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ABSTRACT

Urocanic acid (UCA), a histidine metabolite, is found in the stratum corneum protects
and modulates the immune system. Metabolism of photoisomerization trans-XJCA to
cisUCA is unknown. In 2001, Kinuta et al. (2001) proposed cissUCA metabolism
pathway but did not clarify the conversion of glutathione conjugates, GS(CIE) to
cysteine conjugates, Cys (CIE), leaving a critica mechanistic gap. The primary goal of
this study was to investigate the cisUCA metabolic pathway via conjugation with
sulphide-derivative chemicals to resolve this unknown phase. Briefly, Nuclear
Magnetic Resonance (NMR) metabolomic approach was used to study the reaction of
cis-UCA with various sulphide donors including N-acetylcysteine (NAC), glutathione
(GSH), L-cysteine, sodium hydrosulphide (NaHS) and sodium disulphide (Na22) in a
cell-free system. Next, a molecular docking analysis was performed to evauate the
interaction of glutathione-S-transferase (GST) with glutathione conjugate, followed by
bioassay analysis using Human Keratinocyte Cells (HaCaT). From the results, it was
found that cissUCA can readily react with the reactive sulphur species (RSS) donors
with no involvement of GST enzyme. A new compound named 4-imidazoleacrylic acid-
3-thiol was discovered when the cissUCA reacted with NaHS. Furthermore, although
the original pathway reported that the formation of these GS(CIE) and Cys (CIE) is
catalysed by GST, results show that both compounds can form even without GST,
indicating that the reaction can occur non-enzymatically. Next, through molecular
docking experiments, the GS(CIE) shows a greater binding affinity with GST than the
reference drug sulforaphane, implying a potential regulatory role of GS(CIE) towards
the physiologica function of GST. The in vitro studies showed that UVB exposure
together with cissUCA significantly reduced cell viability, athough the presence of
sulphide donors appeared to aleviate toxicity. This study gives new insight into the cis-
UCA metabolism and perhaps sheds light on the potentia role of UCA in genera as a
photo transmitter compound. Overall, this study illustrates that cissUCA engages in
non-enzymatic conjugation with RSS, resulting in the formation of novel metabolites,
4-imidazoleacrylic acid-3-thiol. Significantly, RSS co-treatment inhibited cis-UCA-
enhanced UVB cytotoxicity, confirming a protective role of sulphide donors. These
results modify the old GST-dependent model and endorse an aternate RSS-driven
pathway in cissUCA metabolism, with effects for UCA's role in UVB-induced skin
reactions.
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CHAPTER 1
INTRODUCTION

11 Resear ch Background

Urocanic acid (UCA) is a byproduct of histidine catabolism in the skin, liver,
and brain (Tuna, Sporkel, Barbatti, & Thiel, 2018). It serves as a primary epidermal
chromophore localised within the stratum corneum and exists as its trans isomer. UCA
can undergo UV-induced photoisomerisation from the trans-UCA to the cissUCA form
in a dose-dependent manner, ultimately reaching a photo-stationary state, which
consists of approximately 60% of cissUCA (Hart & Norval, 2021a; McLoone €t al.,
2005). The hdf-life for this compound is approximately 12 days, asit can be excreted
in the urine. This compound can persist on the skin for approximately 3 weeks after
exposure and acts as a natural sunscreen to protect the skin (Kammeyer etal, 1997).

Urocanase is an enzyme responsible for breaking down trans-urocanic acid
(trans-UCA) into other metabolites that can be utilized in other pathways, such as the
glutamate synthesis pathway (Yu etal, 2022). This enzyme is found exclusively in the
liver and brain, and its absence in human skin led to cissUCA accumulation. This
accumulation has been associated with immunosuppressive activity and alteration in
cellular antioxidant balance. Previous research suggests that cissUCA may increase
reactive oxygen species (ROS) levels and reduce the activity of glutathione-dependent
antioxidant enzymes, including catalase and glutathione reductase, in keratinocytes
(Kaneko et al., 2011). Under Ultraviolet B (UVB) irradiation, characterized by
heightened glutathione depletion and oxidative stress (Panich et al., 2016), the buildup
of cisUCA may further compromise the antioxidant defense system, consequently
affecting inflammatory and stress-response signalling.

It was initidlly believed that UCA could act as a natural sunscreen, as it can
absorb UV radiation, thereby protecting against cutaneous disease. However, it was
subsequently discovered that the cis isomer could induce immunosuppression of the
skin, leading to other diseases, such as skin cancer, atopic dermatitis, and urticaria (Hart
& Norval, 2021b; Pham et al., 2017). Additionaly, cissUCA induced apoptotic cdll



death in human keratinocyte cells by generating intracellular reactive oxygen species
(ROS) through the epidermal growth factor receptor (EGFR) signaling pathway
(Kaneko etah, 2011). The formation of ROS plays a vital role in oxidative stress, which
can lead to cellular damage and inflammation. In this context, reactive sulfur species
(RSS), such as hydrogen sulfide (H2S) and other poly sulfides, can interact with ROS
and have been shown to play acrucia role in regulating oxidative stress and modulating
cellular redox status (Munteanu et ah, 2023), making them a vital component in
understanding skin reactions to UV radiation.

Reactive sulphur species (RSS) are well known to be endogenously produced in
abundance in many species (Iciek et ah, 2022), and they exist in various poly sulfide
forms with distinct redox-active or reactive chemical properties (Lau et ah, 2019).
Given the crucia regulatory and protective function of RSS, it is evident that any
disturbance in their balance can result in certain pathological diseases. Impaired sulphur
or redox signaling leads to atopic dermatitis, wherein oxidative stress and altered thiol
metabolism contribute to epidermal barrier faillure (Bertino etah, 2020). Altered sulfur
species and glutathione imbalance are associated with psoriasis, a disorder
characterized by increased generation of ROS and dysregulated keratinocyte redox
sgnaling (Dobrica et ah, 2019). These examples highlight the importance of
maintaining balanced RSS levels to support normal cutaneous physiology. Hydrogen
aulfide (H2S), an example of RSS, sarves a pivota role in the skin, including
vasodilation, wound healing, and the management of conditions such as psoriasis and
melanoma. H2S exerts its antioxidant effect on the skin by reducing intracellular ROS
production, improving skin conditions in diabetes mellitus wound healing (Denizalti,
2024).

The role of cissXJCA as a regulatory element for skin health needs more
elucidation. Therefore, this study aims to investigate the metabolism of cis-XJCA. A
study was conducted to investigate the capacity of organic and inorganic sulphide
donors, including N-acetylcysteine (NAC), glutathione (GSH), L-cysteine, sodium
hydrosulphide (NaHS), and sodium disulphide (Na2S2), particularly the persulphide
compounds, to react with cis-XJCA in the presence of UVB irradiation. This aims to

enhance understanding of the role of cis-XJCA in maintaining skin heath. The



conjugation of cis-UCA with GSH, mediated by GST, has been proposed as the primary
elimination pathway of UCA from the body via sweat or urine (Kinuta et al, 2001). In
contrast to the GSH conjugation pathway, super sulphides can directly form conjugates
with electrophiles without the need for catalytic actions (Zhang et al., 2024), such as
those mediated by GST.

Due to the limited information on czZsUCA-sulfide derivative conjugation,
further exploration of the UCA metabolism pathway is imperative, particularly in the
skin. There is a potential presence of various cissUCA and sulfur derivatives in an
interactome, detectable through nuclear magnetic resonance (NMR) spectroscopy. This
experiment was further extended to perform a molecular docking anaysis between
GS(CIE) and GST to explore the potential binding interactions concerning GST binding
affinity and its mechanism. In addition, the viability of HaCaT cells was observed after
being treated with cisUCA and a sulphide donor. The czZsUCA-aulfide derivative
interactome is expected to provide promising new insights into the underlying
mechanisms of skin-related conditions.

12 Problem Statement

UCA is a naturaly occurring chemica on the skin with photoprotective
properties (Ali Musa etal., 2025). UV radiation's isomerisation of trans-UCA to the cis
isomer is the key step in initiating skin pathogenesis (Wei, 2019). Cis-UCA is then
excreted through urine and sweat in a polar foom of czZsUCA-sulfide derivative
conjugate (Kinuta et al., 2003). However, skin-related diseases and hypersensitivity
appear to be inversely correlated with the amount of cissUCA in the skin after exposure
to UV radiation. CissUCA has been associated with immunosuppressive effects in the
skin, including impairing Langerhans cell function via Tumour Necrosis Factor-alpha
(TNF-a) pathways and promoting oxidative stress through ROS generation (Gibbs &
Norval, 2011). However, contradictory evidence suggests it may aso exert context-
dependent protective functions. This contradictory data highlights the need for more
mechanistic research, especialy to ascertain whether interactions with reactive sulfur
species or UV B-induced redox modifications influence the dua biological behavior of
cissUCA. While cissUCA has been linked to UV-induced immune suppression and
potential DNA damage in cutaneous models (Mathews etal, 2011), studies in non-skin



tissues, such as retina pigment epithelia cells, have shown anti-inflammatory activity
and protection against UV B-induced inflammasome activation and genotoxicity (Lu et
ah, 2021). This contradiction raises questions about the different effects of cissUCA,
specifically how conjugation with RSS may affect its biological activity and ater its
function in skin health, shifting from harmful to protective.

A preliminary analysis was conducted to understand the intertwined relationship
between the cissUCA and UV irradiation in relation to the in vitro skin model, the
HaCaT cdl line. In this experiment, treatment with cissUCA alone, without exposure to
UV, can reduce the viability of the in vitro model. This result suggests that the
accumulation of cissUCA may potentially degrade the physiological function of healthy
skin. Indeed, exposure of the subjects to UV irradiation aone resulted in a significant
reduction in the number of hedlthy cells. However, exposure of the cels to UV
irradiation and cissUCA exhibited better cellular survivability. Interestingly, the
combination of a sulphide donor, cissUCA, and UV irradiation further improves the
survival of the cells. Based on these experiments, the potential interaction between UV
irradiation, UCA, and endogenous RSS requires further examination.

In addition, despite the pathway that was proposed by Kinuta et ah (2001), the
underlying mechanism by which the GS(CIE) is converted into the Cys(CIE) remains
to be elucidated. It requires empirical evidence, as they did not explain or prove the
proposed process between GS(CIE) and Cys (CIE) formation. Despite the unresolved
nature of the cissUCA metabolism pathway, researchers have heavily relied upon the
incomplete pathway since 2001, underscoring the need for further clarification. This
demonstrates that this pathway holds paramount importance for ensuring the integrity
and accuracy of scientific inquiry in this fied. Hence, it is essentia to revisit and
conduct athorough investigation of the pathway study to enhance our understanding of
cissUCA metabolism.

Moreover, Kinuta's proposed pathway demonstrates biochemical constraint as
the GS(CIE) to Cys (CIE) demands substantial energy to remove two amino acids.
glutamate and glycine. This mechanistic difficulty process poses practica challenges
and concerns about the pathway's biological plausibility and metabolic feasihility.



Unravelling this can bridge a sgnificant information gap regarding the cissUCA
metabolism pathway. This study has the potential to uncover novel insights into its
underlying mechanisms and, most importantly, to untangle the probable misunderstood
cis-UCA metabolism pathway, which will pave the way for future investigations in this
fidd.

13 Research Objectives

The increasing prevalence of skin-related disorders due to UV irradiation has
sgnificant implications for globa public health and healthcare systems. Despite the
extensive research in this field, a notable gap exists in our understanding of cissUCAs
physiological role and pathological responses, particularly its function in counteracting
UV radiation. Generally, this study aimed to bridge the gap by conducting amechanistic
anaysis of the metabolism of this ciss=UCA compound, focusing on the cellular response
to UVB irradiation in human keratinocyte (HaCarT) cdl lines. Specific objectives were:

a) To characterise the interaction of cissUCA and various sulphide donors in a
cell-free system using Nuclear Magnetic Resonance (NMR)

b) To analyse the potentia binding interactions between glutathione conjugate
GS(CIE) and glutathione-s-transferase (GST) through a molecular docking
study.

c) To measure the cytoprotective effect of cissUCA-RSS conjugates in the human
keratinocyte (HaCaT) cdl line irradiated with UVB using a cdll viability assay.

14 Research Question

i) How isthe interaction between cis-UCA and various sulphide donorsin a cell-
free system observed?

i) How does the glutathione conjugate GS(CIE) possibly interact with
glutathione-s-transferase (GST) a molecular level?

iii) What is the possible impact of cissUCA and sulphide donor treatments on cell
survivability in human keratinocytes (HaCaT) cell lines exposed to UVB

irradiation?



15 Significance of the Study

This study attempts to deepen the understanding of the ciss=UCA metabolism
pathway and explore its potential role in skin health. Results from this study might be
helpful as potential preventative and therapeutic measures for UV-induced skin-related
illnesses, especially photoaging and atopic dermatitis. Acquiring knowledge of this
pathway may contribute to the development of skin health remedies that protect against
damage caused by UV radiation, especiadly in areas with a high UV index. In the long
run, having this knowledge could encourage people to take proactive measures to
safeguard their skin and mitigate the risk of developing UV-related skin diseases.

Other than that, findings from the proposed study will establish new
perspectives on the vital role of czZsUCA-sulphide donor-UV interactome as a
determining factor between hedthy and pathological skin. Understanding the
biochemistry behind the skin's photoprotective processes will significantly impact the
development and effectiveness of skin care products. The frequency of UV-related skin
conditions, including atopic dermatitis and photoaging, continues to grow despite
technological advancements. Therefore, a deeper understanding of skin biochemistry
could pave the way for creating more effective and tailored skincare solutions,
addressing the growing demand for protection against UV-induced skin damage.

Furthermore, this study aims to understand the skin metabolite cissUCA, which
is well-known for its role in UV protection, as it provides crucia information on how
cisUCA can be leveraged to enhance skin health and prevent UV-induced skin
disorders. This sudy may help identify biomarkers for skin diseases, with a focus on
atopic dermatitis. It could pave the way for developing new detection kits for early
diagnosis and intervention. Early detection is crucial for effectively managing
symptoms, reducing inflammation, aleviating discomfort, and improving the quality of
life for individuals affected by these conditions. Healthcare professionals can
implement timely interventions to control and manage the severity of the disease
progression by pinpointing specific biomarkers indicative of these diseases at an early
age. This research contributes to the scholarly understanding of a crucial biological
compound and represents a significant step toward the globa pursuit of sustainable
health, particularly in the realm of dermatological well-being.



CHAPTER 2
LITERATURE REVIEW

21 I ntroduction

UCA is a natura metabolite in the epidermis that exists in a trans state and
contributes to the skin barrier function. This compound is crucia for shielding the body
from infections, externa threats, and UV light. Generally, it helps with pH regulation,
immunological modulation, and UV absorption (Hart & Norval, 2021a). The enzyme
histidase converts L-histidine into trans-UCA, the main isomer in the stratum corneum
(Norval, 2001). Upon UV exposure, trans-XJCA undergoes photoisomerisation into cis-
UCA, dltering its biological activity (McLoone etah, 2005). In addition to its function
as a UV-absorbing molecule, cisUCA has been linked to severa UV-related skin
diseases, including inflammatory skin disorders, skin cancer, and photoaging (Peltonen
etal., 2014).

Although cissUCA has long been classfied as an immunosuppressive agent
(Gibbs & Norval, 2011), new research suggests that it may also have a dual function in
disease pathogenesis and skin protection, highlighting the ambivalent nature of this
molecule. According to new research, it plays a role in immunological signaling
pathways that lead to skin aging and disease progression, including those involving
oxidative stress, inflammatory cytokines, and matrix metalloproteinases (MMPs)
(Verma et ah, 2024). This literature explains the photobiology, metabolic pathways,
and pathological implications of cissUCA, focusing on its conflicting functions in skin
health and disease.

The molecular composition of cisUCA and the differences in chemica
structure between trans-UCA will be discussed first to provide a groundwork for a
thorough understanding of its function in skin physiology. Chemical structures shown
in Figure 2.1, where cissUCA with molecular formula CBHEN202, also known as
imidazole-4-acrylic acid, is a histidine derivative characterised by animidazole ring and
a propenoic acid side chain. The difference between trans and cis forms is that, in the
cis form, the double bond between the second and third carbon atoms is in the "cis'



configuration, meaning that the hydrogen atoms attached to the carbons on the double
bond are on the same side, creating a bent shape (Norval, 2001).
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Figure2.1 Chemica Structures (&) Trans-UCA and (b) CZsUCA was Generated
usingRCSB.org

UCA is found at uniquely high levels in the stratum corneum, the outermost
layer of human skin, with relatively constant concentrations in various body sites. In
2017, a study by Pham et al. found that the UCA leve in patients with chronic
spontaneous urticaria (CSU) and atopic dermatitis was higher than in the normal control
group. This suggests that the accumulation of cis-XJCA on the skin is associated with
the development of certain skin diseases in patients. UCA is a product of the amino acid
histidine, formed by the enzyme histidase as a trans-isomer. This compound can be
photoisomerized from transsUCA form into cissUCA form in a dose-independent
manner (McLoone et al, 2005). UCA is an endogenous molecule of skin, an essential
component of hygroscopic and pH-regulating materials, and a photoprotective agent in
our skin (Peltonen etal, 2014). This compound is a significant absorber of UV light in
the skin and acts as a natural sunscreen (Verma etal, 2024).

2.2 Skin Structure

The skin is the largest human organ, acting as the primary defense against the
environment (Denisow-Pietrzyk et al, 2021). It not only acts as a barrier but also hosts
molecules that maintain structural and biochemical integrity (Baker et al, 2023). Its
functions include temperature regulation and protection against ultraviolet (UV) light,
trauma, pathogens, microorganisms, and toxins (Prohic, 2024; Mirzayev, 2025). The
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skin aso plays a crucia role in immunologic surveillance, sensory perception, the
control of insensible fluid loss, and overal homeostasis (Lopez-Ojeda etal., 2022).
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Figure 2.2 Schematic Representation of Human Skin Anatomy Showing the
Epidermis, Dermis, and Hypodermis by Johns Hopkins Medicine (n.d.)

Human skin is highly adaptive, with varying thicknesses and specialized
functions at different body sSites (Peate, 2021). As shown in Figure 2.2, of skin anatomy,
it consists of three layers: the epidermis, dermis, and hypodermis (Milner, 2023). One
of the key components that helps to build and strengthen the skin is histidine (Holecek,
2020; Solano, 2020). The metabolism of histidine occurs in the stratum corneum, where
histidine will break down into histamine and urocanic acid. Histidine and its metabolite,
specificaly, urocanic acid (UCA), can be found in high concentrations in the stratum
corneum, the outermost layer of human skin (Musa etal., 2025). Given that the stratum
corneum has a high amount of UCA and absorbs the mgority of incoming UV radiation,
this layer becomes the predominant site where UV-induced photoi somerization occurs.
Understanding UV-skin interactions is therefore critical for interpreting UV-induced
skin responses.

2.3 Ultraviolet Radiation (UV) and Skin Photobiology

Ultraviolet (UV) radiation is a crucia environmental factor influencing skin
biology. Inthe environmenta context, UV isthe most significant controllable risk factor
for skin cancer and many other environmentally influenced skin disorders (D'Orazio et



al, 2013). However, ultraviolet radiation also promotes human health by facilitating the
natural synthesis of vitamin D (Mo etal, 2025) and endorphins in the epidermis (Kim
etal, 2023); consequently, UV exposure has both beneficial and detrimental effects on
human health. Nonetheless, excessive exposure to ultraviolet radiation poses significant
health risks, including tissue atrophy, pigmentary alterations, wrinkles, and
malignancies (D'Orazio et al., 2013).

The primary source of UV radiation is solar radiation, aso known as sunlight
(Galagher et al,2010). As a segment of the electromagnetic spectrum, ultraviolet
photons occupy the range between the wavelengths of visible light and gamma radiation
(Vollmer, 2021). There are three types of UV radiation: Ultraviolet A (UVA),
Ultraviolet B (UVB), and Ultraviolet C (UVC), which differ in wavelength and
penetration according to their electro-physical properties (Mohania et al, 2017;
Hamouda et al, 2022). UV-C photons possess the shortest wavelengths (100-280 nm)
and the highest energy, while UV-A photons have the longest wavelengths (315-400
nm) and the lowest energy, with UV-B occupying the intermediate range (280-315 nm).
Each component of ultraviolet radiation can influence cells, tissues, and molecules in
diverse ways (Mohania et al, 2017).

Moreover, due to air ozone that absorbs UVC, ambient sunlight primarily
consists of UVA (90%-95%) and UVB (5%-10%). Ultraviolet radiation penetrates the
skin in a wavelength-dependent manner (Welch et al,2022). Longer wavelength UVA
penetrates deeply into the dermis, reaching significant depths (Finlayson et al, 2022).
UVA effectively produces reactive oxygen species that can harm DNA through indirect
photosensitizing mechanisms (Brem et al, 2017). Conversely, UVB is predominantly
absorbed by the epidermis, with minimal penetration into the dermis (Reich & Medrek,
2013). UVB has the most direct impact on epidermal cells dueto its limited penetration
depth and strong absorption by nucleic acids, proteins, and endogenous chromophores
(Song et al, 2025). It is directly absorbed by DNA, which induces molecular
rearrangements, creating specific photoproducts, such as cyclobutane dimers and 6-4
photoproducts (Shakeel et al, 2025). Mutations and cancer may arise from numerous
alterations to DNA.
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Furthurmore, UVB radiation generates a range of photochemica and
physiological responses in the skin, including DNA photolesions, oxidative stress, and
modulation of immunological function (Gromkowska-Kepka et ah, 2021). Due to the
epidermis absorbing the bulk of UVB photons, compounds inside this layer, including
UCA, undergo direct photochemical changes when exposed to sunlight (Gibbs et ah,
2008). UCA, which was generated from histidine metabolism in the epidermis, is a
significant UV-absorbing chromophore in the stratum corneum (Ali Mua et ah, 2025).
UVB irradiation transforms trans-UCA to its cis isomer through photoisomerization
(Peltonen etah, 2014), a mechanism that has been well characterized and connected to
downstream immunological consequences

24 Metabolic Pathway of O"UCA

The outermost layer of skin naturally contains UCA, an important intermediary
in histidine metabolism. The histidase enzyme catalysed the deamination process from
L-higtidine to produce transsUCA as the main product (Norval, 2001). Histidine
decarboxylase catalyzes the conversion of histidine to histamine via an enzymatic route,
whereas this activity occurs independently (McLoone etah, 2005).

Upon exposure to UV radiation, transsUCA undergoes dose-dependent
photoisomerization into cissUCA (Peltonen etah, 2014). The transition impacts UCA's
immunomodulatory properties, which affect skin inflammation and immunological
function. The primary metabolic fate of ciss=UCA involves its conjugation with GSH,
catalysed by GST, forming GS(CIE) and leading to the formation of a Cys (CIE). The
hydrophilicity of these molecules is increased by these alterations, allowing excretion
through sweat and urine (Kinuta et ah, 2003). Upon exposure to UV radiation, the UCA,
in its transsUCA form, converts to the cissUCA form in a dose-dependent manner
(McLoone etah, 2005). The metabolic pathway of cissUCA is outlined in Figure 2.3.
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Figure 2.3 The Metabolic Pathway of UCA in the Skin was Generated using
RCSB.org

Furthermore, the reaction between cissUCA and RSS was discussed in a 2001
research paper by Kinuta et al. In the experiment, they discovered the conjugation of
GSH and cissUCA molecule in rat liver in the presence of GST. This wasthen further
analysed, and they concluded that Cys(CIE) can be formed by the GS(CIE) degradation
process, which causes this to be excreted in the urine. In addition, the adduct of L-
cysteine, S-[2-carboxy-1-(1H-imidazol-4-yl) ethyl]-L-cysteine (Cys(CIE)), was
successfully isolated from human urine. This compound was the same as that formed
from the GS(CIE) degradation (Kinuta et al.,2001). The metabolism pathway of cis-
UCA involvesthe conjugation of ciss=UCA with glutathione (GSH) through the catalysis
of glutathione-S-transferase (GST). This results in the further degradation of cissUCA
to form a cissUCA-cysteine conjugate (CysSH), which renders the compound polar and
facilitates its rapid excretion from the body via sweat and urine (Kinuta et al., 2003), as
shown in Figure 2.4.
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Figure 2.4 The Metabolism Pathway of Cis-XJCA was Generated using RCSB.org

25 Photobiology of O*"UCA

The photobiology of cis-XJCA is complex, with both protective and harmful
effects depending on its quantity, epiderma location, and the redox date of the
surrounding microenvironment. As a UVB photoproduct, cis-XJCA absorbs ultraviolet
photons in the 300-310 nm range and can release some of the absorbed energy
harmlessly as hesat, thereby decreasing the penetration of potentially harmful UV
photons into deeper skin layers (Gibbs et ah, 2008). This suggests a potential
photoprotective role under controlled physiological conditions. However, excessive or
prolonged accumulation of cissUCA, particularly in chronically UV-exposed skin, has
been related to phototoxic and immunosuppressive effects (Hart & Norval, 2018). Table
2.1 shows a summary of the possible protective and harmful effects of cis-XJCA.
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Table 2.1

Possible Protective and Harmful Effects of CissUCA

Category Effects Description References
Possible Photo-transmitter or Acts as aUVB-responsive (Norva e/al., 2002)
Protective photoreceptor role chromophore influencing
Effects of cis- phototransduction signalling in the
UCA skin; it may fine-tune adaptive
photobiological responses.
Anti -inflammatory ~ Reduce excessive inflammatory (Gibbs & Norval,
modulation signalling and dampen cytokine 2011)
(context-dependent) overactivation.
Homeostasis Maintaining barrier homeostasis (Norval et al., 2002)
regulation within the stratum corneum.
Possible Phototoxic and Suppresses Langerhans cell (Norval et al., 2008;
Harmful immunosuppression activity, T-cell responses, and Gibbs e/al., 2008)
Effects of cis- systemic immunity following
UCA exposure to UVB radiation.

Contribution to UV-

Primary mediator linking UVB

(De Fabo & Noonan,

induced exposure to downstream 2002)
immunosuppression immunosuppression.
Interaction with Triggers cytokine-dependent (Gibbs & Norval,

suppression pathways (e.g., TNF-a 2011)
mediated Langerhans cell

depletion).

inflammatory /
stress pathways

At low physiologica concentrations, cisUCA has been shown to affect
immunological responses by changing cytokine secretion patterns, decreasing contact
hypersensitivity, and regulating epidermal Langerhans cell density and function (Norval
etal, 2008; Gibbs etal, 2008). However, at higher concentrations or after continuous
UV exposure, cissUCA can increase oxidative stress, promote the persistence of UV-
induced DNA lesions, and reduce the effectiveness of nucleotide excision repair
mechanisms (Damian et al., 1997; Mooney et al., 2020).

Photoisomerization of the cissUCA is reversible, and the radiation dosage does
not affect it. However, the urocanase enzyme, which is responsible for the degradation
of UCA, isonly present in the liver and brain (Zhu etal., 2018). The lack of this enzyme
in human skin results in the accumulation of cis-=UCA following exposure to UV (Hart
& Norval, 2021a; VieyraGarcia & Wolf, 2021). CissUCA is primarily eiminated
through urine and sweat, with peak levels occurring 5 to 12 hours after exposure to UV
radiation and persisting in the body for 8 to 12 days (Kammeyer et al., 1997).

14



UCA plays a dgnificant role as a potent UV-absorbing compound in the
outermost epidermal layer of human skin (Musa et al.,2025). Consequently, it has been
widely believed that its primary purpose isto serve as aUV filter, safeguarding against
DNA damage. Initialy, trans-XJCA was added to the sunscreen formulas. Nevertheless,
daily exposure to UV irradiation with topically applied trans-XJCA in mice increased
the incidence of UV-induced tumours and the degree of malignancy (Reeve et al.,
1989). This might contribute to the immunomodulating effects of cissUCA. Thus, czs-
UCA has been linked to skinrelated pathological processes, including
immunosuppressive effects and changes in cellular antioxidant balance following
exposure to UV radiation.

2.6 Pathological Implications of Oy-UCA on Skin

2.6.1 Skin Cancer

UV irradiation has been considered the primary cause of skin pathological
conditions, particularly skin cancer (Laikova et al., 2019). Hence, the first UV
sunscreen was developed in 1928 to prevent skin cancer. Nevertheless, according to the
Canadian Cancer Society's Advisory Committee on Cancer Statistics (2015), despite
the introduction of this revolutionary product, there was no substantial decrease in the
incidence of skin cancer. Since the mid-1980s, cissUCA has been traditionaly viewed
as an immunosuppressive agent that potentially hinders tumor control. This UVB-
activated photobiologica pathway produces czssUCA, an immunomodulatory molecule
that inhibits normal skin immune signaling and contributes to local immune
suppression, potentially hindering tumor control.

Despite UCA being recognized as a UV photoreceptor years ago and its well-
documented role in immune suppression, the specific mechanism of action is dill
unknown. Czs-UCA induces oxidative DNA damage and the expression of genes related
to apoptosis, cel growth arrest, and oxidative stress in cultured human keratinocytes
(Kaneko et al,2011). It inhibits tumor antigen presentation by Langerhans cells and
reduces skin tumour incidence in UVB-irradiated mice treated with a czs-UCA-specific
monoclona antibody (Barres etal., 2011). Studies have shown higher czssUCA levels



in sqguamous cell carcinoma biopsies and increased cis-UCA production in patients with
a history of skin cancer following UVB irradiation (Decara et ah, 2008)

Moreover, cissUCA has been linked to the development of UV-induced skin
malignancies due to its immunosuppressive properties and interference with DNA
damage repair. After UVB exposure, cissUCA accumulates in the stratum corneum and
inhibits the activity of epiderma Langerhans cells, which are essential for beginning
anti-tumour immune responses (Kaneko etah, 2008; Jauhonen, 2017). This suppression
is achieved by changes in cytokine profiles, such as increased interleukin-10 (TL-10)
and decreased interleukin-12 (XL-12) production, which tilt the immune system toward
tolerance rather than tumour surveillance (Damian et ah, 1997; Gopal, 2014).
Additionally, cissUCA binding to the 5-HT2A serotonin receptor reduces the immune
response in mice. The immunosuppression was rescued by blocking the 5-HT2A
serotonin receptor (Walterscheid et ah, 2006). This finding highlights the mechanism
of immunosuppression caused by cissUCA and its potential link to the development of

Kkin cancer.

Additionally, ciss=UCA can acidify the cytosol of tumor cells, initiating apoptotic
pathways and cdll death, as demonstrated in melanoma xenografts, bladder carcinoma
cells, and urothelial carcinoma models (Lahia et ah,2010; Peuhu et ah, 2010). Cis-
UCA aso exhibits immune modulation properties, and excessive immune system
activation in response to the cisUCA isomerization may influence interleukin
production (IL-ip, IL-6), activate matrix metalloproteinases (MMPs), and contribute to
inflammatory skin conditions and hypersensitivity reactions, thereby accelerating skin
damage (Saminen etah, 2022).

Furthermore, cisUCA has been shown to increase the persistence of
cyclobutane pyrimidine dimers (CPDs) and other UV-induced DNA lesions by
inhibiting nucleotide excision repair pathways, thereby allowing mutant keratinocytes
to survive and proliferate (Mooney etah, 2020). Skin malignancies caused by persistent
UV exposure and prolonged cissUCA activity often exhibit noticeable changes on the
skin surface. Common symptoms include the creation of new growths or sores that do
not heal, changes in the size, shape, or colour of existing moles, persistent itching or
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pain, and the formation of rough, scaly, or crusted lesions. Squamous cell carcinoma
lesions may be complex, appearing as red nodules or flat sores with a scay crust. In
contrast, basal cell carcinoma lesions are typically pearly or waxy lumps, flat flesn-
coloured lesions, or brown scar-like patches. Melanoma, abeit less prevalent, can
appear as irregularly shaped pigmented lesions with colour fluctuation, asymmetry, and
changing borders (Johal, Saour, & Mohanna, 2021).

These clinica characteristics are summarised and physicaly represented in
Figure 2.5, which illustrates typical cutaneous symptoms of UV-induced skin
malignancies. The graphic can be used as a reference to identify early warning
indicators, emphasising the necessity of early detection and intervention. Long-term cis-
XJCA accumulation in sun-exposed skin may combinewith UVB mutagenesis to induce
squamous and basal cell carcinoma (Hosseini, 2015), emphasizing the importance of

cis-XJCA metabolism-targeted preventative measures.

(A) (B) (®)

Figure 25 Typical Cutaneous Presentations of UV-Induced Skin Malignancies: (A)
Basa Cell Carcinoma Showing a Pearly, Tranglucent Papule with
Telangiectasia; (B) Squamous Cell Carcinoma Presenting as aFirm, Scaly
Hyperkeratotic Plague; and (C) Malignant Melanoma Characterised by
Asymmetric, Irregularly Pigmented Lesions (Mayo Clinic,2025).

2.6.2 SKkin Allergies (Urticaria and Atopic Der matitis)

Cis-XJCA has been related to the worsening of allergic skin disorders, including
urticaria and atopic dermatitis (AD). This effect is thought to arise from its ability to
skew cutaneous immune responses toward a Th2-dominant profile, enhance cytokines
such as IL-4 and IL-10, and weaken local immune surveillance, thereby promoting
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alergic inflammation in susceptible skin environments (Norval et al., 1995; Gibbs et
al., 2008). Theincreased levels of cissUCA following UV exposure may exacerbate AD
symptoms in some individuals by affecting systemic immune response. Although cis-
UCA has an immunosuppressive effect, it could also act as a pro-inflammatory factor
under specific conditions. Filaggrin deficiency in AD has been shown to reduce trans-
UCA levels; hence, altered cissUCA activity could disrupt the skin barrier (Pellerin et
al., 2013).

In experimental models of AD, increasing cissUCA levels have been associated
with enhanced mast cell degranulation and histamine release, resulting in erythema,
pruritus, and the development of wheals (Gilmour et al., 1993). Additionaly, cissUCA
has been reported to impair epidermal barrier function, allowing for higher allergen
penetration and thereby increasing the inflammatory cascade in predisposed individuals
(Jauhonen, 2017). Clinical and animal studies have shown that modifying cissUCA
levels, either topicaly or systemically, can affect the severity of AD symptoms,
suggesting a direct pathophysiological function (Damian et al., 1999). This molecular
relationship between cissUCA metabolism and allergic skin illnesses gives vital insight
into disease development. It identifies cisUCA as a possible treatment target for
inflammatory dermatoses marked by Th2 dominance.

UCA is one of the natura moisturising agents, along with lipids and proteins,
that contribute to sustaining the strength of the skin barrier through a complex
relationship between them. The skin barrier primarily consists of the stratum corneum,
the outermost layer of the epidermis (Chen et al.,2024). The presence of this layer is
vital in shielding the body from external factors such as environmental stresses,
infections, and water loss (Y oo et al., 2024). In AD, cis-UCA reduces skin inflammation
by enhancing the skin barrier and reducing water loss, thereby helping to aleviate
symptoms.

However, in chronic spontaneous urticaria, patients exhibit higher
concentrations of ciss=UCA and an increased cis-UCA to trans-UCA ratio in the stratum
corneum, potentially enhancing mast cell degranulation and promoting urticaria

symptoms, thereby worsening the condition by triggering an allergic response. Thiswas



supported by evidence of czZs'UCA-induced mast cell degranulation in the skin (Pham
et ah, 2017). Thus, while cis-UCA has therapeutic potential in AD, it may exacerbate
urticaria due to its effects on immune cells (Ye et ah, 2014).

Clinically, atopic dermatitis is often characterized by chronic eczematous areas
with erythema, dryness, excoriation, and lichenification, indicating a recurring and
persistent course (Frazier et ah, 2020). Urticaria, on the other hand, is characterized by
brief wheals, cutaneous edema, pruritus, and erythematous flares, with lesions typically
disappearing within hours (Zuberbier et ah, 2022). The opposing symptom patterns
enable easy visua separation between the two illnesses. The symptoms of these two
types of skin alergies, which present with distinct clinical characteristics due to UV,
are shown in Figure 2.6.

@ (b)

Figure 2.6 Clinical Presentation of UV-Related Skin Allergies: (A) Atopic
Dermatitis, Showing Chronic Eczematous Lesions with Erythema,
Dryness, and Lichenification (Frazier Et Ah, 2020); and (B) Urticaria,
Characterised by Transent Wheals with Dermal Edema and Pronounced
Pruritus (Zuberbier et ah, 2022).

19



2.6.3 Photoaging

CissUCA is involved in photoaging primarily due to its immunomodulatory
properties and its response to UV light (De Fabo & Noonan, 2002). As an early sign of
UV-induced damage, cis-XJCA is generated when UCA undergoes photoisomerisation.
Although immune-suppressive properties are present in cis-XJCA, its continuous
formation due to repeated UV exposure may contribute to the chronic inflammatory
responses observed in photoaging (Salminen etal.,2022).

In addition, Kripke et al (1992) have aso demonstrated that UV radiation
induces cissUCA formation, suppressing immune functions in the epidermis. The
expresson of MMPs, particularly MMP-1, which targets collagen explicitly, is
increased, and cissUCA indirectly amplifies the inflammatory response (Feng et
al,2024). Frequent exposure to UV radiation and ongoing MMP activity weaken the
skin's collagen network, causing wrinkles and decreased skin elasticity, ultimately
resulting in photoaging (Hussein et al, 2025).

There is a notable case published case report by The New England Journa of
Medicine in 2012, which shows the clinical representation example of chronic unilateral
photoaging shown in Figure 2.7, of on a 69-year-old truck driver whose left sde was
exposed to UV radiation for more than 25 years Due to extended exposure to UV rays
through the driver's sde window, the left sde of his face had dgnificantly more
dermatoheliosis than the right ssde. The clinical examination revealed thickness,
wrinkling, and darkening on the exposed side, consistent with UV-induced skin
elastosis (Gordon & Brieva, 2012). This case highlights the cumulative and unequal
impacts of UV radiation in workplace situations.
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Figure 2.7 The Clinical Representation of Chronic Unilateral Photoaging in a 69-
Y ear-Old Truck Driver with Chronic UV Exposure to the Left Side of the
Face for over 25 Years, Demonstrating Marked Photoaging, including
Deep Wrinkling and Skin Sagging on the Sun-Exposed Side
(Gordon& Brieva,2021).

Additionally, it has been shown that cis-XJCA reduces cdl viability. Research
has shown that cis-XJCA alone can enhance the generation of ROS in cells, resulting in
oxidative stress and cell damage (Korhonen et al, 2023). In addition, Kaneko and her
colleagues (Kaneko et al., 2011) conducted a study utilising keratinocytes as a model
for their research. They demonstrated that treating norma human epidermal
keratinocytes with cis-XJCA increased cdl mortdity. Cis-XJCA generates ROS in a
dose-dependent manner, but trans-XJCA does not.

Exposure to UV radiation leads to increased ROS production, which triggers the
activation of MMPs, particularly MMP-1, MMP-3, and MMP-9, resulting in collagen
degradation and skin aging (Gromkowska-K”pka et al, 2021). Among these, MMP-1
(collagenase-1) specifically breaks down type | and 111 collagen, reducing skin elagticity
and accelerating wrinkle formation (Tirka et al, 2023). In addition, oxidative stress
markers such as 8-hydroxy-2'-deoxyguanosine (8-OHdG) and malondialdehyde (MDA)
are dgnificantly elevated following UV exposure, indicating increased DNA and lipid
peroxidation damage, both of which contribute to photoaging (Dong et al, 2008). UV
radiation also stimulates pro-inflammatory cytokines, such as IL-6 and TNF-a, further
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exacerbating chronic inflammation and degradation of the extracellular matrix (ECM)
(Zorina etal, 2022). These cumulative effects ultimately weaken the derma structure,
increasing the visibility of finelines and sagging. The key biomarkers involved in UV -
induced photoaging, along with their functions, are summarized in Table 2.2.

Table 2.2
Key Biomarkers Associated with UV-Induced Photoaging
Biomarkers Functions Impacts on Photoaging References
MMP-1 Breaks down type | Loss of skin elasticity, (Feng et al. ,2024)
(Collagenase-1) and 111 collagen wrinkle formation
MMP-3 Degrades dlastin and Weakens the ECM, (Feng et al. ,2024)
(Stromelysin-1) proteoglycans causing sagging skin
MMP-9 Degrades type 1V Contributes to skin (Feng et al. ,2024)
(Gelatinase B) collagen thinning and fragility
8-Hydroxy-2'- Marker of DNA Indicates UV-induced (Loyokuni et al, 2011)
deoxyguanosine oxidation DNA damage and
(8-OHAG) accelerated ageing

Malondialdehyde Lipid peroxidation Reflects oxidative stress- (LiPomi.,ela/.,2025)

(MDA) marker induced skin damage
IL-6, TNF-a Pro-inflammatory Promote chronic (Ansary etal.,2021)
cytokines inflammation and ECM
degradation

2.7 Therapeutic Potential of c/y-UCA

2.7.1 Natural UV Filter

Cis-XJCA is an endogenous molecule that absorbs UV light and acts as a
sunscreen. It has been identified as a potential natural UV filter due to its ability to
absorb UVB rays in the 300-310 nm range and dissipate the energy as heat (Gibbs et
al, 2008; Norva & El-Ghorr, 2002). This characteristic reduces UV penetration into
deeper epiderma layers, minimizing DNA damage and oxidative stress in
keratinocytes. Unlike synthetic sunscreens, cis-XJCA is an endogenous metabolite in the
stratum corneum, which may give superior biocompatibility and decreased alergic risk
(Jauhonen, 2017). Human in vivo investigations have assessed cis-XJCA levels in the
skin and revealed their fluctuation with UV exposure (McLoone etal, 2005; Egawa et
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al, 2010). Although topica supplementation could theoretically increase
photoprotection, excessive cis-XJCA may promote immunosuppression (Mooney et al.,
2020). This dual nature underlines the need for dose-controlled application techniques.

According to Peltonen et al (2014), its capacity to absorb and disperse UV rays
increases the possibility of its use in topical photoprotective compositions. Verma etal
(2024) stated that before cis-XJCA isused in medica applications, its contradictory role
in UV-related cancer risk must be considered. On the other hand, cis-XJCA can
effectively reduce acute and subacute skin inflammation, outperforming hydrocortisone
and tacrolimus in mouse models by decreasing skin irritation, oedema, and erythema
without affecting neutrophil infiltration or epidermal thickness (Jauhonen, 2017). Cis-
XJCA has been implicated in the pathogenesis of photosensitivity reactions (Hart &
Norval, 20214).

However, arecent study has shown that cis-XJCA can serve as a photodynamic
agent with potential anti-inflammatory and antiproliferative activity (Laihia et al.,
2010). In addition, two naturd UCA derivatives, imidazole-4-carboxylic acid
(ImCOOH) and imidazole-4-acetic acid (ImAc), were found to have an excellent safety
profile after the preclinical test phase, including partial systemic exposure through skin
penetration (Kammeyer etal., 2012).

2.7.2 Cancer Therapy

Beyond dermatology, cis-XJCA and its derivatives have garnered attention in
oncology dueto their ability to influence the tumor microenvironment. Certain synthetic
analogues have been demonstrated to affect extracellular pH, reduce pro-inflammatory
cytokine production, and increase immune cdll infiltration into tumours (Arentsen et
al., 2012). These actions may increase cancer cell sengtivity to chemotherapeutic drugs
and immune-mediated clearance. In murine cancer models, cis-XJCA therapy has been
linked to decreased tumour development and improved survival rates (Laihia et al.,
2010). In cutaneous cancers, its ability to control UV-induced DNA repair pathways
could be used to selectively senditize tumour cells to targeted therapy. Clinica
trandation necessitates a comprehensive evaluation of the therapeutic window, the
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optima dose, and delivery mechanisms to prevent systemic immunosuppression or
unexpected tumor tolerance.

Upon intravesical ingtillation of cissUCA, this agent is protonated at the
imidazolyl moiety in the mildly acidic extracellular tumour environment and penetrates
the cancer cell. Once inside the cell, due to the dightly akaline pH inside the tumour
cell, cissUCA is deprotonated, i.e., the imidazolyl proton is released into the cytosol,
which increases the intracellular acidity. This acidification impairs many celular
processes, such as metabolic activity, and may lead to cell cycle arrest, induction of
cellular apoptosis, and necrotic cell death (Peuhu et al., 2010). Moreover, new research
has demonstrated that cissUCA affects important intracellular signalling pathways,
specifically the c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase
(ERK) mechanisms. A significant component of the mitogen-activated protein kinase
(MAPK) cascade, the ERK pathway plays a role in cell survival, differentiation, and
proliferation (Laihia et al., 2010). Although ERK activation stimulates cell
development, sustained phosphorylation of ERK (p-ERK) in malignant cells can result
in uncontrolled proliferation. Studies indicate that cisUCA suppresses ERK
phosphorylation, leading to cell cycle arrest and inhibition of tumour growth (Laihia et
al., 2010).

The INK pathway, on the other hand, is typically associated with cellular stress
responses, particularly apoptosis. It has been demonstrated that ciss-UCA increases INK
activation in tumour models, which upregul ates pro-apoptotic proteins such as caspase-
3 and Bax, promoting programmed cell death (Peuhu et al., 2010). Thisimpliesthat cis-
UCA might selectively target cancer cells while protecting healthy tissues by acting as
an apoptotic inducer. The exciting potential of cissUCA as an anti-cancer therapy is
highlighted by its simultaneous control of ERK (inhibition) and JNK (activation),
especially when combined with targeted therapies that exploit tumor weaknesses.
However, more research is required to determine the ideal treatment parameters, such
as dosage, formulation, and delivery methods, to optimise cissUCA's anti-tumour
effectiveness and minimise its off-target effects.
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2.7.3 Skin Barrier Function

Cis-UCA helps maintain epidermal barrier homeostasis by regulating the acidic
pH of the stratum corneum, which is crucia for the activity of lipid-processing enzymes,
ceramide formation, and corneocyte desquamation (Pham et ah, 2017; Gibbs et ah,
2008). Acidic pH limits pathogenic bacteria development and promotes the skin's
antimicrobia defence. The skin's pH israised in disorders such as atopic dermatitis and
xerosis, hindering barrier repair. Restoring cis-XJCA levels could help re-acidify the
stratum corneum and improve barrier function (Choi et ah, 2023; Lukic etah, 2021).

CissUCA is crucid for maintaining the integrity of the skin barrier. Reduced
trans-XJCA levels in filaggrin-deficient skin have been found to cause problems with
skin hydration and pH balance, which can worsen diseases like chronic eczema and AD
(Tan et ah, 2017). In AD patients, impaired barrier integrity and skin hydration were
noted due to reduced levels of natural moisture factor amino acids, including histidine
and UCA (Moosbrugger-Martinz et ah, 2022). Randomized, double-blinded, vehicle-
controlled clinical trial, treatment with a 5% cis-XJCA cream reduced transepidermal
water loss and erythema, and thus improved skin barrier function and suppressed
inflammation in the human skin with mild and moderate AD (Peltonen et ah, 2014).
Filaggrin in the stratum corneum is the primary source of UCA.

An adlternative approach involving L-histidine supplementation increased
filaggrin production and improved skin barrier function, resulting in a 40% reduction in
AD severity in patients (Tan et ah, 2017). The genetic mutations leading to reduced
trans-XJCA production might have evolved to allow better synthesis of pre-vitamin D
with less UV radiation filtering in lighter skin (Tan et ah, 2017). Thus, czsUCA-based
treatments may help restore filaggrin metabolism, indicating a potential new therapeutic
option for chronic dry skin problems. However, excessive cis-XJCA may generate
immunosuppressive adverse effects; therefore, therapeutic use would require a precise
dose.
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274 Immune Modulation

CissUCA has been widdly studied for its immunomodulatory properties,
particularly in AD, psoriasis, and other inflammatory skin diseases. Research has shown
that topical cis-XJCA reduces inflammatory cytokines, including IL-ip and TNF-a,
thereby mitigating skin inflammation (Moosbrugger-Martinz etal, 2022). Modulating
UCA isomer concentrations in diseased skin may offer therapeutic benefits for
controlling inflammation and treating cutaneous disorders like AD. The use of topica
cis-XJCA resulted in the enhancement of macroscopic features of AD-like skin lesions
and areduction in the level of serum IgE in AD model mice, as reported by Rieko and
Motonobu in 2016 (Rieko & Motonobu, 2016).

cis-XJCA is recognized as a significant photoisomerization product of trans-
UCA in the epidermis following UV exposure, possessing substantia
immunomodulatory capabilities that influence both local and systemic immune
regulation. Cis-XJCA is well-documented for its capacity to produce antigen-specific
immunosuppression, particularly by inhibiting delayed-type hypersensitivity and
contact hypersensitivity responses (Wei, 2019; Gibbs et al, 2008). Cis-XJCA has been
demonstrated to modulate cytokine profiles by downregulating pro-inflammatory
mediators, including IL-ip, TNF-a, and interferon-gamma (IFN-y), while concurrently
promoting anti-inflammatory cytokines such as IL-10 (Norva & Halliday, 2011; Feng
et al, 2024). The immunosuppressive effect is partialy facilitated through its
engagement with histamine H2 receptors on Langerhans cells and keratinocytes,
leading to modified antigen-presenting cell functionality and diminished migration to
draining lymph nodes (Damian et al, 1999; Walterscheid et al, 2002). Moreover,
recent findings suggest that cis-XJCA may modulate the function of regulatory T cells
(Tregs), promote peripheral tolerance, and mitigate excessive immunological activation
(Jmenez-Sanchez et al, 2025). These qualities have garnered attention for using cis-
XJCA and its analogues as prospective treatments in hyperactive immune responses,
including autoimmune <kin diseases, graft-versus-host disease, and chronic
inflammatory disorders (Hart et al, 2019). The dua nature of its immunomodulatory
effects, protecting against detrimental inflammation while potentially hindering
immune surveillance against malignancies and pathogens, requires meticulous
assessment in practical applications (Norval & Halliday, 2011).
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Additionally, UVB exposure increases the formation of cissUCA, which
interacts with serotonin receptors, particularly the 5-HT2A receptor. This neuro-
immune signalling pathway may contribute to UVB-induced skin changes, including
atered inflammation, vasodilation, and loca immunosuppression (Walterscheid et ah,
2006). These could potentialy lead to novel treatment strategies for treating human AD
using topical cissUCA. Interestingly, a study by Hamid etal. (2023) demonstrated that
RSS can protect keratinocyte cells from UV-A but not UV-B irradiation. The study
further revealed that the cooperative interaction of RSS and cissUCA may potentially
suppress UV-B-induced inflammation and cellular damage. This can be significant in
skin health, asUCA is primarily found in the skin and plays arolein regulating immune
responses in the skin (Yu, 2016). Further investigations into the role of cissUCA in
inflammatory pathways may provide insights into new dermatological treatments.

2.8 Reactive Sulphur Species (RSS)

Reactive Sulphur species (RSS), aso known as super sulphides, are a highly
reactive chemica form of sulphur. They are important biological mediators and play
key roles in different pathophysiological conditions (Bolton etal., 2020). They possess
unique chemical properties distinct from those of their thiol counterparts, making them
reactive and capable of participating in redox signalling (Kasamatsu & lhara, 2021).
This diverse family of sulphur-containing molecules plays a crucial role in redox
regulation, cellular signalling, and protection against oxidative stress (Iciek et ah,
2022). RSS modulates protein function through sulphuration, which is a chemica
process in which a sulphur-containing group is added to amolecule that readily contains
a carbon chain and protects against oxidative and electrophilic stress by reacting with
ROS and electrophiles (Kolluru etal., 2020; Iciek et ah, 2022).

RSS is a crucia precursor for metabolic processes within the body (Bilska
Wilkosz & Iciek, 2022). As the name indicates, RSS contains sulfur, and on average,
the human body contains approximately 14mg of sulfur per kilogram (Anastassakis,
2022). Some examples of active thiol compounds in the body are cysteine (Cys),
homocysteine (Hey), and lipoic acid (Francioso et al, 2020). Lipoic acids could be
further divided into a few molecules, one of which is reduced glutathione. In the tissue,
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these thiol compound can exist in free and bound form. While bound to protein, they
can also undergo reduction and oxidation. (Prakash etal, 2009).

GSH is dso an antioxidant, one of the most naturally occurring antioxidants in
the human body (Hristov, 2022). When oxidative stress occurs in the cell, GSH is one
of the free radical scavengers that limit the oxidative damage in the cell. GSH can exist
in two forms. the reduced glutathione and oxidized glutathione, commonly known as
GSSG. The biological system maintains a high ratio of GSH: GSSG (>100:1) under
normal conditions. GSH acts as a protective agent of the system by oxidizing itself to
GSSG, rather than other cel components. This GSSG is then converted back into the
reduced form, GSH, to maintain the redox homeostasis of thiols (Sadhu etal, 2017). It
was aso found that when there is ahigh level of GSSG in the cell, it is under oxidative
stress because a large amount of glutathione is being oxidized, as many as ROS are
available.

Mechanistically, based on recent research by Hamid et al. (2023), RSS may
interact with the electrophilic double bond of cis-XJCA through thiol-based conjugation
or redox buffering, thereby lowering ROS production and subsequent inflammatory
sgnaling in keratinocytes. Therefore, it is hypothesised that the czZ'sUCA-CysSH
conjugation is just one of many by-products in cis-XJCA metabolism, and this
potentialy further discovers varieties of czZsUCA-sulphide conjugation due to the
interaction of cis-XJCA and super sulphides. Moreover, cis-XJCA has a sgnificant role
in UV-induced immunosuppression by initiating gene transcription in keratinocytes,
including genes involved in oxidative stress response, cytokine production, and
inflammation regulation (Kaneko etal, 2008). Cis-XJCA aso induces oxidative stress-
related genes and lipid peroxidation, activating redox-sensitive transcription factors
such asNF-K B, which also respond to changes in cellular redox state modulated by RSS
(Kalluru etal, 2023). Through their nucleophilic and antioxidant properties, RSS may
modul ate the oxidative environment in keratinocytes affected by cis-XJCA, potentially
influencing the extent or nature of gene expression changes triggered by cis-XJCA
(Kaneko et al, 2008).
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Super sulphides are compounds or molecules with extra sulphur atoms catenated
in thiols and proteins, rendering their nucleophihcity proportional to the number of
sulphur atoms. It has been found that our body contains an abundance of organic super-
aulfides, such as CysSSH and GSSH, which play significant physiological roles (Akaike
et ah, 2017). A recent study revealed that protein-rich foods such as meat and beans
contain many super sulphides, indicating that humans can easily obtain an exogenous
supply of super sulphides from our diet (Kasamatsu et ah, 2024). Although severa
super sulphides have been identified and their role in disease control has been outlined,
thelr biological properties are ill mostly unknown (Barayeu et ah, 2023).
Understanding of RSS biology has therapeutic potential, with research focusing on
developing sulphide donors and controlled delivery systems to modulate their levels for
treatment purposes (Pandey et ah, 2024; Lu etah, 2023; Khaodade et ah,,2023).

29 Glutathione-S-Transfer ase

Glutathione Stransferases (GSTs) are a superfamily of phase Il detoxification
enzymes primarily found in the cytosol of eukaryotic and prokaryotic cells (Shehu et
ah, 2019). They catalyse the conjugation of the tripeptide glutathione (GSH) to awide
variety of electrophilic substrates, facilitating their detoxification and excretion by
increasing their water solubility (National Centre for Biotechnology Information,
2025). This enzyme plays a crucia role in catalyzing the formation of thioether bonds
between the cysteine residue of GSH and electrophilic centres on substrates, resulting
in less reactive, more water-soluble conjugates that can be excreted via bile, urine, or
sweat (Oakley, 2011). GSTs aso interact with signaling molecules, such as c-Jun N-
terminal kinase (TNK1) and apoptosis signal-regulating kinase (ASK1), influencing
mitogen-activated protein kinase (MAPK) pathways that control cel surviva and
apoptosis (Sciskalska etah, 2020).

The GST enzyme catalyzes the conjugation of cis-XJCA with GSH in the cis-
UCA metabolism pathway. This conjugation forms a cz'ssUCA-glutathione conjugate,
which is metabolized to a Cys(CIE). This conjugation increases the hydrophihcity of
cis-XJCA metabolites, facilitating their excretion through sweat and urine, thereby
contributing to the clearance of potentially reactive or immunomodulatory compounds
from the skin (Norva etah, 2008). This GST-mediated conjugation is akey step in the
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detoxification and metabolic processing of cissUCA in the skin, linking GST enzymatic
activity directly to the regulation of UV-induced skin responses and immune
modulation (Musa etal., 2025).

2.10 Analytical Method: Nuclear Magnetic Resonance (NMR) Spectr oscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is a commonly used
analytical technique for characterizing smal molecules, metabolic intermediates, and
reaction products based on the magnetic behavior of atomic nuclei (Bothwell & Griffin,
2011). In metabolomic research, NMR gives rich structura information without
requiring derivatisation or substantial sample preparation, making it particularly useful
for detecting small chemical alterations, such as conjugation events or thiol additions
(Nagana Gowda etal., 2022). Because NMR directly detects the chemical environment
of hydrogen (‘H) and carbon (**C) nucle, it enables exact identification of shifts in
functiona groups and can discriminate between isomeric or structurally similar
molecules (Salah, 2025)

In addition, due to its ability, NMR can directly detect changes in the magnetic
surroundings of nuclel, and it is highly sensitive to variations in functiona groups, such
as carboxyls, imidazole rings, and thiols (Li et al., 2022). This makes it excellent for
recognizing chemica shift changes that occur during conjugation processes, notably
those involving reactive sulphur species (RSS). In the context of this investigation,
NMR was employed to identify possible czZ’ssUCA-RSS compounds formed in a cell-
free system. Its high precision, repeatability, and non-destructive nature enabled
confident detection of structural modifications (Emwas etal., 2020) and encouraged the
discovery of new chemicas that may participate in aternate cissUCA metabolic
pathways. Thus, NMR serves not only as a structural confirmation technique but also
as avitad component in revealing the chemica interactions (Y adav, 2018) that support
the suggested mechanistic model of cissUCA metabolism.
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CHAPTER 3
RESEARCH METHODOLOGY

31 Experimental Design

This study focuses on a cell-free experimental system, in silico analysis, and an
in vitro study. Together, these methods provide an in-depth and comprehensive
exploration of the subject matter, thereby enhancing the validity and impact of the
research findings. Figure 3.1 provides a flowchart that outlines these methods by phase.
Phase 1 involves a cell-free reaction, followed by phase 2, which is amolecular docking
study, and the fina phase is an in vitro study. Below are a visual representation and a

more precise illustration, providing a clearer understanding of the systematic approach
adopted in this study.

Phase 1 Phase 2 | Phase 3 o)
Cell-Free Reaction Molecular Docking In-vitro Study
\ - ‘@ HaCat Cell line
i is- o
g::.poht:f: Cis-UCA . Treatments
- + +/- Sulphide donours
Analyse potential binding o +/-UV
interactions between oS- CRAKCA
desired protein and ligand 24 hours
l l w
Identify possible novel Visualisation ( Bioassay Study )
conjugate compound formed + PyMol » Cell Viability Assay
using NMR « BIOVIA
u o | :h

Figure 3.1 Flowchart Outlining Research Methodologies
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3.2 Materials and Reagents

Disodium disulfide (Na2S2) was bought from Dojindo Molecular Technologies
Inc. (Japan). Sodium hydrogen sulphide (NaHS) reduced glutathione (GSH), L-
Cysteine and N-acetyl cysteine (NAC), cz's-urocanic acid (cis-XJCA), and Bruker® NMR
tubes obtained from Sigma-Aldrich (St Louis, USA). Dulbecco's Modified Eagle
Medium (DMEM) phenol red-free and trypsin were purchased from Nacalai Tesgue
(Kyoto, Japan). A mixed penicillin-streptomycin solution and fetal bovine serum (FBS)
were bought from Gibco (Rockville, MD, USA). NMR solvents, including deuterated
methanol, deuterated water, deuterated chloroform, and deuterated acetone, were
obtained from Merck (Germany). All solvents purity is 99.8% and are suitable for NMR
spectroscopy.

3.3 Instruments

The UV box with UVB dose 10 m¥cm? was calculated by a caibrated UV
irradiance photometer (UV-340B, Sampo Scientific Instrument Co. Ltd., Shenzhen).
Samples were examined using sate-of-the-art solution-state NMR and 1H
spectroscopy, analysed using a Bruker 600 MHz Avance 111 NMR spectrometer (Varian
Inc., Palo Alto, Cdlif). The bioassay study was conducted sterily using a biosafety
cabinet, hemocytometer, inverted microscope, and TECAN infinite M200 microplate
reader.

34 Cdl-Free Reactions

In this experiment, the in vitro biochemical reactions were performed to predict
the possible conjugation of trans-XJCA or cis-XJCA with the sulphide donors in a cell-
free system. The sulphide donors used in this experiment were glutathione (GSH), N-
acetylcysteine (NAC), L-Cysteine, sodium hydrosulphide (NaHS), and sodium
disulfide (N&S,).
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3.4.1 Identification of Conjugate Compound

A 1 mg amount of each sulphide donor and 1 mg of either cissUCA or trans-
UCA were dissolved in 1Iml nitrogen-purged ultrapure water. The samples were
prepared in a 50 mL centrifuge tube and were kept in the dark to prevent interference
from light. The mixture was gently vortexed until complete dissolution was achieved,
with sample preparation performed under minimal exposure to air to reduce oxidative
degradation. Samples were frozen overnight at -80°C and maintained for a minimum of
12 hours to ensure complete solidification before further processing. Frozen samples
were then transferred to a pre-cooled freeze dryer and subjected to lyophilization under
reduced pressure, with the condenser temperature maintained at a temperature of < -50
°C, for 24-48 h, until complete solvent removal was achieved. Upon completion of
freeze-drying, the chamber was backfilled with dry nitrogen, and the resulting
lyophilized samples were sedled and stored at -20 °C until further analysis. The freeze-
dried samples were subsequently analysed using NMR spectroscopy to identify any
novel conjugates formed during the reaction.

3.4.2 “H Nuclear Magnetic Resonance (NMR) Spectr oscopy

All samples were analysed using advanced solution-state NMR techniques. For
the 'H spectroscopy, a Bruker 600 MHz Avance 111 NMR spectrometer (Varian Inc.,
Palo Alto, Cdifornia) was employed to analyse dl samples. The spectrometer operated
a a frequency of 599.871 MHz and a temperature of 298 K, utilisng a multinuclear
broadband observation (BBO) probe. The standard NOESY PR ID pulse sequence (RD-
90°-t1-90°-ACQ) with 100 ms mixing time and 2s water frequency during a recycle
delay was used to suppress the resduad HOD signd in the intracellular metabolite
extracts. The water-suppressed standard 1D Carr-Purcell-Meiboom Gill pulse sequence
(RD-90°-(T-180°-T) n-ACQ) was used to acquire the 1H NMR spectra of the cell culture
medium. 64K data points with 1200 Hz and 128 scans of spectra width with 2.0 s and
1.36 s acquisition time were used to record the free induction decays (FIDs). Before the
Fourier transformation, the FIDs were weighed using an exponential function with a
0.5Hz line-broadening factor.
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3.4.3 Data Processing

Each 'H NMR was set with a 3.54 min acquisition time, comprising 64 scans
and a 20-ppm width. Potential metabolites were identified using HSQC and HMBC of
the 2D Jres. The Jres spectrum acquisition time was 50 min 18 s with eight scans per
128 increments for the axis of the spin-spin coupling constant over the spectral widths
of 66 Hz and 8 K for the chemical shift axis over the spectral width of 5000 Hz. The
HSQC spectra were obtained over the 2 to 14 ppm spectral width and -10 to 190 ppm
inthe F and F2 dimensions, respectively. With a data matrix of 0.3 £ 8,012.8 and 32
scans per 256 increments covering the data point 25141.4 x 8012.8, the tota running
time was two hours and 47 minutes, with an interscan relaxation delay of 10 s.

Subsequently, the HMBC analysis was run for 11 h 26 min. With an interscan
relaxation delay of 10 s, the experiment consisted of 64 scans per 256 increments,
covering a total data set of 30165.9 x 8012.8 points. The TSP interna reference peak
was set to 0.00 ppm, and al spectra were Fourier transformed, and baseline adjusted.
The 1H NMR spectra were processed with MestReNova 7.1.2 software (Mestrelab
Research, Spain). The baseline and phase referencing of dl 1H NMR spectra were
manually corrected to the TSP signa (8 0.00). In eiminating the water suppression and
DMSO dgnals, the 5 5.2-4.6 and 5 2.8-2.69 regions in the cell extract NMR spectra
were excluded. To eliminate the effect of residua water, methanol, DM SO, and ethanol
signals, the regions of 5 5.19-4.68, 5 3.37-3.33, 5 2.89-2.58, 5 3.69-3.61, and 5 1.23-
115 were eliminated. SIVICA-P + 12.0 (Umetrics, Sweden) was used for multivariate

anaysis.

Principal component analysis (PCA) was applied to mean-centred data to
identify outliers and provide data distribution profiles. Sample classes were modeled by
analyzing the orthogonal partial least sguares discriminant analysis (OPLS-DA)
algorithm using a unit variance-scaled approach. These reduced other biological
analytical differences and improved separation caused by group variation. Coefficient
plots were generated using MATLAB scripts, including some in-house modifications,
and colour-coded by the absolute value of coefficients. Each peak from the OPLS-DA
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models of the variable importance in the projection (VIP) values was analysed to
determine which variables influenced the spectra distribution among the groups.

35 Molecular Docking Analysis

In this method, molecular docking of GST and glutathione conjugate was
conducted to explore the potential binding interactions of GST binding affinity and
mechanism. To assess the binding characteristics of GST, sulforaphane was used as a
reference drug. Sulforaphane inhibits GST activity, making it a suitable control. The
docking results between GST and sulforaphane were compared with those between GST
and glutathione conjugate. AmDock (Vades-Tresanco et al, 2020) was used for the
molecular docking process, and PyMOL (Schrodinger, LLC, 2015) was employed to
visualise the docking results. Molecular docking is an automated procedure for
predicting the interaction of ligands with the target protein. Steps performed include
protein and ligand preparation, identification of the docking region, and the docking

Process.

351 Protein and Ligand Preparation

The 3D structure of GST was retrieved from the RCSB Protein Data Bank (PDB
ID: 18GS) with aresolution of 19 A using X-ray diffraction (Oakley et al, 1999). The
ligands used in this sudy were GS(CIE), and sulforaphane as reference drugs. The
GS(CIE) was generated using ChemDraw, saved in CDXML, and converted into PDB
format with a 3D coordinate file using OpenBabel.com. The structure of sulforaphane
(aknown GST antagonist) was retrieved from PubChem (CID: 5350).

3.5.2 Identification of Docking Region

The key GST residues involved in binding were identified, including Tyr7,
Argl3, Tyrl08, and VallO. These residues are crucia for GST's binding interactions,
as reported by severd studies (Hayes & Pulford, 1995; Oakley et al, 1999). The grid
box was created based on the identified binding residues, with coordinates of x:7, y: 12,
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z:18 to cover the specific residues involved in binding. The box size was st to
25x25x25 to ensure proper docking and alignment of the residues for accurate analysis.

Docking parameters were created based on the key GST residues involved in
ligand binding. Based on the study by Oakley, critica residues such as Tyr-7, Va-10,
Arg-13, and Tyr-108 were essential for binding interactions. These residues were
selected for further analysis, as they have been previoudy shown to participate in
hydrogen bonding and hydrophobic interactions with ligands in the active ste. The
coordinates of these identified residues were extracted from the GST protein structure
(PDB ID: 18GS). The residues were located in the binding site of GST, and their exact
coordinates were used to define the region of interest for the docking simulations.

A grid box was constructed to cover the binding ste of GST, specificaly
encompassing the identified residues to define the docking region. The centre of the
grid box was positioned at coordinates (x:7, y: 12, z: 18), corresponding to the identified
binding residues of Tyr-7, Val-10, Arg-13, and Tyr-108. The grid box Size was set to
25x25x25, ensuring that it covered the entire binding site, allowing the ligand to explore
different docking orientations. To ensure complete coverage of the binding site, the grid
box was visualised using PyMOL. The box was confirmed to cover the critical residues
(Tyr-7, Va-10, Arg-13, and Tyr-108) as shown in Figure 3.2, with sufficient space
around these residues to alow for the proper docking of the ligand. This grid box size
was chosen to accommodate the entire binding site while alowing flexibility for the
ligand to interact with GST.
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Figure 3.2 The Created Grid Box is Based on the Identified Key GST Residues
Involved in the Binding Interaction Generated using Autodock Vina and
Visualised using PyMOL

3.5.3 Molecular Docking

The docking process was performed using AmDock Software (Valdes-Tresanco
etal., 2020). Pocket docking was performed with the defined grid box with coordinate
7x12x18 within a 25x25x25 sSze to ensure precision in capturing the interaction
between GST and the ligands. Each compound's top-ranked docked conformation was
visualised, and its binding affinity was analysed in the docking region of the modelled
protein using PyMol (Schrodinger LLC, 2015). At the end of the docking, the polar
contacts between the best conformations, based on the docking score, were analyzed for
hydrogen bonding interactions, and the residues identified for observation. Then, the
molecular docking results were analyzed using a simulation software, Discovery Studio
(BIOVIA) v24.1.0.23298 (BIOVIA, 2024), to visudize and identify the varied

interactions between the residues of the ligand and its receptor.
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3.6 Cdl Culture

Human epidermal keratinocytes (HaCal) cells, at passage number 6, were agift
from the Pharmacology-Toxicology Research Laboratory, Faculty of Pharmacy,
Universiti Teknologi MARA (UiTM) Sedangor, Puncak Alam Campus, Selangor,
Malaysia. Cells were cultured in DMEM high glucose with sodium pyruvate (Nacalai
Tesgque, Kyoto, Japan) supplemented with 10% bovine caf serum (Gibco, Rockville,
MD, USA) and 1% streptomycin-penicillin (Gibco, Rockville, MD, USA). The cells
were cultured in a humidified incubator at 37°C with 5% CO2. All work was carried out
in a sterilised environment.

3.6.1 Seeding and Treatments

The cells were cultured in a flask until 70%-80% confluence. Then the cells
were seeded onto 96-well plates at a density of 1><10P cells'well and incubated for 24
hours at 37°C with 5% CO2. After theincubation, the cells were washed with phosphate-
buffered saline (PBS) to remove debris. The cells were then pre-treated with 200 uM of
various sulphide donors (NaHS, Na22, GSH, L-cystine, and NAC) for 3 hoursto assess
their effect on cdl viability. Then the plate was covered in aluminium foil to avoid
interference from the ambient light. After pre-treatment with a sulphide donor, cells
weretreated with 1 mM cis-XJCA and/or irradiated with afluorescent sun lamp (Toshiba
FL8BLB, Japan) with emission UVB (320nm, 10 m¥cm?) for 18 minutes, placed 22cm
above the cdl culture flask. The UVB irradiation dose was cdlibrated using a UV
irradiance meter (UV-340B, Sampo Scientific Instrument Co. Ltd., Shenzhen). The
irradiation process was performed in the dark to avoid interference from ambient light.
Control and experimental groups were conducted as follows:

Groups:
1. Control

2. UVB
cis-XJCA

Sulphide donor

3

4. cisXJCA+ UVB

5

6. Sulphide donor + cis-XJCA

38



7. Sulphide donor + cisUCA + UVB

After the treatments and/or exposure to UVB irradiation, the cells were
incubated in a humidified incubator at 37°C with 5% CO2 for 24 hours.

3.6.2 Cdl Viability Measurement (MTT Assay)

After treatment, the cells were subjected to the MTT assay to assess their
viability. Ffty microliters of MTT solution were added to each well. Then, the plates
were covered with aluminium foil and incubated for 4 hours. Hundred microliters of
DMSO were added to each well using a multichannel pipette to solubilise the purple
formazan, and the optical density was then read at 490 nm using the Tecan M200
Infinite® Pro Microplate Reader. The cdll viability was calculated using the following
formula

A(sample) — A(blank)
Céll viability (%) = -7———"—+——" x 100
A(control) - A(blank)

Where A(sample) represents the absorbance of the experimenta sample,
A(control) is the absorbance of the untreated control group, and A(blank) refers to the
absorbance of the blank (medium or solvent without cells). All experiments were
performed in triplicate, and a p-value less than 0.05 was considered statistically
sgnificant. All data were expressed as the mean * standard error of the mean (SEM)

37 Statistical Analysis

All experimental data were analysed using SPSS software version 31. The
results were expressed as the mean £ standard error of the mean (SEM). Normality was
evauated with the Shapiro-Wilk test. Student's t-test was applied to compare data from
two groups, while one-way analysis of variance (ANOVA) was used to compare more
than two groups, and post-hoc Turkey test was performed following a significant
ANOVA test. A vaue of p<0.05 was considered dtatisticaly significant.
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CHAPTER 4
RESULTS

41 Oy-Urocanic Acid-Sodium Sulphide Complex and Oy-Urocanic Acid-L-
Cysteine Complex

'H-NMR data unequivocally demonstrated the complexation between cis-XJCA,
sodium sulphide, and L-cysteine. The aromatic/heteroaromatic resonances attributed to
the imidazole ring are observed in the 8 7.2-8.6 ppm range, while the olefinic (vinylic)
UCA signds are detected near 8 6.0-6.7 ppm. These peaks were present in both
complexes but exhibited noticeable line broadening and minor chemica shift variations
compared to the free ligand, indicative of rapid exchange between the free and metal-
bound (or thiolate-bound) states. In the L-cysteine adduct, additional aliphatic
resonances (a-CH 8 3.8-4.1 ppm; CH2 8 2.9-3.2 ppm) are observed and are perturbed
relative to neat L-Cys, suggesting the involvement of the thiol/thiolate and/or amino
group in binding. The absence of the carboxylic proton (D20 solvent) indicates the
deprotonation/coordination of the carboxylate in both samples. These data support the
formation of 11 (or potentially oligomeric) species in rapid exchange, with
coordination sites at the imidazole N and carboxylate (and thiolate in the Cys sample).

NANH 0

Na,S o

(A) (B)

Figure 4.1 Proposed Cz's-Urocanic Acid-Sodium Sulfide Complex was Generated
usingRCSB.org
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The sodium sulphide sample, an ionic complex or sdt, involves the
deprotonation of UCA, resulting in the formation of a urocanate anion (-OOC-
CH=CH-imidazol€). This anion is associated with Na' to form sodium urocanate
(Figure 4.1 (A)). Atthe sametime, in Figure 4.1 (B), S~ may function as acounter-ion
or as a bridging or ion-paired species, exemplified by [Na™-UCA] andNa2S(UCA~) n
aggregates. Coordination or ion pairing at the carboxylate group, aong with weak
interactions with the imidazole nitrogen, accounts for the observed upfield shifts and
line broadening. These proposed chemica structures were shown in Figure 4.2,

There are two potential configurations for the L-cysteine sample:(l) a non-
covalent 11 complex, wherein the deprotonated urocanate ionically interacts with the
protonated amino group of cysteine (-NH3" OOC-), and the thiol/thiolate group of
cysteine forms a coordinate or hydrogen-bond interaction with the imidazole nitrogen;
or (2) acovaent Michadl (thiol-addition) adduct, in which Cys-SH adds acrossthe UCA
C=C bond, resulting in a thioether product (S-(3-(4-imidazolyl)-2-carboxypropyl)-
cysteine). This reaction eliminates or attenuates vinylic signals and generates new
aliphatic resonances. Propose that the czZ’sUCA-L-cysteine complex is depicted in
Figure 4.2.

hydrogen-bond
H— interaction

TII i S/\

~dy

AN interaction

Figure 4.2 Proposed Czs-Urocanic Acid-L-Cysteine Complex was Generated using
RCSB.org
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Table 4.1
'H NMR Chemical Shift Assignments for the Czs-Urocanic Acid-Sodium Sulphide
Complex and Czs-Urocanic Acid-L-Cysteine Complex

Spectrum 8 (ppm) Multiplicity J(H2) Integral Assignment
1) UCA + Na,S 85 brs Imidazole H-2
1) UCA + Na,S 7.12 S Imidazole H-4
1) UCA + Na,S 7.45 d 105 Vinyl H (cw-CH=)
1) UCA + Na,S 6.32 d 105 Vinyl H (=CH-)
2) UCA + L-Cys 848 brs Imidazole H-2
2) UCA + L-Cys 7.08 S Imidazole H-4
2) UCA + L-Cys 6.62 d 105 Vmyl H (cw-CH=)
2) UCA + L-Cys 6.05 d 105 Vinyl H (=CH-)
2) UCA + L-Cys 40 t (app) 6.0 L-Cys aCH
2) UCA + L-Cys 312 dd 13.5,5.5 L-Cys P-CH2 (Ha)
2) UCA + L-Cys 2.98 dd 13.5,7.0 L-Cys P-CH2 (Hb)

4.2  Oy-Urocanic Acid-Glutathione Complex

'H-NMR spectra analysis examined the interaction between cz's-urocanic acid
and glutathione. The spectrum of free czZsurocanic acid (Spectrum 1) exhibited
characteristic vinyl proton signalsin the 8 6.10-6.65 ppm range, along with imidazole
proton resonances a 8 7.41 and 8 843 ppm, consistent with values reported in the
literature. Significant alterations were observed in the spectrum of the reaction mixture
with glutathione (spectrum 2). The olefinic resonances were markedly reduced in
intensity and shifted downfield/upfield, suggesting the disruption of the conjugated
alkene system. New resonances emerged at 8 3.61 ppm (multiplet) and 8 3.09 ppm
(multiplet), consistent with a methine proton adjacent to sulphur and a diastereotopic
methylene group, respectively. Additional multiplets between 8 2.00 and 3.70 ppm
corresponded to glutathione's methylene protons from glutamate, cysteine, and glycine
units, while a-proton signas for amino acids appeared in the 8 4.20-4.85 ppm region.
The stacked spectra (spectrum 3) highlighted the disappearance or shift of olefinic peaks
and the emergence of glutathione-related resonances, indicating successful conjugate
formation. The proposed cz'sUCA-glutathione complex is shown in Figure 4.3.
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Figure 4.3 Proposed Czs-UCA-Glutathione Complex was Generated using RCSB.org

Table 4.2

'H-NMR Chemica Shift Assignments for the Czs-Urocanic Acid-Glutathione
Conjugate.

Chemical Shift (8, ppm) Multiplicity Proton Assignment
6.10-6.65 Multiplet Olefinic protons (cw-urocanic acid)
7.41,8.43 Singlet Imidazole ring protons
361 Multiplet Methine proton adj acent to sulphur (CH-S)
3.09 Multiplet Diastereotopic methylene protons next to CH-S
2.00-3.70 Multiplet Glutamate, cysteine, glycine, and methylene
protons
4.20".85 Multiplet a-protons of amino acids

4.3 Oy-Urocanic Acid-Sodium Hydrosulfide Complex

The "~-NMR spectrum of the cz's-urocanic acid-sodium hydrosulfide complex
revealed that the chemical shift pattern and signa multiplicity suggest preserving the
imidazole aromatic core, with minor electronic perturbations attributable to HS
coordination. The signd at 8 8.43 ppm corresponded to the downfield-shifted imidazole
C2-H (H5) proton, which is deshielded due to its proximity to the nitrogen atoms and
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potential hydrogen bonding. The peak at 8 7.79 ppm likely represented the imidazole
C4-H (H4), which was dightly shifted relative to the free cz's-urocanic acid, indicating
an dtered electron dengty resulting from the HS interaction. The resonance at 8 7.63
ppm is associated with the olefinic proton adjacent to the imidazole ring (H7), with its
position reflecting conjugation with the imidazole 7i-system. The large singlet a 8 6.27
ppm was assigned to the olefinic proton adjacent to the carboxyl group (H8), whose
upfield nature compared to aromatic protons is consistent with reduced deshielding in
the HS -complexed form. The absence of additiona peaks for free thiol protons (SH)
supported deprotonation to HS and potential nucleophilic addition or coordination at
the C7-C8 olefin. Overal, the spectrum supports a stable adduct with minimal proton
exchange, retaining the cis geometry while displaying chemical shift changes consistent
with electron donation from HS into the conjugated system.

Based on TT-NMR gpectra analysis, which showed the persistence of vinylic
signals with only minor shifts, the most likely weak adduct between cz's-urocanic acid
and HS isanon-covalent, reversible association rather than agenuine C-Sbond. Three
closaly related structural models are consistent with the data in Figure 4.4: (A) an ion-
pair/solvated complex in which the carboxylic proton is removed (-COO Na') and HS
is loosely associated via electrostatic/ion-pairing, with Na© acting as a bridge; (B) a
hydrogen-bonding complex where HS serves as a hydrogen-bond acceptor to the
imidazole N-H and/or the carboxylic OH (if not fully deprotonated), thereby perturbing
electronic density but leaving the C=C bond intact; and (C) a nucleophile-7i (charge-
transfer) complex in which the sulphide lone pair transiently interacts with the
conjugated imidazole-alkene 7i-system, providing reversible, weak stabilization. These
scenarios account for the smal downfield or upfield shifts observed without losing

vinylic resonances.
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Figure 4.4 Proposed Czs-Urocanic Acid-Sodium Hydrosulfide was Generated using
RCSB.org

Table 4.3
'H NMR Chemical Shift Assignments for the Czs-Urocanic Acid-Sodium Hydrosulfide
Complex.

5(ppm) Integration Multiplicity
-8.43 H s (or weskly coupled)
-7.79 H s/d
-7.63 H d (J-15-16 Hz)
-6.27 H d (J-15-16 Hz)

Based on these results, the interaction of sodium hydrosulphide (NaHS), awell-
known inorganic reactive sulphur donor, with czsurocanic acid (czsUCA), a
photoreactive imidazole-containing histidine metabolite, produced a new unreported
conjugated compound named 4-imidazoleacrylic-3-thiol, whose chemica structure is
shownin Figure 4.4 (B). Although phase 1 demonstrated that cis-XJCA can directly react
with various sulphide donors non-enzymaticaly, this interaction does not clarify how
the GST is expressed in the pathway. Therefore, a molecular docking study in phase 2
was conducted to examine whether these czZsUCA-RSS conjugates specifically
GS(CIE) if the molecule could interact with GST, providing insight into their potential
functiona role in cellular redox pathways.

4.4 Binding Affinity of Molecular Docking Analysis

Docking Analysis revealed that the binding &ffinity of GST with GS(CIE) is
higher than the binding affinity of the reference drug, sulforaphane. Comparison value
and details of the interaction of GST and the ligand are shown in Table 4.4.
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Table 4.4

The Details Binding Affinities Results

Ligand Affinity I nteracting Residues Type of Interaction
(kcal/mal)
GS(CIE) -6.7 Tyr7, GIn64, ArglOO, Hydrogen Bond
Asn204
Tyrl08 Pi-Alkyl
Sulforaphane -3.6 Gly205 Hydrogen Bond
Tyrl08 Pi-Sulphur

Table 6 presents the binding affinity results of GST with GS(CIE) and
sulforaphane. The binding affinity of GS(CIE) was measured at -6.7 kcal/mol, whereas
GST and sulforaphane exhibited a lower binding affinity of-3.6 kcal/mol. Molecular
docking analysis demonstrated that the GS(CIE) shows a strong and stable binding
affinity for GST, supported by multiple intermolecular interactions that enhance overall
binding stability. Sulforaphane, arecognized GST inhibitor, was docked with GST for
reference. The binding affinity of sulforaphane to GST was measured at -3.6 kcal/mol.
The binding affinity was observed to be marginaly lower in comparison to GS(CIE).
The residues interacting at the active ste of GST, docked with GS(CIE) and
sulforaphane, are presented in Table 6, based on smulation results from Discovery
Studio (BIOVIA). However, molecular docking scores indicate predicted binding
interactions but do not inherently correlate with actua enzymatic activation or
inhibition. Although the docking results suggested favourable interactions between
GST and GS(CIE), experimental validation was performed in Phase 3 to determine the
biological effects of these interactions. Phase 3 involved an in vitro study of HaCaT
cells under UVB exposure to assess changes in cell viability.

45  Docking Pose Analysis

To assess the polar interaction between the compounds and the residues at the
GST binding ste, the highest binding pose of GS(CIE) is shown in Figure 4.5. Polar
interaction between GST and sulforaphane is shown in Figure 4.6. This interaction was
visualised using PyMOL. Therefore, there is an interaction based on the residues
between GST and each ligand.
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Figure 45 3-D Interaction of GST and GS(CIE) at Residues Tyr7, GIn64, Asn204
and ArglOO, Generated by PyMOL

Figure 4.6 3-D Interaction of GST and Sulforaphane at Residue Gly-205, Generated
by PyMOL

4.6 Effect of cisVCA and UV Radiation on HaCaT Cell Viability

To determine the cytotoxicity dose of cissUCA for this study, cellswere exposed
to increasing concentrations of ciss=UCA (0, 0.1, 0.25, 0.5, and 1 mM) for 24 hours and
then evaluated using the MTT assay. As illustrated in Figure 4.7, the cdll viability test
by MTT assay in HaCaT cells treated with various concentrations of cissUCA for 24 h
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(A) and after exposure to UVB (B). Data are represented as the mean £+ SEM of three
individua replicates; * p<0.05 and ** p<0.01 compared to the control group.
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Figure 4.7 Cdl Viability Testby MTT Assay in Hacat Cells Treated with Various
Concentrations of Ciss-UCA for 24 H (A) and after Exposure to UVB (B).
Data are Represented as the Mean + SEM of Three Individua Replicates:

* p<0.05 And ** p<0.01 in Comparison to the Control Group.

Figure 4.7(A) illustrates a notable decrease in cell viability to 75+5.67% at a 0.1
mM concentration of cisUCA compared to the control (100+3.25%, p<0.01),
indicating a gradual, dose-dependent inhibition of HaCaT cdll proliferation. A reduction
in cel viability to 54.50+2.85% was observed with 1 mM ciss-UCA compared to the
control (100£3.25%, p<0.01). Figure 4.7 (B) illustrates that exposure to UVB radiation
(0.2-10 mJem?) resulted in a progressive and statistically significant reduction in
viability, with p < 0.05 a 0.2 mJ¥em? and p < 0.01 at >1 mJcm® At the maximum
dosage evaluated (10 m¥cm?), cel viability decreased to 57.73+0.04 compared to the
control group (100+0.17, p<0.01). Thus, a concentration of 1 mM cis-UCA was chosen
for this study and was subsequently exposed to 10 mJ¥cm?® UVB irradiation.
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4.7  Effect of Sulphide Donors on HaCaT Cell Viability
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Figure 4.8 Cytotoxicity Profile of Hacat Cells towards Various Concentrations of
Na2S2 (A), Nahs (B), GSH (C), NAC (D), And L-Cysteine (E) for 24 H
Incubation. Cells without Treatment Served as the Control. Data are
Shown as Mean = SEM. All Experiments were Carried out in Triplicate
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The cytotoxicity of sulphide donors, including Na22, NaHS, GSH, NAC, and
L-cysteine, was investigated in HaCaT cells after 24-hour exposure at concentrations of
50 uM, 100 uM, and 200 uM. Figure 4.8 shows the cytotoxicity profile of HaCaT cells
towards various concentrations of N&S, (A), NaHS (B), GSH (C), NAC (D), and L-
cysteine (E) for 24 h incubation. Cells without treatment served as controls.

Data are shown as mean + SEM. All experiments were carried out in triplicate.
The results indicate that cell viability exceeded 90% when treated with RSS, indicating
that al five compounds exhibited high biocompatibility compared to the untreated
control group across dl tested dosages. No satisticaly significant reductions in
viability were observed for any sulphur donors (p > 0.05), suggesting that these
compounds did not exhibit harmful effects at the tested dose levels.

GSH exhibited a dight trend towards enhanced viability a elevated
concentrations compared to the control. The data showed that at 200 uM, GSH
enhanced cdl viability from 100 £ 4.67% of the control group to 111.30 + 2.96%.
However, this finding was not statistically significant. NaHS and Na,S2 demonstrated
consistent viability across dl doses, whereas NAC exhibited a dight decrease in
viability to 98.93+1.98% at 200 uM, compared to the control group (100+5.84 %), yet
retained values exceeding 90%.
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4.8 Effect of cisVCA, Sulphide Donors, and UVB on HaCaT Cell Viability
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Figure 4.9 Cytotoxicity Profile of Hacat Cells Pretreated with 200 um of Nahs, Na2S2,
GSH, NAC, and L-Cysteine towards 1 Mm of CissUCA (A) and Cells Exposed
to UVB (B) for 24 H Incubation. Cells without Treatment Served asthe Control.
Data are Shown as Mean + SEM. All Experiments were Carried out in Triplicate;
* P<0.05 and ** P<0.01 Compared to the Control Group; # P<0.05 and ##
P<0.01 Compared to cw-UCA/cw-UCA + UVB.
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Figure 4.9 (A) illustrates that the co-treatment of HaCaT cells with cissUCA (1
mM) and each sulphur compound (200 uM) enhanced cell viability in comparison to
treatment with cissUCA alone. UVB exposure significantly reduced cell viability to
52.71+ 3.31% compared to the untreated control 100+ 3.43% and other cells that were
treated with cissUCA and sulphide donours. Exposure to cis-UCA aone decreased cell
viability to around 55% (p < 0.01 compared to control). All treatments involving
reactive sulphide species (RSS) significantly enhanced cdll viability, with -80% cells
for NaHS (77.45% 2.74%) and NAC (79.8+3.09%), while -90% cells for both Na&S,
(94.67+ 2.39%) and GSH (93.48+ 0.28%), elevating viability to approximately 80-90%
(##p <0.01 vs. cissUCA), whereas L-cysteine with 63.69+ 2.71%, exhibited amoderate
rescue effect (-70%) (# p < 0.05 vs. cisUCA).

Figure 4.9 (B) indicates that cells treated with ciss=UCA and subjected to UVB
irradiation demonstrated a notable reduction in cdl viability to 79+0.96 compared
untreated control (100+3.6, p < 0.01), consistent with the synergistic cytotoxic effects
resulting from UVB-enhanced stress. Pre-treatment of cells with sulphide donors
resulted in a dight reduction of UVB-induced damage; however, this effect was
insufficient to fully protect the cells. NaHS (87.07£2.07) and NaS, (86.49+3.57)
exhibited the most significant protective effect (approximately 85%, p < 0.05), while
GSH (75.99+1.87) and NAC (75.98+£2.6) demonstrated moderate rescue (around 75-
80%6>). L-cysteine with 66.02+1.2 presented the least effect (approximately 65%, p <
0.05).
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CHAPTER 5
DISCUSSION

This study presents severa key findings across the experimental phases. First,
cis-XJCA was shown to react with sulphide donors readily and undergo non-enzymatic
conjugation with a range of reactive sulphur species in a cell-free system, leading to the
formation of several identifiable conjugates, including a novel sulphur-containing
molecule known as 4-Imidazoleacrylic acid-3-thiol. Second, the in-silico study reveals
that the molecular docking analysis between GST and czZssUCA-RSS, specificaly the
GS(CIE), exhibits a higher binding affinity than the reference drug sulforaphane, which
is aknown GST agonist. This suggeststhat the GST is more favourable for binding with
GS(CIE), indicating that the GST does not catalyse the formation of GS(CIE), but rather
binds with it to recruit more GSH. Next, an in vitro assay using UV B-irradiated HaCaT
cells shows that while cis-XJCA reduces cdll viability under UVB stress, the presence
of RSS mitigates the cytotoxic effect.

To interpret these findings in greater depth, it is necessary to revisit and compare
them with the pathway proposed by Kinuta et al. (2001), which forms the basis of the
current understanding of the ciss=UC A metabolism pathway. Kinuta's proposed pathway
suggested that the GS(CIE) is converted to Cys (CIE) by removing two amino acids,
glutamate and glycine. Nonetheless, this proposed mechanism (highlighted in the red
box, Figure 5.1) was not accompanied by any scientific evidence, indicating that the
processes involving the conversion of GS(CIE) onwards were based on the scientific
knowledge available at that time. No findings on the formation of Cys (CIE)-Gly
intermediate were stated in their published works (Kinuta et al., 2001). Additionally,
this proposed pathway raises substantial doubts due to several compelling reasons. For
instance, conversion of GS(CIE) into Cys (CIE) involves the elimination of two amino
acids from the glutathione structure. This conversion process proposed by Kinuta et al
(2001) requires substantial energy and may necessitate a different catalytic system, such

as enzymes.
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Figure 5.1 C/5-UCA Metabolism Pathway by Kinuta et a. (2001) was Generated using
RCSB.Org. The Red Box Highlights the Missing Gap in this Proposed
Mechanism

A different perspective on cissUCA biochemical properties needs to be re-
evauated to explain the missing pieces in Kinuta's cissUCA metabolism framework.
Given that the energy absorbed from UV irradiation affects the UCA's trans- and cis
forms, it is thought that the energy transfer may excite the molecule to some extent.
With this thought, it is believed that cissUCA theoretically exists in a higher energy
state, rendering it highly reactive. Nucleophiles, for example, supersulphides, are
known for their robust electron-donating capacity and easily attack electron-deficient
centres in electrophiles. Indeed, in this study, we observed that the cissUCA can readily
react with glutathione, one of the RSS, through nucleophilic attack, forming GS(CIE),
without the involvement of GST. Again, using the same concept, we experimented with
the cissUCA in combination with other RSS donors, including L-cysteine, NaHS, and
Na2S2, in a cdl-free system. This aligns with our hypothesis, where cissUCA can
directly react with RSS and form a conjugate without the involvement of GST

In addition, 'H-NMR analysis supported that cis-UCA can interact with multiple
RSS, including NaHS, Na2&2, L-cysteine, and GSH, without the need for enzymatic
catalysis by GST. The cz'ssUCA-glutathione spectra revealed an apparent loss of vinylic
signals and the emergence of new methine and methylene peaks, indicating covalent
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thioether synthesisviaMichagl addition. L-cysteine's a and P-protons exhibited similar
perturbations while keeping the vinyl peaks, suggesting a combination of non-covalent
ionic interactions and partial covalent addition. In contrast, NaHS and Na22 retained
the olefinic resonances with modest alterations, indicating reversible ionic or hydrogen-
bond-assisted associations rather than permanent C-S bond formation.

Interestingly, based on the NMR results of cissUCA incubation with NaHS, the
reaction produces a novel compound, 4-imidazoleacrylic acid-3-thiol (Figure 13B).
Therefore, this could providejustification for the proposed alternative pathways for cis-
UCA that incorporate the newly identified conjugation reactions. This result not only
confirms the successful chemical coupling of a sulfur-based moiety with ciss=UCA under
the tested conditions, but it aso introduces a novel compound that has not been
previoudy described in the literature, thereby expanding our understanding of cis-
UCA's chemical reactivity and potential biochemical transformation pathways. In
addition, this identification of a novel compound provides the firs evidence that cis-
UCA can undergo direct-thiol-based modification in the absence of enzymatic activity.
This discovery reveds an dternative redox-related metabolic route. However, the
inability of this compound to be identified in the in vitro model led us to think that the
cis-UCA can easly react with thiol-containing compounds, both low-molecular-weight
compounds such as GSH and CysSH, and potentially respond with high-molecular-
weight components, such as proteins.

The results of this study indicate that the conjugation of cissUCA with RSS can
occur effectively in the absence of enzyme catalysis. For L-cysteine and GSH, the
conjugates obtained matched those reported by Kinuta etal. (2001); however, based on
the Phase 1 results, they were formed without the involvement of GST. This indicates
that enzyme-independent thiol conjugation can occur directly, while GST may instead
play aregulatory or stabilizing role, consistent with the known multifunctional behavior
of GST enzyme (Hayes & Pulford, 1995; Tew, 2007). This suggests that the reaction is
non-enzymatic, in contrast to earlier studies that highlighted the role of GST, which is
typically abundantly expressed in keratinocytes (Kinuta etal, 2003). This contradiction
prompts a mechanistic inquiry: if GST is unnecessary for conjugation, what is the
enzyme's function within the overall pathway? So, we hypothesized that GST may not
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catalyze the conjugation but rather interacts with the glutathione-czs-UCA conjugate
post-formation.

Molecular docking study corroborates this hypothesis, indicating that the
binding affinity of GST for the glutathione conjugate is markedly superior to that for
Cis-XJCA itdf. The binding affinity was notably higher than that recorded for
sulforaphane, arecognized GST inhibitor utilized as a reference ligand (Prasetyawan et
al, 2025). The data indicate that the glutathione conjugate may function as a regulator
of GST activity, therefore affecting subsequent antioxidant responses. Initially, docking
studies were performed between the GST-only and czZsUCA-only settings, but the
results showed no significant binding affinity. As a result, further docking was
conducted between GST and the GS(CIE), which exhibited higher binding affinity. In
these in silico studies, sulforaphane was used as a reference ligand due to its known
affinity for GST, particularly the GSTP1 isoform (Licznerska, Szaefer, & Kraka
Kuzniak, 2021). Sulforgphane, a naturaly occurring isothiocyanate derived from
cruciferous vegetables such as broccoli, has been widely recognised for inhibiting
GSTs. Its inhibitory action is primarily mediated through the covalent modification of
cysteine residues at the active ste of GST, leading to reduced enzymatic activity
(Dinkova-K ostova etal., 2008). With these characteristics, sulforaphane was employed
as a reference compound to benchmark the binding affinity and interaction profile of
the GS(CIE) with GST.

The binding affinities determined the interaction of the protein and ligand. This
in-silico activity demonstrates that GS(CIE) has a stronger binding affinity than
sulforaphane. The docking poses show that the protein and ligand interact using various
types of bonds. Hydrogen bonds were visualised through PyMol (Schrodinger, LLC,
2015), and other bonds were observed through Discovery Studio (BIOVIA). Based on
the visualisation, GS(CIE) formed two hydrogen bondswith GIn64 at this site. Residues
Tyr7, GIn64, ArglOO, Asn204, and Tyrl08 significantly contributed to the binding with
GS(CIE), resulting in a binding affinity of the complex calculated to be -6.7 kcal/moal.
For sulforaphane, the Gly205 residue of GST formed a hydrogen bond, and the Tyrl08
residue interacted with sulforaphane, forming a pi-sulphur bond. The binding &ffinity
was calculated to be -3.6 kcal/mal.
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This poses a "chicken-and-egg" dilemma: does GST facilitate the initial creation
of the conjugate, as suggested by Kinuta et al (2001), or does the conjugate form
autonomoudly and later engage with GST to augment its activity? Our findings support
the latter idea, suggesting that cis-XJCA and GSH can easly form a conjugate
independently of enzymatic intervention, which subsequently facilitates GST
activation. Through this method, GST may facilitate the recruitment of more GSH
molecules and enhance cellular antioxidant defences. The proposed pathway is shown
in Figure 5.2 below

Antioxidant

__ o Cis-UCA-GSH
7/\ **- Cis-UCA-CysSH Excretion of the

excess cis-UCA
Cis-UCA RSS Cis-UCA-R
7

Figure 5.2 Proposed Pathway of CissUCA Metabolism that was Generated by
Biorender

For this proposed pathway, in the first line, the cissUCA can directly react with
RSS, specifically glutathione (GSH), and form a GS(CIE), where the conjugate
compound activates or binds with GST to recruit more GSH for antioxidant purposes.
The second line in this proposed pathway, cissUCA, can directly react with a molecule
containing cysteine and form a Cys (CIE), a polar form of the molecule that facilitates
the excretion of excess cissUCA. The find step in the proposed pathway involves cis-
UCA reacting with any biological molecule containing thiols (SH), including proteins.
However, further study is needed to elucidate this mechanism, asits biological function

remains unknown.

These results sgnify a significant finding where cissUCA is not just a Smple
chromophore but may play a ggnificant role as a phototransmitter. Further
investigations are required for validation. In addition, the same experiment was repeated
using the transsUCA and RSS donors, and no conjugation was observed. Hence, the
structural changes observed between the transsUCA and cissUCA (Figure 1) indicate
the "unlocking” mechanism. The shifted position of the carbonic acid group at carbon
5 in the UCA alows this compound to be structuraly more "open" and readily dock
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with other compounds, particularly the nucleophile. These findings also suggest that
cisUCA can be neutrdised via irreversible covalent conjugation and reversible
complexation, depending on the RSS implicated. This study challenges the canonical
Kinuta et al (2001) mechanism, which is based on GST-mediated glutathione
conjugation, and proposes an aternative GST-independent detoxification approach.
This chemical evidence directly supports the Phase 2 molecular docking results, which
showed that cissUCA had alow binding affinity for GST. However, the cissUCA-GSH
conjugate had a higher affinity, implying that GST may preferentially recognise and
process pre-formed conjugates rather than catalyse their initial formation.

The physiological significance of this process is substantiated by the
photochemica framework of cissUCA production. CissUCA is produced from trans-
UCA through UVB irradiation of the skin (McLoone et al., 2005), a condition
associated with increased levels of ROS (Norval, 2001). The capacity of cissUCA to
create conjugates with thiol-containing compounds may thus signify a defensive
mechanism against oxidative stress. CisUCA may be regarded as a prospective
phototransmitter molecule, connecting UV exposure to redox-regulated biological
responses. Additional investigation is necessary to examine this potential, especialy
through the testing of cissUCA in phototransmission models. Furthermore, our data
indicate that sulphur donors, including NaHS and GSH, interact with cissUCA in away
that is independent of GST. This suggests that additional thiol-containing compounds,
such as protein-bound thiols, may also participate in conjugation with cissUCA. These
interactions may expand the range of cissUCA reactivity in cellular contexts, offering
new insights into its dual function in both phototoxic and protective mechanisms.

Furthermore, the results suggest that GS(CIE) exhibits a higher binding affinity
than sulforaphane, indicating that the glutathione conjugate may interact more
effectively with GST in biological systems, potentiadly enhancing its role in
detoxification and cellular protection. This means, GS(CIE), not GSH, modulates GST
activity, potentially playing a crucial role in cellular protection against oxidative stress
or UV-induced damage. These interactions were observed in a computational context,
raising questions about the potential influence of such conjugation on biological

outcomes in living cells. Based on these in silico findings, it was essential to assess



whether these conjugation events affect the cellular response to cisUCA under

physiologica stress conditions.

This insight is further supported by our in vitro HaCaT data. The in vitro MTT
assay assessed the physiological effects of czssUCA-RSS interactome in HaCaT cells
exposed to UVB irradiation. The results showed amost a 50% reduction in cell viability
for the cissUCA treatment group compared to the czssUCA-RSS exposed to UVB,
indicating a protective effect against UV B-induced damage. In aignment with previous
findings, treatment with cis-UCA aone resulted in a moderate decrease in cell viability
compared to the untreated control, suggesting that the tested concentration possesses
inherent cytotoxic effects. Recent findings suggest that cissUCA, particularly under UV
exposure, may contribute to immunosuppression or cellular stress by generating
reactive intermediates (Bruhs etal, 2020). UVB exposure enhanced the cytotoxicity of
cissUCA, suggesting that UVB likely increases the reactivity of cissUCA, potentially
through enhanced ROS production or tautomeric conversion. The dataindicate that cis-
UCA exerts lethal effects on keratinocytes irrespective of UV radiation, aligning with
earlier findings that it can modulate immunological responses and induce oxidative
stress in skin cells,

The cytotoxicity of sulphide donors, including NaHS, Na2S2, GSH, NAC, and
L-Cysteine, was assessed to evaluate the safety of RSS as therapeutic modulators under
cisUCA and UVB stress. All compounds exhibited no significant reduction in cell
viability, demonstrating excellent biocompatibility at the tested dose levels, with no
notable toxicity observed at concentrations up to 200uM. The findings suggest their
potential application as protective agents in contexts of oxidative or electrophilic stress.
Co-incubation of cissUCA with each sulphide donor resulted in a notable enhancement
in cal viability, with Na2S2 and GSH demonstrating the most significant effects, which
is approximately above 90% compared to the ciss=UCA aone. The findings corroborate
the hypothesis that sulphur-containing compounds can directly conjugate with cissUCA
or its electrophilic intermediates, thereby supporting a non-enzymatic sulphur
conjugation pathway where it neutralizes its cytotoxic potential, reduces cissUCA
toxicity, and enhances the UV-induced antioxidant response. The effect was smilarly
noted under UV B-enhanced stress conditions, albeit with a dight reduction in the degree
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of protection. The presence of sulphur donors notably improved cel viability,
underscoring their therapeutic potential in UV B-damaged skin environments.

The findings in this study carry important pathological implications. As
reported, the accumulation of cisUCA following exposure to UV contributes to
immunosuppression by impairing Langerhans cdll function and triggering the oxidative
stress pathway, which is known to facilitate the early stages of photocarcinogenesis.
Again, in this study, Phase 1 demonstrated that cissUCA can directly react with RSS to
form a conjugate, suggesting that aternative metabolic routes may influence UV-
related <kin conditions. For example, the formation of the cissUCA conjugate
compound and its compatibility in binding with GST may dter the redox buffering
capacity in keratinocytes, potentially modulating responses or susceptibility to UV-
driven DNA damage. Given that dysregulated redox signalling and impaired
detoxification pathways are hallmark contributors to conditions such as squamous cell
carcinoma, basal cdll carcinoma, and chronic inflammatory skin diseases, these newly
identified czssUCA-RSS interactions may represent previously unrecognised
biochemical events that modify disease risk or progression. Although further in vivo
studies are required, the present findings introduce a mechanistic link between atered
cissUCA metabolism and pathological skin outcomes described in earlier literature.

In addition, the current findings indicate that further extensive and systematic
investigations are required to better understand the underlying molecular mechanisms
of cisUCA. A better understanding of these pathways will not only elucidate the
compounds' direct biochemical interactions. However, it will aso help the researcher to
comprehend how cissUCA regulates, modulates, and potentialy restores the
physiological properties of the skin in both standard and stress-induced settings. This
mechanistic understanding is critical for closing the gap between basic experimenta
research and clinical applications in dermatology and pharmacology. In particular, the
current study provides persuasive evidence that the interaction of NaHS, a proven
inorganic RSS donor, with cisUCA creates a previousy unknown conjugated
molecule. This novel product demonstrates cissUCAs chemical plasticity and shows
that its reactivity with sulphur-based donors could be a feasible and underexplored
avenue for atering its biological function. The discovery of such a molecule, which has
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not been previously reported in the literature, represents a significant advance in our
understanding of cisUCA chemistry and opens new avenues for therapeutic
applications.

Despite the need for additiona mechanistic studies, such as structural
characterization, kinetic profiling, and pathway mapping, this discovery represents a
significant step forward in advancing our study to more clinically relevant scenarios.
By broadening the scope to include other RSS with improved clinical compatibility,
bioavailability, and safety profiles, it may be possible to develop synergistic treatment
strategies that amplify the beneficial effects of cisUCA while aso introducing
additional therapeutic benefits such as antioxidant reinforcement, anti-inflammatory
modulation, and photoprotection. Such an approach may ultimately lead to the
development of novel skin-protective agents or adjuvant therapies, thereby accelerating
the trandation of laboratory findings into practical interventions for skin health and

disease prevention.

In conclusion, the discovery that cissUCA can form new conjugates with RSS
donors, such as NaHS, supports the chemica feasibility of these reactions in a
controlled environment and provides a framework for investigating a broader class of
sulfur-containing bioactive molecules. By combining chemical synthesis, mechanistic
biochemistry, and therapeutic design, this integrated strategy holds great promise for
advancing the field toward tailored, evidence-based dermatological treatments that meet
both preventive and therapeutic needs.
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CHAPTER 6
CONCLUSION AND RECOMMENDATIONS

This research studied the mechanistic function of RSS conjugation in
influencing the biological effects of cisUCA when exposed to UVB irradiation in
HaCaTl keratinocytes. This study examined deficiencies in the cisUCA metabolic
pathway, as outlined by Kinuta et al (2001), with a specific focus on the unclear
transition from GS(CIE) to Cys(CIE). In a GST-independent cell-free system, cissUCA
readily formed conjugates with various sulphide donors, including GSH, L-cysteine,
NaHS, and Na2S2. This suggests that conjugate formation may occur spontaneously
without needing enzymatic catalysis, highlighting the possibility of non-enzymatic
detoxification pathways in vivo. Molecular docking analysis indicated that the GS(CIE)
exhibited a greater binding &ffinity for GST than sulforaphane, a recognised GST
modulator. This suggests that, although cissUCA exhibits low affinity for GST,
GS(CIE) may serve as a substrate or ligand for GST-mediated transport or following
biotransformation, thereby establishing a potentid mechanistic connection to
downstream metabolism.

In vitro cytotoxicity assays conducted on HaCaT cells indicated that cissUCA
induces cell death in a dose-dependent manner, with effects increased by UVB
irradiation. Pre-treatment with sulphide donors significantly improved cell viability
under UVB-exposed and non-exposed conditions, strengthening the hypothesis that
sulphide conjugation alleviates czs-UCA-induced cytotoxicity. The observed protective
effect aligns with the hypothesized function of RSS conjugation in minimizing the
avallability of free, bioactive cisUCA. These findings collectively support a
mechanistic model in which RSS donors conjugate with ciss=UCA through a non-
enzymatic pathway, potentialy followed by GST-mediated processing, resulting in
fewer toxic metabolites. This conjugation pathway may sgnify apreviously overlooked
regulatory checkpoint in the biochemical response of skin to UVB irradiation.

Despite these findings, a few limitations should be acknowledged. NMR was
used to confirm conjugate structures in a cell-free environment, but this was not verified
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in cellular contexts, and no in-cell metabolomic profiling was performed. Without
biochemical or kinetic validation, GST-ligand interactions were investigated solely by
computational docking. Although the UV exposure was measured using a UV
irradiance photometer to measure the UVB exposure data, the timing of the UV
exposure was measured using a timer, which may have introduced uncertainty in the
dose estimation. Furthermore, al cellular investigations were primarily conducted on
HaCaT keratinocytes, which limits the extrapolation to other skin cell types. The work

was entirely in vitro, with no in vivo or ex vivo validation.

To overcome these shortcomings, future studies should incorporate targeted
metabolomic analysis in cellular systems to demonstrate the intracellular production
and stability of cisUCA-RSS conjugates, as well as GST enzymatic assays to validate
docking predictions. Furthermore, LC-MS and HPLC can be used to quantify 4-
imidazoleacrylic acid-3-thiol and measure oxidative stress markers. The experimental
scope should be expanded to include more skin-relevant cell types and co-culture
models. Finally, validation in in vivo or reconstructed human skin models will be
required to determine whether the protective role of RSS conjugation observed in vitro
trandates to physiologically relevant conditions and whether the protective
concentrations of RSS donors are feasible in living systems.

In short, our investigation verifies the conjugation ability of cissUCA with RSS
and underscores its potential as a chemical defence mechanism against oxidative and
electrophilic stress in the skin. This discovery may facilitate a novel research trgjectory
that utilizes cisUCA-RSS conjugation to prevent and treat several developing
cutaneous disorders, such as photoaging, inflammatory dermatoses, and potentially skin
malignancies associated with redox dysregulation. Comprehensive mechanistic studies
and in vivo research will be crucial to thoroughly clarify the biological significance and
therapeutic potential of this relationship.
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