase 3, 8 and 9
activation, cytochrome C and fragments of PARP, while experiments of the mentioned study
also showed that caspase 8 and 9 are activated directly by cross linkage of death recepto
(Takasawa et al., 2005 a study where the effect of SFN and PEITC on a UVB model
(300 mJ cn? UVB) using HaCaT cells, was evaluated, it was shown that depending on the
dose of isothiocyanate used, the effect on apoptosis differ@HV]F]\ VNL HW DC

6SHFLILFDOO\ —0 RI 6)1 LQFUHDVHG FDVSDVH DW
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reducecG FDVSDVH DW K DQG —0 UHGXFHG FDVSDVH
FDVSDVH DW K DW —0 ZKLOH K VKRZHG D GHFUFE
two isothiocyanates did not affect the activation of caspase 3 when used distivéltéhe
absence of UVB, an observation that does not agree with our findings. Moreover, BITC is
shown to give rise to caspase 8,9 and 4 when used on A375 human melanoma cells ar
PEITC to increase caspase 9, while SFN was shown to have no effespasegMantso

et al., 2016)In the same study, western blot analysis showed that all three isothiocyanates
reduced procaspase 3 expression levels, which agrees with our findings, while only PEITC
reduced procaspase 7 expression levels. From the three phytochemicals, BITC was show
to be more potent, followed by PEITC and SFN, while our findings show PEITC and IBN
to be the most potent of the five isothiocyanates studied. Although these results sugges
difference between the current work and the literature, it is important to rote @s are
shown to have variable effect depending on the cell line. When various cells, including
HaCaT and skin cancer cells, were treated with ITCs, HaCaT were shown to be more
resistant to the treatmefilantso et al., 2016; Mitsgianni et al., 2019)When A375 cells
ZHUH H[SRVHG WR —0 %,7& IRU K DQ LQFUHDVH LQ
condensation was observed as well as induction of casg&edH3 Huang et al., 2012n

other cell lines, PEITC was shown to activate caspase 9 and 3 in malignant glioma cells anc
have no such effect on immortalized normal glial HEB c€lls Zhang et al] 2016)
Although, the current study shows no effecathfl isothiocyanate on the cell viability and
some significance of the combinational treatment of the phytochemical with UVB, on
apoptotic cells, it is shown in the literature that the isothioaiea(<1-M) increased necrotic

and apoptotic cells 48 hours after the treatment of bladder cance(Saalie et al., 2014)

It is therefore hypothesised that AITC selectively leads to apoptosis depending on the model
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5.2.6 Mitochondrial membrane permeability determination of combinational treatments of 5

ITCs with UVB

For further evaluation of the effect of the suggested combinational treatments of UVB with

—0 ,7&V RQ DSRSWRVLV LQWULQVLF DB8dR8WtReV LYV
PLWRFKRQGULDO PHPEUDQH SHUPHDELOLW\ WKURXJK ¢
1 stain and the mitochondrial dysfunction was expressed as a ratielohg@tegates over

JCG-1 monomers.

$00 FRPELQDWLRQDO WUHDWPHQIV8W BLOWK K—E0QG & DO
and 5 mJ / cthUVB at 48h, were shown to significantly induce depolarization of
mitochondria: SFN + 10 mJ / VB, AITC + 10 mJ / crAUVB, BITC + 10 mJ / crh

UVB, PEITC + 10 mJ / c/UVB: p<0.0001 and IBN + 10 mJ / &tVB: p<0.001, when
compared to all relative controls, and SFN + 5 mJ7 0wB, IBN + 5 mJ / cmd UVB,

AITC +5mJ / cr UVB, BITC + 5 mJ / crAUVB, PEITC + 5 mJ / crhUVB: p<0.0001

when compared to all relative controls (figufe44, 5.15, 5.16, 5.17, 5.18). The above
results reveal the induction of intrinsic apoptosis from the suggested therapeutic approact
for all ITCs and the indication of ROS production from the mitochondria. AITC is shown to
induce equally significantly mitochondrial depolarizatiortfaes other ITCs studied in this
chapter, which comes in contrast with the viability and apoptosis results in sécfahs
and5.2.5, respectively (figuré.16). Finally, both UVB intensities are shown to have a

similarly significant effect on intrinsic apoptosis at their timepoints.
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Figure 5. 14 Mitochondrial membrane permeability of HaCaT cells afiter combinational
treatment with UVB and SFN

Cells were treated with either 50r 100 mJ fc@9% DQG —O0 6)1 LPPHGLDW
UV exposure, mitochondrial membrane permeability was studied at 24h and 48h,
respectively using flow cytometry. The numbed®fL. monomers and aggregates were
guantified as (A) and (B) the ration of IICaggregates over JC monomers and (C) cell
events in a scatter plogtatistical significance was sas *** p < 0.001,**** p < 0.0001
relative to corresponding cont®lData VKRZQ DUH PHD Q kplRates BomR3I

independent experimentsACS images are representative.
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Figure 5. 15 Mitochondrial membrane permeability of HaCaT cells afterdbbinational
treatment with UVB and IBN

Cells were treated with either 50r 100 mJ fc®9% DQG —O0 ,%1 LPPHGLDW
UV exposure, mitochondrial membrane permeability was studied at 24h and 48h,
respectively using flow cytometry. The number oflJ@onomers and aggregates were
quantified as (A) and (B) the ration of <-ICaggregates over JC monomers and (C) cell
events in a scatter plogtatistical significance was sas *** p < 0.001,**** p < 0.0001
relative to corresponding cont®lData VKRZQ DUH PHD Q kplRates BomR3I

independent experimentSACS images are representative.
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Figure 5. 16 Mitochondrial membrane permeability of HaCaT cells after the combinational
treatment with UVB and AITC

Cells were treated with either 50or 10 mJ 9% DQG —O0 $,7& LPPHGLDYV
UV exposure, mitochondrial membrane permeability was studied at 24h and 48h,
respectively using flow cytometry. The number oflJ@onomers and agegates were
guantified as (A) and (B) the ration of IIiCaggregates over JC monomers and (C) cell
events in a scatter plogtatistical significance was sas *** p < 0.001,**** p < 0.0001
relative to corresponding cont®l'DWD VKRZQ D U HD Bft3 BeQlivatés|frdme3

independent experimentsACS images are representative.
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Figure 5.17 Mitochondrial membrane permeability of HaCaT cells after the combinational
treatment with UVB and BITC

Cells were treated with either 50r 10 mJcB19% D QG —0 %,7& LPPHGLD)
UV exposure, mitochondrial membrane permeability was studied at 24h and 48h,
respectively using flow cytometry. The number oflJ@onomers and aggregates were
guantified as (A) and (B) the ration of JC aggregates over JC monomers and (C) cell
events in a scatter plogtatistical significance was sas *** p < 0.001,**** p < 0.0001
relative to corresponding cont®l 'DWD VKRZQ DUH P ReQivatésifrin 8' R

independent experimentsACS images are representative.
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Figure 5. 18 Mitochondrial membrane permeability of HaCaT cells after the combinational
treatment with UVB and PEITC

Cells were treated \th either 50r 10mJ/ctim89% DQG —O0 3(,7& LPPHGLDYV
UV exposure, mitochondrial membrane permeability was studied at 24h and 48h,
respectively using flow cytometry. The number oflJ@onomers and aggregates were
guantified as (A) and (B) thmtion of JG1 aggregates over JC monomers and (C) cell
events in a scatter plogtatistical significance was sas *** p < 0.001,**** p < 0.0001
relative to corresponding cont®l 'DWD VKRZQ DUH P ReQivatésifromad R I

independent expienents.FACS images are representative.
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Mitochondrial membrane permeability, when increased, is an indicator of intrinsic apoptosis
and malfunction of mitochondria. It is known that ROS induction increases MAPK and p38
SURWHLQ OHY H O ¥nitheizre Uhetéadermtitochdndrial permeability that leads

to an increase of cytochrome C, caspase 9 and procaspase 3 and eventually lead to apopto:
$OVR DV PHQWLRQHG HDUOLHU 89%fV PDLQ PHFKDQL
induction in tke cytosol that eventually affects apoptotic markers in various pathways. In a
study where 50 mJ / chBB UVB were used for the exposure of HaCaT cells, an increase
in mitochondrial membrane permeability was increase with a peak timepoint g@22 bt

al., 2008) Similarly, when the same cdihe was exposed to 60 mJ / thiVB, the same
observations were maqd¥an Laethem tal., 2004) Lower intensities of 10, 20 and 30 mJ

/ cn? UVB were used by Farrukét. al RQ +D&D7 FHOOV DQG ILEURE
and the intracellular apoptotic pathways were confirmed with the addition of antioxidant that
lead to damage resttion(Farukh et al., 2014)On the other hand, ITCs are also shown to
affect apoptotic pathways in various ways, as it has already been mentioned inss2&ion
Although not many research has been done on the cell membrane permeability of ITC
induced HaCaT 6lOOV % ,7& LV VKRZQ WR (G.HFHudrg étHhl. @Bi?)H O V
Our results agree with the literature on the effect of UVB on mitochondrial membrane
permeability, while a similar effect is observed when ITCs alone were used on HaCaT cells.
The effect of the combinational treatments is shown to have at least an additive effect of the

two parameters together.
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5.2.7 Cellcycle effect of combinationdateatments of 5 ITCs with UVB

For the determination of the effect of the suggested therapeutic approach on cell cycle
distribution and its ability to induce cell cycle growth arrest, FxCycle PI/RNase staining was
used. The present results revealignificant elevation of subG1 phase on SFN, IBN and
BITC in combination with 10 mJ / chVB (24h), when compared to either of the relative
controls (cells alone, UVB alone and ITC alone) (p<0.0001), while AITC and PEITC in
combination with 10 mJ / chtyV B remain unaffected (figurg19). Cell cycle growth arrest

at G1 phase is also shown at the combination of PEITC with 10 m3 Uwi, when
compared with UVB (p<0.001) and a reversed effect of SFN with 10 m3 Uwia, when
compared with SFN alone (p<0)05The above results are followed by a significant
reduction of phase G2/M for all combinational treatments: SFN, IBN, BITC, PEITC
(p<0.0001), AITC (p<0.01) and 10 mJ / VB, when compared with UVB and a
reduction of SFN (p<0.01), IBN (p<0.001), BITC<(001) and 10 mJ / cmJVB when
compared with the relative ITC controls. AITC and PEITC do not reduce phase G2/M, when
compared with the relative ITC controls. Finally, phase S remained unaffected overall (table

5.1).

A milder cell cycle arrest is showmhen ITCs were combined with 5 mJ /<TivB, with

phases Gland S remaining unaffected, while a significant elevation of subG1 phase on SFI
(p<0.01), IBN (p<0.0001) and AITC (p<0.001) when combined with 5 mJ?/UWB is
shown, when compared with the relative controls of UVB and ITC (fi§i2@). There was

no effect of the treatments with BITC and PEITC on this phase due to high standard deviatior
(table5.2). Finally, IBN and 5 mJ / cAUVB and AITC and 5 mJ / chUVB reduce phase
G2/M, when compared to their relative ITC controls (p<0.01). Therefore, these two

combinations are looking at the effect of the UVB alone.
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,Q WKH OLWHUDWXUH —0 RI %VIDpBasb &34, \8K &4 @3 Modrs L Q
by 1250%, while G/G; and S phases were redud¢&d H. Huang et al., 2012Moreover,
protein changes that are associated withMGohase arrest were also observedhim $ame
study, showing an increase in Cyclin A, CDK1 and CDC25C proteins and a decrease in
Chk1 and Weel. Also, it was shown that the isothiocyanate enhanced the levels of BAX,
cytochrome C, Apall, AlF, FasL, Fas, caspase 8, 9, 3 and Eydo G, while rediexeld of

Bid and Bcl2 that are known to take part in cell apoptosis. All the above affected biomarkers
of apoptosis show that BITC promotes apoptosis through caspase 3, Fas and mitochondri
dependent ways. In another study, where fibroblasts and Ha@aTveee exposed to 10,

20 and 30 mJ / cAUVB, a G/M phase arrest anduS phase arrest was shown, respectively

at 24h(Farrukh et al., 2014; Geng et al., 2011 )s therefore clear that both ITCs and UVB,
when applied in certain concentrations, affect the cell cycle of the cells and therefore it is

understood that both parameters act independently on the cells.
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Figure 5.19 Cell cycle of HaCaT cells after the combinational treatment with 10 mJ /cm2
UVB and ITCs

Cells were treateavith 10 mJ /cmd 89% DQG —0 RI ELIFN @UBNAR

AITC, (4) BITC, (5) PEITC immediately after the UV exposure, was measatr@dh and

48h, respectivelyysing flow cytometryCells were recorded at each stage and quantified as
percentage of total DNA cellular content distributed at each phase of the cell cycle.
Siatistical significance was sas *p < 0.05 **p < 0.01*** p < 0.001,**** p < 0.0001 for
significance with the UVB controls arsétas “p < 0.05 #p < 0.01%p < 0.001,*#% <
0.0001 for significance with the corresponding ITC controls. FACS paduare
representative.
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Figure 5. 20 FACS graphs on cell cycle of HaCaT cells after the combinational treatment
with 10 mJ /cm2 UVB and ITCs

Cells were treateavith 10 mJ /cmd 89% DQG — 0 RI HLIVN RUBNADR
AITC, (4) BITC, (5) PEITC immediately after the UV exposure, was measatr@dh and

48h, respectivelysing flow cytometryCells were recorded at each stage and quantified as
percentage of total DNA celar content distributed at each phase of the cell cycle.
Statistical significance was sa&$ *p < 0.05 ** p < 0.01*** p < 0.001,**** p < 0.0001 for
significance with the UVB controls arsétas “p < 0.05 #p < 0.01%p < 0.001,*#% <
0.0001 for dggnificance with the corresponding ITC controls. FACS pictures are

representative.
141



Figure 5. 21 Cell cycle of HaCaT cells after the combinational treatment with 5 mJ /cm2
UVB and ITCs

Cells werdreatedwith5 mJ/cid 89% DQG —O0 R (H)ISANKY BN,(BRAITC,

(4) BITC, (5) PEITC immediately after the UV exposure, was measatétfth and 48h,
respectivelyusing flow cytometryCells were recorded at each stage and quantified as
percentage of total DNA cellular content distributed at each phase of the cell cycle.
Statistical significance was sa&$ *p < 0.05 ** p < 0.01*** p < 0.001,**** p < 0.0001 for
significance with the UVB controls asétas “p < 0.05 #p < 0.01%p < 0.007, *#p <
0.0001 for significance with the corresponding ITC controls. FACS pictures are

representative.
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Figure 5. 22 FACS graphs on cell cycle of HaCaT cells after the combinational treatment
with 5 mJ /cm2 UVB and ITCs

Cells were treateith5 mJ/cid 89% DQG —0 R (H)ISANKY BN,BRAITC,

(4) BITC, (5) PEITC immediately after the UV exposure, was measatreitth and 48h,
respectivelyusing flow cytometryCells were recorded at each stage and quasdifas
percentage of total DNA cellular content distributed at each phase of the cell cycle.
Statistical significance was sa&$ *p < 0.05 ** p < 0.01*** p < 0.001,**** p < 0.0001 for
significance with the UVB controls asgétas “p < 0.05 #p < 0.01%#p < 0.001,# <
0.0001 for significance with the corresponding ITC controls. FACS pictures are

representative.
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Table 5.1 Cell cycle percentages and standard deviation of the combinational treatment
with 10 mJ /cm2JVB and ITCs

sub-
G1 S G2/M
Samples | sub- Gl 0 0 G2/M
2 Iohased Gt | stoe | GL1% | STOE | s% | sToE | “0M | sTDE
¥ Vv Vv Vv
Control | 925 | 898 | 4155 | 530 | 25.85| 12.80 | 23.30 | 1.56
Control
UVB 1215 | 290 | 21.20 | 325 | 21.75 | 757 | 4525 | 6.72
10mJ/cm
SFN
. 850 | 4.95 | 4565 | 559 | 13.85| 827 | 31.95| 8.84
'BNO 10.95 | 3.32 | 37.40 | 7.07 | 12.30 | 0.42 | 39.30 | 3.25
A'TCO 137 | 437 | 377 | 532 | 249 | 618 | 237 | 24
BITC
.| 11.30| 141 | 36.95| 134 | 1535| 205 | 3640 | 198
PE'Tg 13.40 | 6.36 | 40.40 | 1.41 | 13.40 | 057 | 32.60 | 7.50
SENIUVB | 5 26 | 1266 | 2845 | 502 | 16,70 | 891 | 11.75 | 0.78
10mJ/cm
IBNJUVB | 59 se | 1450 | 31.85 | 7.00 | 13.90 | 6.08 | 14.40 | 2.40
10mJ/cm
AITCIUVB [ 139 | 5 217 | 547 | 318 | 580 | 32.7 | 267
10mJ/cm
BITC/UVB | /5 45| 658 | 26.90 | 4.67 | 17.95| 912 | 12.65 | 2.90
10mJ/cm
PEITC/UV | o) 45| 219 | 4405 | 219 | 1740 | 325 | 16.75 | 3.75
B 10mJ/cm

Percentage of total DNA cellular content distribution at each phase of the cell cycle and
standard deviations éfaCaTcellsafter thecombiredtreatment witillO mJ /cnt UVB and
—0 RI HLWKH,UBN,7RTC6BITC, PEITC immediately after the UV expoe,

wasmeasuret 24husing flow cytometry.
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Table 5.2 Cell cycle percentages and standard deviation of the combinational treatment
with 5 mJ /cm2 UVB and ITCs

sub-
Samples Gl S G2/M
48h sub- | Gl 1 5100 | sTDE| s% | sTDE | &M | SsTDE
G1% | STDE %
/phases Vv Vv V \%
Control | 7.65 | 474 | 38.80| 7.64 | 29.10 | 6.08 | 24.90 | 5.66
Control
UVB 930 | 325 | 4670 | 9.19 | 20.85 | 12.66 | 23.10 | 6.65
5mJ/cm
SFN
| 11.80| 0.00 | 3655 | 191 | 1820 | 481 | 33.40 | 6.79
'BNO 16.05 | 3.89 | 33.40 | 3.68 | 12.10 | 3.96 | 38.35 | 4.03
A'TCO 1247 | 396 | 35.67 | 3.32 | 1257 | 358 | 39.88 | 4.73
BITC
. | 1805| 191 | 3885 | 544 | 1345 346 | 29.70 | 588
PE'Tg 12.85 | 346 | 37.903| 576 | 1275 | 3.61 | 3650 | 5.66
SENJUVB | oo o5 | 1001 | 28.75 | 12.13 | 15.00 | 2.97 | 2045 | 5.16
5mJ/cm
IBN/UVB | 2 40 | 13.63 | 30.05 | 13.69 | 10.00 | 3.39 | 12.60 | 9.48
5mJ/cm
AITCIUVB | 008 | 1170 | 31.83 | 10.67 | 12.21 | 3.22 | 15.96 | 7.49
5mJ/cm
BITC/UVB | o2 10| 13.81 | 4055 | 1430 | 11.70 | 2.97 | 19.65 | 10.54
5mJ/cm
PEITC/UV | 5910 | 12.02 | 31.80 | 10.18 | 16.00 | 0.99 | 23.05| 2.76
B 5mJ/cm

Percentage of total DNA cellular content distribution at each phase of the cell cycle and
standard deviations dfaCaTcellsafter thecombinational treatments withmJ /cni UVB
DQG —0 RI HLWIBNWAITC&ITG,PEITC immediately after the &posure,

weasmeasureat 48husing flow cytometry

5.2.8 ROS induction of combinational treatments of 5 ITCs with UVB
5.2.8.1 DHR assay{ihydrohodaming
For the further evaluation of ROS induction, DHR123 assay was utilized for the same

conditions aslescribed above. The data show that only the combinations of BITC + 10 mJ
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/ cn? UVB (24h) and IBN + 5 mJ / cfiUVB (48h) revealed the presence of ROS in the
mitochondria, an observation that does not agree with the findings of se2t®where the

ratio of JG1 aggregates to JC monomers indicate depolarisation of the mitochondrial
membrane and therefore the production of ROS. However, it is known from the literature,
that UVB alone significantly induces ROS formation in the cytosol and as showrthe all
above experiments, UVB has a significant effect on viability, apoptosis and cell cycle
through ROS induction. At a first glance on the results shown in fig@.evhere not
significant ROS induction was shown, it is suspected that ITC jas&bly protected cells

from ROS. However, as shown in a study where 50 m¥/UvB were used on HaCaT
cells a peak of ROS induction was observed at(P4lz et al., 2008)IThe determination on
whether the increased €devels (C&* stimulates an activity that leads to increased levels
of ROS), observed after the exposure of fibroblasts and HaCaT cells to 10, 20 mdd 30
cm? UVB, by the addition of an antioxidant mix of Troxol and ascorbic acid, confirmed that
the effect of UVB is caused by intracellular ROS induci{iBarrukh et al., 2014)0n he
results shown in figurg.21, it is observed that the combinational treatments slightly increase
the ROS fold induction, but this observation is not significant, except for BITC at 24h and
IBN at 48h, which have a large standard deviation showing aeoaing variation to the
samples. Although the results shown are from 3 independent experiments, it is hypothesise
that an unknown possible technical issue might have occurred during thesassags an
interaction of the assay with the control groupdlag to false noignificant difference
between the controls and the combinational treatment sarfjolethis reason, the addition

of the antioxidant glutathione (GSH) to evaluate whether the effect presented so far is cause

from intracellular activies and ROS generation, was required.
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Figure 5.23 ROS induction of HaCaT cells after the combinational treatments

ROS fold of inductionf HaCaT cells after the combinational treatmenith eitherl0or 5
ml/crd 89% DQG —O0 RI HLWKHU ,7& 6)1 ,%1 $,7& %,7&
UV exposure, was measurati(A,C) 24h and (B,D) 48h, respectivalgjng flow cytometry
and DHR assayStatistical significance was sas *p < 0.05 relative to corresponding

controls. Data shown are from 3 independent experiments. FACS images are representative
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5.2.8.2Glutathione Assay

For the validation of our findings on the R@fluctive effect of the ITCs in combination

with UVB, the glutathione assay was utilized. Viability was measured at the indicated
timepoints depending on the conditions (24h for 10 mJ%/W@aB and 48h for 5 mJ / cm
UVB). It is shown that glutathione miated the damage caused from treataAvashiced

ROS and the cell viability levels increase from either treatment when cells wereaiszl

and postreated with the antioxidant (figuge22). The cell viability reductive effect of the
ITCs, UVB and theircombinations, is absent in samples that glutathione was added. As
described above, this indicates the main apoptotic pathways through intracellular ROS
production. ITCs are known to have an indirect antioxidant activity through the induction of
phase Il emymes, while at the same time inducing apoptosis in higher concentrations. In the
VWXG\ FRQGXFWHG dtlaiR2B14,avkeve] FHN avidNREITC were used on HaCaT

FHOOV DQ XSUHJXODW LRGSR HALUNQOY)DMAS shiwvnIusiQgHRT

PCRawW —0 RI ERWK LVRWKLRF\DQDWHYVY 2Q WKH RWKHU
did not have the same effecc OHV]F]\ VNL HW6DRPLODUO\ —PRO

LQFUHDVHG P51-6&CS Hnd HEL\WYR 50% when applied on the same cell line
(Wagner et al., 2010)The same isothiocyanate-(1 —0 UHG X F HlGacivioh $ 3
caused by 250 J /SWVB and an increase of GSH and QRquinone reductaserédues
guinones @ semiquinoneand is marker of phase 2 enzymes)s observed at 24&hu et

al., 2004) %,7& DW —0 LV VKRZQ WR LQFUHDVH 526 OHY
A375 cancer cell{S. H. Huang etlg 2012) Not much research is done on similar
FRPELQDWLRQDO PRGHOV RI ,7&4V DQG 89% RQ +D&D7 FlI
studied for its potential protective effect on a UVB induced model (50 m3 UsB) an
antrinflammatory effect was revealed through the reduction ef IL -6 and COX2 in
HaCaT cell{Shibata et al., 20104 similar effect was observed on fibroblasts, when 2 and

—0 RI 6)1 EOR-mduded (983 /ch)NF- % DFWLYDWLRQ DQG 00:
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in a dose dependent mann@. Y. Lee & Moon, 2012)In the contrary, the same

SK\WRFKHPLFDO —0 GLG QRW SURWHFW +%@amdagd HOC

(Benedict et al., 2012Yherefore, it is clear that the effect of each parameter depends on the

concentration / intensity and the current study reveals that the combinational treatiments
—0 RI HLWKHU ,7& DQ&Ud@shpand 10R3 / cnEWVB (24h) shows

a significant damage on HaCaT cells.
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Figure 5. 24 Viability of HaCaT cells aftette combinational treatmentsGSH addition

Cells were treatedwith either (i) 10 or (i) 5 mJ /cmd 89% DQG —0 RI H
(A,1)SFN(B,2) IBN, AITC, BITC,(C,3) PEITC immediately after the UV exposure, was
measuredt (A) 24h and (B) 48h, respectivelyith and without the addition of glutathione.
Statistical significance was sas *p < 0.05 **p < 0.01*** p < 0.001,**** p < 0.0001
relative to corresponding cont®|Data shown are from 3 independent experiments.
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5.3 Conclusions

In the current chapter, where HaCaT cells were treated with two intensities of UVB in two
different timepoints (5 mJ / ¢chJVB for 48h and 10 mJ / chUVB for 24h), a promising
therapeutic approach has revealed a significant effecertdic ITCs, such as IBN and
PEITC, that can be utilised for the therapy of inflammatory skin disease, such as psoriasis

This study provides the below significant findings:

1. O9LDELOLW\ DQG JURZWK $00 ,7&V EXW $,7& —0
significant reduction of viability when combined with 5 mJ /%ddVB at 48h or 10
mJ / cnt UVB at 24h, while BITC was shown to be the least potent. HaCaT cell
growth was also shown to reduce significantly after their treatment with all ITC
combinations buAITC.

2. Apoptosis: All ITCs studied in this chapter showed an increase of apoptotic cells
through the evaluation of caspase 3/7 activity, while AITC only showed an increase
of apoptotic cells after the treatment with 10 mJ # tiB and not with 5 mJ / cf
UVB. Moreover, treatments with combinations of UVB and PEITC, AITC, IBN and
SFN showed necrotic cells significantly high indicating damage to membranes, while
PEITC was shown to be the most potent. AITC reduced necrotic cells significantly
compared to 10 dV cnf UVB but not with the AITC alone, while BITC combination
did not show any increase to necrotic cells compared to the controls.

3. OLWRFKRQGULDO PHPEUDQH SHUPHDELOLW\ 0 P .
combinational treatments indicating intracelluROS induction and mitochondrial
G\WWIXQFWLRQ 6)1 DQG 3(,7& ZHUH WKH PRVW SRWI

4. ROS induction as the main mechanism of action of the combinational treatment was
shown to reverse after the addition of GSH strengthening the hypothesduoéd

viability being mediated by the induction of intracellular ROS.
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5. Cell Cycle: SFN, IBN and BITC were shown to arrestNGphase at 24h / 1J /
cm? UVB, when compared to the individual controls of UVB or ITC alone, while
PEITC significantly arreste@./M phase only when compared to UVB control. 48h
/'5mJ/ crMUVB only showed a significant £V phase arrest after treatments with
IBN and AITC when compared to their corresponding ITC controls. SubG1 phase
was arrested by SFN, IBN and BITC combinatidneatments at 24h, while similar
effect was shown by SFN, IBN, AITC at 48h. No effect on S phase was shown from
either ITC, while SFN and PEITC arrested G1 phase at 24h, when compared to SFN
alone control and UVB control, respectively.

6. The treatmentofdmJ/cmM 89% LQ FRPELQDWLRQ ZLWK —0
or PEITC are shown to be the most effective of the two treatments overall, with the
PRVW VLJQLILFDQW HIIHFW RQ FHOO YLDELOLW\

induction.

To the best of our knoedge this is the first time that this combination has been studied as
a therapeutic approach for psoriasis, aiming for further enhancement of the effect of the
individual parameters. Further research needs to be conducted to evaluate the exact role
the suggested treatment and whether the effect is additive or synergistic. Validation of the
findings of the current study using FAICR assay for gene expression of certain markers of
apoptosis, such as caspase 8,9 and 3, and western blot for protein expsesdi as Fas,

that indicates intracellular ROS induction, PARP cleavage and FLICE expression,
biomarkers that are shown to be affected by UVB. Moreover, further research on the effect
of the combinational treatment on Nrf2 target genes is required@n tor evaluate whether
ITCs, as indirect antioxidants, maintain their effect on a UVB exposed model. Furthermore,
the use of a different cell line and / or reconstituted tissue and / or human psoriatic skin

substitute, would provide a better and more detepunderstanding on the effect and
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mechanisms of the suggested theralpyvivo experiments, as a model that provides

inflammatory response, would also provide a more realistic effect of the treatment.
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6. The role of total ITCs derived from watercress powder in
combination with low dose UVB as a novel therapeutic approach

for psoriasis

6.1 Introduction

Psoriasis, an autoimmune disease characterised by inflamed skin with excess keratinocyt
cell production, has beelwoked at fom a more natural and environmentally healthy
perspective using plant extracts or naturally derived compounds, as described in the
introduction of chapteb. Moreover, UVB exposure is a known and widely used treatment
for psoriasis that although it has aagl response, it increases the risk for skin cancer as
described in chapterand5. On the other hand many plant extracts and their compounds
have been studied for their amflammatory(table 1.2)and antioxidant effects on cells of
relevant skin contlons, such as caffeic ac{luemsamran et al., 2012hikonin(Jing et

al., 2016)and the common grape vinéMarabini et al., 2020) Amongst cruciferous
YHIHWDEOHY JDUGHQ FUHVV D pFORVH UHODWLYHTY R
inflammation on HaCaT cells through a decrease of the psoriasigbidgmM HUV 9(*) 71
and 5 aplhaeductase type 27« UN R + O X H.Mrdadoli extracts are shown to reduce
erythema caused from UVB on human skin and mouse models througl ggplication

and through the increase of phase 2 enzymes, the indirect antioxidant pathway of ITCs

(DinkovaKostova et al., 2007; Talalay et al., 2007)

Watercress has also been studied for its beneficial effects on human health and disease. Tt
cruciferous vegetable that belongs in the family of Brassicaceae is also known with the
botanical nam&asturtium officinalgGiallourou et al., 2016)t is grown in areas that are

rich in water sources since their leaves float in water and it is categorized as an aquatic
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flowering plant. This plant is well known for its composition and high eantin
glucosinolates that form isothiocyanates when the leaves are chopped or ¢Bstegd,
2020) As described in chapte3, watercress is high igluconagtrtiin the precursor of
phenethyl isothiocyanate that is a known -aaicerous and antiflammatory
phytochemica(Hecht, 1995) Watercress is also known for its rich content in carotenoids,
flavonoids vitamins, such agro-vitamin U, C and K, and foits antioxidant and anti

inflammatory propertie§Gill et al., 2007) while it is usually consumed raw or stir fried.

Watercress dracts have been shown to inhibit MMP9Hmman MDAMB-231 breast
cancer celldn doses 0f0.1to 1 mg/ mL of plant extract(Rose et al., 2005)ncrease
apoptosis of cancer celed act in an antumor and antmetastatic mode through cell
cycle arrest and inhibition of DNA damagé +/ mL concentrationreducing DNA
damage by8% (Boyd et al., 2006)Moreover, ITCs contained in watercress extracts are
shown to act as indirect antioxidants through an increase in the detoxification enzymes
expression, such as phase Il enzymes leadingdiactien of free radicals, inhibition of
OLSDVIDXFRVLGIDWHODY® DV ZHOO DV GHRHARO praduddorR 1 71
(Rose et al., 2000; Schuchardt et al., 20T8@g antidiabetic effects of watercress have also
been studied and a reduction in blood sugar, leptin, total glucose, triglycerides and
cholesterol has been observed after the introduction of watercress extracts on diabetic ra
(Hadjzadeh et al., 2015; Schuchardt et al., 20R8priasis lesions have been treated with
cruciferous plant extracts containing ITCs and a significant improvement of deseiwas

shown(Sussan & Sussan, 2012)

The aim of this study was to combine low dose UVB and ITCs, with the aim udinmgla
strong effect when combined treatment that could negate the risk of skin cancer but lead tc
a significant improvement of psoriasis symptoms. Moreover, the aim of this chapter was to

validate the findings of chaptér and determine the role of naally derived ITCs in
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combination with low doses of UVB on HaCaT cells, as a novel therapeutic approach for

psoriasis.

Obijectives of this chapter:

To determine the role ofaturally derived ITCslone and in combination with low doses of
UVB on HaCaT cel growth, apoptosis and mitochondrial membrane permeability.

Specifically:

1. To evaluate the role of the therapeutic approach on HaCaT cell growth using the SRB
assay.

2. To evaluate the role of the therapeutic approach on HaCaT cell apoptosis through
caspase 3/7 activity.

3. To evaluate the role of the therapeutic approach on HaCaT cell mitochondrial

PHPEUDQH SHUPHDELOLW\ ORRNLQJ DW WKH OHYF

6.2 Results and Discussion:

6.2.1 Effect of combinational treatments of HaCaT cells with watercrdsscexand UVB,

and comparison with synthetic PEITC on cell growth.

The combinational treatment of 10 mJ /Zc819% D QG —0 RI ,7&V IRU K
from chapter5 as the most suitable condition for the treatment of HaCaT cells using
ZDWHUFUHVYV HIWUDFW LQVWHDG RI VIQWKHWLF ,7&V
ITCs from watercress extract, with or without the exposure at 10 n?JU¢B It is shown

tha the treatment with the combination significantly reduced cell growth at 43204%
when compared to watercress samples alone: 58.421% (p<0.01) or UVB alone: 88.68

“3.757% (p<0.0001) (figuré.1A). The morphological changes caused by the watescre
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extract to the cells are characterised by large patches of detached cells and cell materic
floating in the wells, while the combination showed a more severe damage with very few
attached cells on the bottom of the wells and large patches of apoptbtheerotic cells
floating in the media (figur®.1B). These observations were compared to the results of
PEITC on HaCaT cells, and in combination with the same intensity of UVB, shown in
chapter5. When comparing the effect of PEITC alone and watercresace alone, a
significant difference between the samples is observed with the latter further reducing cell
growth by approximately 20% (p<0.0001) (tabl&). Therefore, it is hypothesised that the
further reduction of growth is due to other unknown coomgs in the matrix of the
watercress extract, with PEITC being the major ITC in watercress. Moreover, it is important
to note that the watercress extract was not altered or adjusted chemically in order to fit the
cell growth environment, because the ainthis chapter was to provide a therapy approach
that does not require processing of the material but simple and natural processes for th
extraction and application. However, it is possible that the plant extract altered the pH of the
growth media, whileother compounds, such as plant proteins or minerals might have
affected cell growth, leading to cell growth reduction. PEITC was selected for the
comparison of the results collected from the SRB assay, since this ITC is the most dominan
from the total ITG found in watercreq§. L. Chung et al., 1992When the combination of

the UVB with watercress extract was compared with the one with PEITC, an approximately
10% further reduction is shown by the former (p<0.0001). It is generally seen that both the
VIQWKHWLF 3(,7& DQG WKH QDWXUDO H[WUDBWowWDYH

either alone or in combination with 10 mJ /ddVB, 24h after the treatmenfigure6.1)
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Figure 6.1 Effect of watercress extract on HaCaT cells and of its combination with 10 mJ /
cm2 U\B

Cells were treated with UVB and watercress extracbntaining complete DMEM was
added immediately after the exposure. Cells were incubated for 24h argtaseth was
measured using the SRB as§Ay. B: Microscopic representation of cells and comparison

of watercress extract with synthetic PEITC using ZOE Fluorescent Cell Intaigeistical
significance was sets *p < 0.05 **p < 0.01** p < 0.001,**** p < 0.00Q, relative to
corresponding camols ‘'DWD VKRZQ DUH PHDQV RI “@6mR3 WK

independent experiments.
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Table 6.1 HaCaT cell growth reduction caused by the suggested combination of 10 mJ /

FP 89% DQG —0 RI HLWKHU ZzZietw PRITCFUHVY H[WUDFW R
Sample Growth (%) “SD N
Control 100 3.65 3
10 mJ/cn? UVB 88.68 3.757 3
W. extract 50.40 5.021 3
W. extract
33.94 3.44 3

+ 10 mJ/cn? UVB

3(,7& —0 69.73 3.944 3

3(,7& —0
43.04 2.1 3
+ 10 mJ/cn? UVB

Data for synthetic PEITC were taken from chagier

It is possible that the effect of the plant extract has a more variable effect compared to the
synthetic PEITC, due to other ITCs present in the extract, and the overall composition of the
matrix of theplant. When watercress was used on HaCaT cells and other cell lines, such as
human microvascular endothelial cells, in a study where the angiogenic effect of the plant
extract was evaluated, a decrease in cell growth was shown, an observation thatidgrees w
our findings(Loboda et al., 2005After the treatment of lung carcinoma cells A549 with
nanoparticles that carry the plant extract, a decrease in cell growth was shownswéth 1C
—J P/ k-J P/ K BQG P+~J RI SO D@2k (AdiavarD FW
et al., 2021) Watercress extracts have not been widely studied on HaCaT cells, but studies
on breast cancer cells show a cell growth inhibiting effect of the plant extract through

alteration of ALDH1 (a marker of normal amdalignant human breast cells) and SOX9
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expressionAbbasi et al., 2018)SOX9 is a potein that is involved in the formation and
progression of tumors, and its inhibition shows -@aticerous effects. When broccoli and
watercress extracts were applied on breast cancer cells {MBA&31), both plants were
shown to reduce viabilitfRose et al., 2005Although the mentioned studies did not include

an incubation step for the hydrolysis of GSLs to ITCs;ME analysis showed the presence

of ITCs in the plant matrixesndicating a very rapid ITC formation immediately after the
homogenisation of the leaves. Similar effect was shown when watercress was applied or
other cells lines, such as human colon adenocarcinoma cells and human lung fetal fibroblast
confirming the ati-proliferative effect of watercre¢Boyd et al., 2006)Various extractions

were utilised for the extraction of total ITCs from watercress and the material was applied
on human colorectal atocarcinoma cell lines, reducing cell viability with andGf 50

—0 H[SUHVVH®&dd@uaq efd., 2016)Conversely, no changes on cell viability
were shown when watercress extract was applied on peripheral blood cells. Other plant:
extracts containing ITCs, such as meadowfoam, have also been used on human primar
epidermal keratinocytes, where cellsrevexposed to UVB and MPACN was shown to fall

to protect cells from viability reduction, while MBITC further reduced cell viability

(Carpenter et al., 2018)

6.2.2 Apoptotic effect of combinational treatments of HaCaT cells with UVB and watercress
extract.

For the evaluation of the effect of watercress extract on apoptosis of HaCaT cells, both the
synthetic and the natural extract were used. Apoptosis was evaluated through the caspa:
3/7 activity that indicates late apoptosis. It is shown that the waterexesct has the same
effect on apoptosis with apoptotic cells at'26 and necrotic cells at 413.85% when

compared with synthetic PEITC apoptotic cells: 22.8.83% and necrotic cells: 44.8
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3.25% (p>0.05). It is observed that the natural extnas slightly more apoptotic cells and

less necraotic cells, but this difference is not significant (fig.2&). The two combinations

of either the synthetic or the natural extract are shown to significantly induce caspase 3/7
activation compared to threlative controls (p<0.0001) (tabdel). Moreover, it is necessary

to note that the watercress extract had more debris that had to be excluded from the data ar
we hypothesise that this is the reason the growth assay is showing more reduced results wh

compared to the synthetic PEITC, while results on apoptosis are similar.

Little research has been conducted on the apoptotic effect of watercress extracts on HaCa

cells. However, in a study where nanoparticles that carried watercress extract were appliec

on lung carcinoma A549 cells, a significant increase of apoptotic cells was observed at
IRU —J P/ DQG DW , condertrations-signifi€ahtly higher than

LQ RXU VWXG\ ZLWK XVH RI ,whilethalexpfessipof pA3RBMDOAN, 7 & V

caspase 3 apoptotic biomarkers was also incrgéstchvan et al., 2021)
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Figure 6. 2 Cell apoptosis of the combinational treatments gsoriasis using PEITC or
watercress extract on HaCaT cells

Cells were treated with 10 mJ / €dVB on a thin layer of ice. Immediately after the
exposure, cells were treated with 281 of PEITC or watercress extract. The apoptotic and
necrotic cell population distribution was observed at ustelEvent Caspase 3/7 Green

flow cytometer assay kélong with DAPI and live, apoptotic and necrotic cells are shown
are shown apercentage beventgA) and (B) cell events (20,000 events/second) in scatter
plots. Statistical significance was sats *p < 0.0§5 *p < 0.01** p < 0.001,**** p <

0.0007 relative to corresponding cont®l 'DWD VKRZQ DUH PHDQV RI “6" |

from 3independent experiments.
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Table 6.2 Percentages and standard deviation of live, apoptotic and necrotic cells from the

FRPELQDWLRQDO WUHDWPHQWYV RI

ITCs in watercress extca

P- FP 89% DQG

Live cells Apoptotic cells Necrotic cells
Sample
% “SD % “SD | N % “SD | N
como | 79 | 1.41 54 | 2.26 3 | 1565| 2.19 3
we | 73.65| 1.48 1135 | 29 3 | 1495| 4.45 3
perc | 52.9 | 3.96 89 | 212 3 | 3065| 46 3
PETC* 1 274 | 0.99 228 | 283 3 448 | 3.25 3
uvB
W 54 | 3.96 11 | 212 3 29 4.6 3
extract
W.
exracts | 29 | 079 26 | 247 3 41 | 385 3
uvB

Statistical analysis was done using tweay ANOVA.

Similar observations were made when the pure form of PEITC, the dominant ITC in

watercress, was applied tumar promotersensitive mouse epidermal celind apoptosis,

along with p53 protein expression, were indu@@dHuang et al., 1998When watercress

extracts were used on various cancer cells, such as human lung fetal fibroblagtsdeSG

phase arrestvas observed, along with a reduced viability indicating inhibition of

FDUFLQRJHQHVLY DIWHU WUHDW P H QBYyd ¢t\WM.K2006)FHe R |

reduced cell count observed iretmentioned study also indicates potential effect of the plant

extract on apoptotic pathways that lead to reduced cell count, either through DNA damage
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or necrosis. Similarly, Gand S phase arrest was observed on human prostate cancer cells,
when mice wih the xenografted tumors were fed with a PEITC metabolite and an increase
of apoptosis through cleavage of poly AliBose polymeraséChiao et al., 2004)Poly
ADP-ribose polymerases are a family of proteins that are involved in programmed cell death
which are inactivated when caspase 3léawed and apoptosis takes place. On the other
hand, watercress was shown to reduce DNA damage on cancer cells through the increase
carotenoids, when the extract was introduced as a supplement on health{Gitldtsal.,

2007) Based on the above, watercress extract and synthetic PEITC, (as also shown ir
chapterb), induce apoptosis in various pathways and therefore, the goalad the effect

of their combination with UVB on the mitochondria is essential. It is suspected that the
combinational treatment acts synergistically and PEITC enhances the effect of UVB in
various ways, such as intracellular stress. To test this hggieththe mitochondrial
membrane permeability of HaCaT cells following the treatment of either watercress extract

or synthetic PEITC, in combination with 10 mJ /ddV/B was also studied.

6.2.3 Effect of combinational treatments of HaCaT cells with U\fi8l avatercress extract

on mitochondrial membrane permeability.

For further evaluation of the effect of the watercress extract on HaCaT cells apoptosis, wher
combined with 10 mJ / chlJVB, intrinsic apoptosis was also studied. The effect on the
mitochondrial PHPEUDQH SHUPHDELOLW\ WKURXJK GHSRODUL
1 stain and the mitochondrial dysfunction was expressed as a ratielohgtegates over

JG-1 monomers. Once again, as in secbdh2, synthetic PEITC was also included. It is
showvn that both the synthetic PEITC and the watercress extract equally increase the

PLWRFKRQGULDO PHPEUDQH SHUPHDELOLW\ WKURXJK
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UVB, as shown irfigure 6.3, while the effect is mildebut significantwith the absere of

UVB.

As mentioned in chapteb, mitochondrial membrane depolarization is caused by
intracellular ROS induction through Fas protein expreséi@irukh et al., 2014yvhich

leads to release of cytochrome C and the production of caspase 9 and procaspase 3, a
therefore it is possible that the watress extract is inducing apoptosis in such pathways.
As mentioned in sectioh.2.5, watercress extract induces apoptosis through various ways,
such as caspase 3 activation and cell cycle arr@st W K D IR U —J P/ D
IRU —JRIPZDWHUFUHVYV H[WUDFW DQGin anether Rudy D W |
(Adlravan et al., 2021; Boyd et al., 200@&Ithough the mechanism by which UVB is
inducing apoptosis is well knovand described in various parts of this thesis (ch@ped

5), the mechanism by which the combinational treatment is inducing cell apoptosis have not
been studied before for the treatment of psoriasis. It is possible that the synergistic effect o
the ombination is enhancing multiple pathways to apoptosis. PEITC is shown to act as an
antrinflammatory compound on various cells, an effect that comes in contrast with our
findings, since the phytochemical, either synthetic or naturally derived, it faileztitice

oxidative stress caused by UVB, based on the results of this study.
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Figure 6. 3 Mitochondrial membrane permeability of HaCaT cells after the combinational
treatments with 10 mJ /cm2 UVB and20 RI1 3(,7& RU P- FP 89% DQ

plant extract
Measurements were takah24h using flow cytometry. The number oflJ@&onomers and

aggregates were quantified as (A) the ration oflJ&ggregates over JC monomers and
(B) cell events in a scatter ploStatistical significance was sas *p < 0.05 *p < 0.01
*** p < 0.001,**** p < 0.0001 ns as not significantrelative to corresponding contrsl

'DWD VKRZQ DUH PHDQV RI ftagm Rndependenttexperntetis. FD W H V
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The potentially differentiated effect of the watercress extract on cell apoptosis and
mitochondrial function needs to be further explored by looking at apoptotic genes, such as
pro-caspase 9, and proteins expression, suchspases 3, 8 and 9, as well as oxidative and
inflammatory markers, such as cytokines (interleukins), through utilizatfoPCR and
western blots. Gilet al. 2007, showed that watercress extract, when supplemented, acts as
antioxidant through the increase of carotenoids and decreases DNA damage, tested wit
comet assay, in healthy adults, reducing the risk of ca@éret al., 2007) The ant
inflammatory effect of the same plant extract was shown in a study where watercress leave
extract was appdid in mice, on which psoriasis was induced using crotgi€ainponogara

et al., 2019) The postireatment of the diseased subjects with the extract reduced oedema,
cytokine levels, and NF% SURWHLQ H[SUHVVLRQ E\ UHYHD
inflammatory effect of watercress. In another study where the botanicplecohhAT1, that
contains watercress and it is used for its-arithmmatory effect, was used on patients with
Psoriasis a reduction of the disease was observed through the improvement of psoriasis are
and severity index by 75%\lex et al., 202Q)Moreover, the mentioned extract is shown to
inhibit VEGF synthesis in HaCaT cells, a growth factor that regulates neovascularization
and it a known marker of psoriagisoboda et al., 2005)rherefore, the anthflammatory

effect of the plant extract ondldiseased skin is a major indicator of the beneficial role of
watercress on psoriasis. However, it is still unknown whether the combination with UVB
maintains this ardinflammatory effect and whether the pastatment with the extract can
inhibit the cacinogenic effects of UVB but maintain the apoptotic effect. Moreover, ITCs
are known to for their antioxidant indirect effect through the induction of phase 2 enzymes
(Rose et a). 2000) and specifically the Nrf2 target genes, suchN&sD(P)H Quinone
Dehydrogenase (NQOJ1), Heme oxygenasg (HO1) and glutathione $ansferase pl
(GSTP1). Studies on Moringa extracts, a plant rich in ITCs, have shown the anti

inflammatory properties of the compounds on rat paw erythema by reducing the symptoms
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E\ QLWULF R[LGH- 12, —Bdtotal ITCs in Moringa and Nrf2
WDUJHW JH QfHiotal ITCs+Moringa (JajaChimedza et al., 201 9nd on mice
suffering from colitis symptoms, reducing-IL DQG-7H[SUHVVLRQ ZKLOl
colonic inflammation and primflammatorycytokines derived from the keratinocyt@s.

Kim et al., 2017) From the latter study it is also shown that the effects of ITCs can affect
keratinocytes not only when applied topicdbyt alsovia oral supplementation. The same
plant extract was used @b7BL/6Jmice to study the antliabetic effects of the compounds
contained in Moringa, and similar observations were made on levels of IDQ G -7 1)

(Waterman et al., 2015)

6.3 Conclusions

The combinational treatment DWHUFUHVYV H[WUDFW QDWXUDOO\
with 10 mJ / crd UVB studied in this chapter, to the best of our knowledge, is a novel
approach for the treatment of psoriasis. Although the two parameters have been shown t
have effects on the diage in various ways, such as antflammatory, antioxidant, anti
proliferative effect of the watercress extract and apoptotic and stress inducing effect of UVB
leading to reduction of cell viability, the current study has shown a cell viability reduction,
DSRSWRWLF HIIHFW DQG 0 P GHFUHDVLQJ HIIHFW RI1 V
chapter validates our findings from chap@eand the total ITCs found in watercress, based

on the similarity of effect of the natural extract when compared to the efféw synthetic
PEITC. However, due to the complexity of the plant matrix, further experiments are required
to evaluate the mechanisms by which the watercress extract in combination with UVB,
affects psoriasis biomarkers, such as VEBfperiments incluhg the expression of genes

and proteins that are involved in inflammation, such as interleukins and cytokines, and Nrf2

signaling pathways, to evaluate the effect on ROS induction are required in order to
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determine whether ITCs enhance or inhibit theafé¢ UVB on ROS induction and whether
the damage caused from the combination of them is due to oxidativeisthessd apoptosis

or other pathways are also activated.

This study provides the following significant findings:

1. +D&D7 FHOO JURZWkess extracO expie¥gad in PEITC significantly
(p<0.0001) reduced cell growth, while its combination with 10 mFA&wB further
(p<0.001) enhanced the effect (figure 5.1).

2. HaCaT cell apoptosis: The comparison of the combinational treatments using
wateacress extract or synthetic PEITC, reveals a similar effect of the two, on caspase
3/7 activation, increasing apoptotic cells significantly compared to the controls of
UVB alone and ITC alone (figui&2).

3. Mitochondrial membrane permeability: Significaretduction ofthe ratio of JEL
aggregates over JICmonomers 0 P RQ +D&D7 FHOOV IURP ZL

DQG VIQWKHWLF 3(,7& LV VKRZQ ZKLOH D IXUWKH L

when watercress or PEITC are combined with UVB.
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7. Final Discussion

7.1 Discussion on findings

Skin diseases are often characterised by inflammation of the skin either topically or in the
whole body and are accompanied by other symptoms, more specific to each disease
Phytochemicals have been widely studssd used in the treatment of skin disease, such as
dermatitis, photeaging, allergic reactions, and psoriasis, mostly due to their anti
inflammatory and antioxidant properties. The preference of phytochemicals over drugs for
the treatment of such skinmaitions is usually based on their low side effects on the patient.
Both topical and oral application of phytochemicals, either in a supplementation form or
through nutrition has been widely used and studied either for the prevention or supportive
therapyof disease. Vegetables are well known for their health benefits and support of the
immune system. Their absorbance, bioavailability and function is well studied. Cruciferous
vegetables, known for their high content in ITCs, have been studied for theis @fifieskin
cancer, photaging and other inflammatory conditioffrawan et al., 2009; Shibata et al.,
2010; Yehuda et al., 2012Although they are well known for their antioxidant andazan
preventive properties, their effect on cells and diseased skin is more complex. Their biphasic
effect on cell function and survival, such as the induction of phase Il enzymes increasing the
antioxidant effect of cells and the GSH cleavage, reducinguhigable antioxidants in cells,

is crucial on the development of a treatment. The above mechanisms depend on the IT(
concentration and the length of the exposure of cells to the phytochemicals. It is shown tha
low concentrations of ITCs act as antioxithin stressed cellular environment, such as after
UVR exposure, while their antnflammatory effects are shown to reduce such response
from cells(Dinkova-Kostova et al., 2007; Saw et al., 2011b; Xu et al., 2008)the other

hand, the artproliferative effect and their ability to induce ggosis on cancer cells makes

the phytochemicals good candidates for the treatment of skin cancer or other diseases th:
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the targeted reduction of cell viability or arrest of cell growth is deg@athaway et al.,

2000; Guerreroo HOWUIQ OXNKRSDZ K\D\ HW DO

In this study, the biphasic character and effect of ITCs was studied on human immortal
keratinocyte (HaCaT) cells, initially for their preventive effect on UviBuced damage as

a preventive mechanism against phaging, while their antproliferative effect and
induction of apoptosis, in combination with low dose UVB, is studied as a novel therapeutic

approach for psoriasis.

To understand the bioavailability of ITCs in vegetables, the quantification of total ITC
content in watercress was stutligchapter 3). Although current methods for the
quantification of isothiocyanates in cruciferous vegetables are well established, they are
utilising either expensive methods of analysis, environmentally and-com&uming
methods of extraction or both. the current work, an environmentally friendly, low cost
and simple method was developed, aiming to provide an industrially approachable
methodology that requires little training and expertise. The standard curves of five ITCs
studied in this work (SFN, IBNAITC, BITC and PEITC) gave a response factor from 0.028

to 0.035, indicating limited variation in the reaction of ITCs, while the limit of detection
(LOD) was1-60 g/ mL or 2400 M or 1-60 mg / g drymatter Compared to the literature

(Y. Zhang et al., 1992Yhe maximum LOD presented in the current work is significantly

higher with an actual confidence level of 98.4%.

For the determination of total ITC content in plants, watercressselasted amongst the
vegetables of its family, due to its high content in PEITC and the challenging volatile nature
of the ITC. Matrix component interference was examined, revealing a macromolecule
interference that was successfully resolved by the addifia clarification step that includes
addition of methanol and centrifugation, improving the reliability of the method by reducing
the coefficient of variation from 23.6% to 14% (n = 6). No fibre or metal interference is
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shown, while plastic is shown ftaterfere with the quantification due to the hydrophobic
nature of ITCs. The use of a glassware increased recovery of ITCs by 35% and-faide a 7
decrease in the corresponding coefficient of variation from 14% to 2%. The developed
methodology, with an 885% recovery, detected 1.54 —PRO JRI WRWDO
in freezedried watercress powder, while significantly higher quantities of 20.81 — PR O

/ g were detected in fresh watercress. To validate those findings, a hexane extraction protoce
was following according to the literatufRodrigues et al., 201@&nd similar detection was

shown (table3.3).

To further investigate the significant difference of detection between the -llededeand

the fresh watercress, exogenous myrosinase was added to thedfiedzample and a 10

fold increase in ITC content was detected, while samples of fresh vest®id not show a
significant increase in ITC content with the addition of the enzyme. As most researchers
have used exogenous myrosinase to initiate their extraction processes and detected high
levels of ITCs, compared to our findin{Sill et al., 2007) it is hypothesised that freeze
drying process and / or storage of watercress powder resulted in either loss or inactivatior

of myrosinase.

Current preventive methods of phedging are sunscreens that are separated into organic
and inorganic sunscreens and are widely used either solely for sun protection or in othel
cosmetic products to provide a solar protection fa@asparro et al., 1998)The effect of

plants or compounds found in nature and their application on potential products have beer
studied(Kostyuk et al., 2018)The aim of this work was to determine the effect of ITCs on

a UVB-induced model, in a concentration and time manner.

For the determination of the effect of ITCs on phating, SFN and PEITC were used a
UVB-inducedphotaagingmodel and cell viability was observed (chapterSFN has been
widely studied for its antioxidant and aimtflammatory effect and many studiesve shown
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that SFN protects HaCaT and human dermal fibroblasts from the UVB damage, while
limited research is conducted on the effects of PEITC on a fagig model. This is
probably due to the known toxicity of PEITC and its volatile nature that makeere
sensitive while handling and analysing. The two phytochemicals differ in their chemical
structure and while they are both shown to have the biphasic effects of ITCs, our findings

reveal a different response between the two.

For the optimisation athe photeaging model, various intensities of UVB (2.5, 10, 25, 50,
100 mJ / crh) were used for the exposure of the cells, witho B8.81mJ / cnt for 24h,
55.25mJ / cnt for 48h and 42.60 mJ / é&for 72h. 25 and 50 mJ / VB was considered
the two nost suitable intensities for further experiments on this model, with 6 concentrations
—0 RI HLWKHU RI W-Kdatnert Bf thé &V
photoaging model (figuret.1). SFN is shown to increase cell viability metphoteaged
HaCaT cells in most concentrations, and both UVB intensities, while PEITC is shown to
have no effect on cell viability at most low concentrations but does significantly increase
cell viability at 72h in the 50 mJ / dWJVB model, indicating aeparative effect. On the
RWKHU KDQG —0 RI 3(,7& ZDV VKRZQ WR IXUWKHU U
UVB model, indicating an opposite effect of UVB and PEITC compared to SFN (figh)ce
Although, ITCs are known to be toxic and have an-praliferative effect in high
concentrations, studies have shown tié@.V HIITHFW LV REVHUYHG LQ FFR
(Mantso et al., 2016; Mitsiogianni, Trafalis, et al., 2020Yhis study we showed even when
ITCs were used for the treatthQW RI FHOOV ZLWKRXW 89%
reduced cell viability at 24 and all concentrations at 48h, while SFN reduced cell viability
RQO\ DW D Q G 4.3y MerddtidgyUtHis effect is reversed when the same
concentrationvasusel on the UVBexposed model, increasing cell viability when compared
to the UVB control (figuret.4). Although SFN and PEITC are shown to have a different

response on the two pheaging models of 25 and 50 mJ /4ddVB, they are both promising
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compounds fothe prevention of UVB damage and their potential use in cosmetics and
products that aim to protect from UVB. However, the effect shown is not as strong as
expected and when compared to the literature. To evaluate this even further, shortel
timepoints wee included in our experiments and no effect was shown at 2h and 4h after the
UVB exposure AppendixB.2). Moreover, postreatments of the UVExposed cells were
conducted but no effect was shown. It is hypothesised that the length of the treatment of the
cells with ITCs has a crucial role on the effects of the phytochemicals on cell function and
that shorter treatment times could have a more protective effect on cells. However, this wa:s

not studied in the current work.

The effect of the two phytochemicatscombination with UVB on cell viability on HaCaT
cells, has also been evaluated as a novel therapeutic approach for psoriasis H¥hapter
Current treatments for the management of the symptoms of psoriasis include use of steroi
creams, vitamin D cream&JVB and UVA/Psoralen treatments and immunosuppression
+|QLIJVPDQQ 5 BB Afhodgh tHese treatments can be effective, there
are many limitations when it comes to duration or repeatability of the treaf(ireomn
Carrion et al.,, 2014)Cream treatments can lack efficacy on severe cases, while UVR
treatments are limited due to the risk of cancer development and the discomfort of the
potentially burntskin following the treatment. Immunosuppression, as the last and most
drastic treatment, is not an ideal solution for patients suffering from psoriasis, because of the
drug side effects and the risk of infections due to suppressed immunity and therefore,
aternative and natural therapies aesired. Current natural remedies for the improvement
of the symptoms of psoriasis include plant extracts and natural compounds that are showi
to reduce inflammation of the skin and have an antioxidant effect, leaxthg reduction
of the symptomgRahman et al., 2012However, these natural treatments are rarely
sustainable and effective to a degree that provides a satisfactory treatment and are used a:

side topical therapy in current established treatments, such as UVR and oral medication.
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The aim of this work wak use mild conditions of specific parameters (ITCs and UVB) that
have anegligible ormild effect on their own, but in combination are very effective. To the
best of our knowledge, this is the first time that this approach has been presented, tc
investicate the antproliferative effect of ITCs in combination with low UVB, to enhance

damage for use on psoriasis cells.

For the determination of cell viability after the combinational treatment of HaCaT cells with
—0 RI HLWKHU RI WKH WTNHBITCS REITE) And, 30t 10 mJ / ém
UVB, two assays were utilised; a metabolic (resazurin) and colorimetric (SRB) assay.
Results of both assays showed a reduction of cell viability and growth (approximately 15
20%) respectively, when using either o i Cs alone, with the combinational treatment of
UVB and ITC significantly reducing cell viability (2090%) and growth (20%0%)
further depending on the UVB intensity and timepoint, when compared to the relative ITC
and UVB control (figure$.4,5.5,5.6,5.7,5.8). From the five ITCs used for this work, IBN
and PEITC are shown to be the most potent phytochemicals when used either alone or i
combination with UVB, while BITC is also shown to have a mild effect (figuirg. On the
other hand, AITC is shvan to have no significant effect on cell viability or growth (figure
5.6). Overall, the resazurin assay showed a less severe effect of the treatments, whe
compared to the SRB assay where the difference between them was significant as mentione
above. Resaurin assay, as a method of measuring viable cells, indicates a good efficacy of
the novel therapy in reducing cells, while the SRB assay, as a method of measuring growt!
(proliferation) indicates an even stronger efficacy of the therapy on slowing d@wn th
progress of the disease and reveal promising mechanisms that could successfully tree
psoriatic lesions without severe side effects. In the case of our experiments the results wer
repeatable with relatively low standard deviation. 5 ITCs with 5 m3 L8 had an overall
lower and not significant effect on cell viability at 24h and the effect at 48h was similar to

the effect of 10 mJ/ chat 24h (figure$.4,5.5,5.6,5.7,5.8). The selection of the following
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conditions was considered suitable fattH GHWHUPLQDWLRQ RI DSRSWI

either 5 or 10 mJ ITCs with 5 mJ / éat 48h and 10 mJ / dmat 24h.

Apoptosis through the activation of caspase 3/7 by the selected treatments, showed
significant increase in apoptotic cells with IBN and'RE being the most potent ITCs in

line with viability assay. Interestingly, although AITC did not show a significant effect on
cell viability and growth on either of the assays (fighi®), an increase in apoptotic cells
was observed (p<0.05) at 24h afidd] / crd UVB (figure 5.11) Intrinsic apoptosis through

the mitochondrial membrane depolarisation leading to increased permeability, was studiec
RQ WKH VDPH FRQGLWLRQV VKRZLQJ D GHFWBHISE, RI G
5.16, 5.17, 5.18). Once again AITC showed a significant (p<0.0001) increase of
mitochondrial membrane permeability, an effect that was not shown during cell viability
assessment (figuel6). UVB is known to induce ROS formation and cause oxidative stress
to the cell leanhg to apoptosis, while ITCs are known for their indirect antioxidant effect,
through the induction of phase Il enzymes. Conversely, ITCs are shown to create cleavag
with GSH and therefore reduce the available GSH to act as an antioxidant during cellular
stress. This is possibly one of the mechanisms that ITCs enhance the effect of UVB, alonc
with an additive effect of the phytochemicals apoptotic inducive effect, in the case of this
work. Moreover, UVB is shown to increase Fas receptors in cells, letalingoptosis
through the caspase 8 activation, and induce ROS formation through BAX and BAK
pathways leading to cytochrome C release from the mitochondria to the intracellular matrix
and eventually activate caspase 9 and procaspase 3 that lead to afDpauiss et al.,

2017; Farrukh et al.2014; Paz et al.,, 2008; Van Laethem et al., 200dl) the above
mechanisms are hypothesised to work at least additively and create this enhanced effec

observed in the combinational treatments presented in this work.
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The effect of the suggested thesapic approach was further investigated, looking at
potential cell cycle arrest, and suby@hase arrest is shown at combinations UVB with either
SFN, IBN or BITC, while the increase of this phase is also shown when the PEITC
combination was used but thissnot significant, at 24h and 10 mJ P&vB (figure 5.19)

A decrease of &M phase is shown from combinations with SFN, IBN, BITC, while only
combination with PEITC reduced this phase significantly when compared to the UVB
control only. 48h and 5 mJ hé showed a milder effect on cell cycle with combinations of
UVB with SFN, IBN and AITC, increasing suh@®hase significantly, when compared to
both relative controls (figurg ,Q WKH OLWHUDWXUH —0 RI %,
G2/M phase at 24,8and 48 hours by 120%, while G/G; and S phases were reduced in
human melanoma A375.S2 ce{8. H. Huang et al., 2012t is shown that this cell cycle
arrest was conducted through multiple pathways of apoptosis and ROS indactioother
study, where fibroblasts and HaCaT cells were exposed to 10, 20 and 30 fiJVEma

G2/M phase arrest andu® phase arrest wals@vn, respectively at 24Farrukh et al., 2014;

Geng et al., 2011)

To further investigate the cause of cell cycleesir and apoptosis observed so far, the
presence of oxidative stress through ROS induction was studied. The DHR123 assay showe
a significant ROS induction at combinational treatments of BITC {24hmJ / crAUVB )

and IBN (48h- 5 mJ / cmd UVB), while the rest of the combinations also showed an
induction, but it was not significant (figute21). In a study where higher intensity of UVB

was used (50 mJ / @WVB) on HaCaT cells, a peak of ROS induction was observed at 24h
(Paz et al., 2008)The determination on whether the increaset! @aels (C&* stimulates

an activity that leads to increased levels of ROS) that were observed after the exposure @
fibroblasts and HaCaT cells to 10, 20 ana80 cn? UVB, by the addition of an antioxidant

mix of Troxol and ascorbic acid, confirmed thia¢ effect of UVB is caused by intracellular

ROS induction(Farrukh et al., 2014)in order to validate the above findings and further
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investigate the potential ROS induction caused from the combinational treatments, the
addition of GSH antioxidant was necessarge presence of GSH is shown to reverse the
effect of all treatments, including the effect caused by the controls alone, confirming that the
apoptotic effect is possibly caused by ROS induction. GSH is shown to mitigate the damage
caused from ROS and thdlogability levels remain unaffected from either treatment, when
cells were prdareated and podteated with the antioxidant (figu22). Once again, the
biphasic effect of ITCs was shown in the literature where in a study conducted from

.OHV]F]¢e ®N014, SFN and PEITC were used on HaCaT cells, and an upregulation

Rl 1Ul WDUJBBS, HOQ MYO1) was shown using RB&5 DW —0 RI E
LVRWKLRF\DQDWHY 2Q WKH RWKHU KDQG —0 RI WKH
effect .OHV]F]é&tal.N2013) 6LPLODUO\ —PRO O RI 6)1 LQFUH

GCS and HGL by 150% when applied on the same cell (Wagner et al., 2010The same
isothiocyante (1 —0 U H G X F H@ctivaiidh cdBsed by 250 J 7 idVB and an
increase of GSH and QR (quinone reductaserédu@squinones to semiquinonesd is
marker of phase 2 enzymesas observed at 24&Zhu et al., 2004) % ,7& DW —0
shown to increase ROS levels in a time depenuanier, in A375 cancer ce(lS. H. Huang

et al., 2012)Not much research is done on similar combinational models of ITCs and UVB
RQ +D&D7 FHOOV +RZHYHU ZKHQ 6)1 DQG rotecfive ZDV
effect on a UVB induced model (50 mJ /4dVB) an antiinflammatory effect was revealed
through the reduction of i -6 and COX2 in HaCaT cell{Shibata et al., 2010A
VLPLODU HIIHFW ZDV REVHUYHG RQ ILEUREODiNovted ZKH
(25mJ/crA) NF- % DFWLYDWLRQ DQG 003 H[SWHNMheRY.LQ D
Lee & Moon, 2012) ,Q WKH FRQWUDU\ WKH VDPH SK\WRFKHPL

cells from direct UVB (20 mJ / cihdamage&Benedict et al., 2012)

The findings of chaptes were validated in chaptérusing natural aqueous extract derived

from watercrespowder and results were compared using synthetic PEITC. The effect of
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watercress extract was studied on cell viability and extrinsic and intrinsic apoptosis through
caspase 3/7 activation and mitochondrial membrane permeability. The extract is shown tc
hawe a similar effect when compared to the synthetic PEITC. However, due to the observed
differentiated morphology of the cells, when treated with the natural extract, the exact

pathways and effect on cells, in combination with UVB, need to be further igaiesti

7.2 Study limitations and suggested future experiments
Further research is required to establish the therapeutic efficacy of the suggestec
combination therapy on psoriasis that is presented in this study and the potential reparative

effect of PEITC for the prevention of photaging.

7.2.1Total ITC content quantification

1. Although the suggested methodology was developed using a volatile ITC, it is still
to be confirmed whether the same method can be applied on other cruciferous
vegetables. Use other cruciferous vegetable extracts, such as broccoli, cauliflower,
and Brussel sprouts, to confirm suitability of the method for a variety of plants. It is
unknown whether this method has the same efficiency on the quantification of total
ITCs on plantsvith harder stems and leav@sis is possibly due to the chemical
structure of ITCs that varies depending on the phytochemical. BITC and PEITC are
shown to have similar chemical structure with similar effects on cell viability, as
shown in this study (@pter5). Moreover, challenges such as the volatility of the
phytochemicals needs to also be studies and considered for further evaluation anc
validation of the method developed.

2. Further validation of findings using GKIS, taking in to account the rapid

degradation of the cyclocondensation gmdduct that required specific storage
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conditions. Although experiments using @LS have been conducted for the
validation of our findings (appendi), the tested method failed to detect any ITCs

possibly due to thibw storage temperature.

7.2.3Photeaging

1. Use of other cell lines, such as pig keratinocyte cells or human dermal fibroblasts
would provide a rich evaluation of the effect of ITCs on the disease and therefore a
limitation of this study is the use of lgrone cell line. Fibroblasts produce collagen
and elastin proteins that create the protective network of the skin, while they are the
main markers of photaging. Moreover, the production of MMPs from the same cell
line is also an important biomarker ofigio-aging and its increase from UVB is
known to cause a further collagen degradation, resulting to a less robust extracellular
network.The effect of ITCs in the above biomarkers are imgutio be evaluated
in order to provide a better understandinghaf role of ITCs on gene expression.

2. RT-PCR analysis for the expression of the above biomareitagen, elastin,
MMPs) and western blot analysis for the expression of the proteins will provide a
better understanding on the effect of ITCs on plagimgand their potential use for
the prevention of the disease.

3. Use of reconstituted tissue would provide a more complete model, as well as the
inflammatory response that HaCaT cells do not provide. Moreover, tissue will
provide a better understanding of thetdbution of UVB and a more realistic
approach of the effect of ITCsReconstituted tissues have the benefit of
inflammatory response, a significantly important factor that can change and enhance

the findings of this project, through evaluation of inflaatory markers, such as
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Interleukin6 (IL-6), tumor necrosis factor alpha (Thfipha) and &eactive protein

(CRP)

7.2.4Psoriasigherapyusing synthetic ITCs

1. Further analysis on the induction of ROS by the evaluation of antioxidant Nrf2 target
JHQH H[SUHVVLRQ RU GRZGISHHXIOCaDIWFODA S K D
FRQGXFWHG |UR Rt aD2034] SFN AMNILPEITC were used on HaCaT
cells, and an upregulatR Q RI 1UIl W D-GG$ WOI,HNQ®LLY was shown
using RF3&5 DW —0 RI ERWK LVRWKLRF\DQDWHYV 2C
same isothiocyanates did not have the same effe@ HV]F]\ VNL HW DO
6LPLODUO\ —PRO O RI 6)1 RQGCSHDIMHEGHPIHA% OH Y
when applied on the same cell lil@agner et al., 2010)The same isothiocyanate
(- —0 UHGXFHQ@ctwaKdA cidsed by 250 J # VB and an increase
of GSH and QRL (quinone reductase redu@s quinones to semiquinonesd is
marker of phase 2 enzymesas observed at 24FEhu et al., 2004)

2. Extend the analysis to a psoriatic reconstituted tissbieh has the benefit of
inflammatory response, a significantly important fa¢chat can change and enhance
the findings of this project, through evaluation of psoriasis markers, such as CD4,
CD8 and VEGFWatercress extracts are shown to inhibit VEGF synthesis in HaCaT
cells, a growth factor that regulates neovascularization aackiftown marker of
psoriasisLoboda et al., 2005)Therefore, the anthflammatory effect of the plant
extract on the diseased skin is a major indicator of the beneficial role of watercress

on psoriasis.
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3.

RT-PCR and western blots for the evaluation of theafbf the combinational
treatment on HaCaT cells on VEGF expression, a main biomarker of psoriasis, as

well as inflammatory cytokines, such as IL -6, COX2.

7.2.5Psoriasis using watercress extract

1.

Further analysis on the induction of ROS usingegitthe addition of antioxidant,
similar to chapteb and by the evaluation of antioxidant Nrf2 target gene expression

RU GRZQUHJXO DGEZS,RQL MK FFOD V

. Use of different total ITC concentration on cells and comparison with the suggested

tredment.For a better evaluation of the effect of the combinational treatment, the
experimentation of multiple concentrations of It UVB on cells / reconstited

tissue is necessary.

Extend the analysis to a psoriatic reconstituted tite