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LINE-1 long interspersed nucleotide element 1  
MALDI-TOF-MS  matrix assisted laser desorption-time of flight-mass spectrometry  
MAPK  mitogen-activated protein kinases  
MC1R  melanocortin 1 
MMPs  metalloproteinases  
MRN  MRE11-RAD50-NBS1 
MS mass spectrometry 
MT  metallothioneins  
NAC  N-acetyl-L-cysteine 
NAD  nicotinamide adenine dinucleotide  
NADPH nicotinamide adenine dinucleotide phosphate  
NaN3  sodium azide 
NBF nitroblue diformazan  
NBT  nitroblue tetrazolium 
NER  nucleotide excision repair  
NFкB nuclear factor кß 
NLS  nuclear localization sequence 
NO  nitric oxide  
NOX1  NADPH oxidase  
NOXA  phorbol-12-myristate-13-acetate-induced protein 1  
NQO1  NAD(P)H quinone oxidoreductase 1  
Nrf2  nuclear factor-erythroid 2-related factor 2  
NSAID  non-steroidal anti-inflammatory drugs  
NTD  neural tube development  

O2 
–   superoxide anion  

O3  ozone  
OGG1  8-oxoguanine glycosylase 1  
OH-  hydroxide ion  
ONOO-     peroxynitrite  
OTC over the counter 
PARP poly ADP ribose polymerase 
PTCH 1 protein patched homolog 1 
PBS phosphate buffered saline  
PDT  photodynamic therapy  
PDTC pyrrolidine dithiocarbamate  
PERK protein kinase R (PKR)-like endoplasmic reticulum kinase 
PG  prostaglandin  
PI propidium iodide 
PKA  protein kinase A  
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PL pyridoxal  
PLE  polymorphic light eruptions  
PM  pyridoxamine  
PN pyridoxine  
pol β Polymerase beta  
polɛ  DNA polymerase epsilon 
polδ  DNA polymerase delta 
POMC   pro-opiomelanocortin  
PPAR peroxisome proliferator activated receptor  
PpIX  protoporphyrin IX  
PTGES3  prostaglandin E synthase 3  
RFP  red fluorescence protein 
RFU  relative fluorescence units 
RNS  reactive nitrogen species 
ROS  reactive oxygen species  
RTK receptor tyrosine kinase 
RT-PCR  reverse transcriptase polymerase chain reaction  
S0 singlet ground state  
S1  excited singlet state compound  
SCC squamous cell carcinoma 
SD standard deviation 
SOD superoxide dismutase  
SP  substance P  
T1 triplet energy state  
tdt terminal deoxynucleotidyltransferase 
TEM  transmission electron microscopy  
TGF-ß  transforming growth factor beta 
TMP thymidine monophosphate 
TNF-α   tumor necrosis factor alpha 
trans-UCA   trans-urocanic acid 
Treg  T regulatory cells  
TRP1  tyrosinase related proteins  
TUNEL terminal dUTP nick end labeling  
TWL  transepidermal water loss  
TXNRD1 thioredoxin reductase 1  
TYR  tyrosinase  
UGT UDP-glucuronosyltransferase  
UPR unfolded protein response 
UV  ultraviolet  
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XAP2/ARA9/AIP   immunophilin-like protein hepatitis B virus X associated protein 2  
XO  xanthine oxidase  
XP  xeroderma pigmentosum  
XPC-HR23B  xeroderma pigmentosum-C- human Rad 23 homolog B  
XRCC X-ray repair cross complementing  
XRE  xenobiotic response element  
ZIP zinc-regulated transporters/iron-regulated transporter-like proteins  
ZnPT zinc pyrithione  
ZnT zinc transporter 
α–MSH  alpha-melanocyte-stimulating hormone  
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          ABSTRACT 

 

Ultraviolet A is a major spectral component of solar electromagnetic energy reaching the 

surface of the earth. Excessive exposure to solar UVA is a known contributor to skin 

photoaging and photocarcinogenesis, associated with increased incidence rates and a 

significant health burden imposed by skin cancer worldwide. However, the molecular 

mechanisms underlying UVA-induced skin photodamage remain largely undefined. UVA 

radiation has been shown to cause cutaneous oxidative stress and photosensitization 

reactions involving the light-driven photochemistry of specific skin chromophores 

upstream of reactive oxygen species formation, recognized as key players in skin 

photooxidative damage. Consequently, there has been significant interest in the 

identification of endogenous compounds that facilitate these reactions serving as 

endogenous photosensitizers. In my graduate research, we assessed the potential of 

selected endogenous chromophores, pyridoxal and 6-formylindolo[3,2-b]carbazole 

(FICZ), to elicit UVA-induced photo- and genotoxicity in relevant models of human skin, 

and further identified the underlying molecular mechanisms involved. We demonstrated 

for the first time that the B6-vitamer pyridoxal, previously shown to contain the 

phototoxic 3-hydroxypyridine moiety, is a micromolar sensitizer of UVA-induced 

genotoxicity in human primary keratinocytes and human epidermal reconstructs, which 

may be relevant to human skin exposed to high concentrations of B6-vitamers. 

Additionally, we have demonstrated that FICZ, a tryptophan photoproduct and 

endogenous high-affinity aryl hydrocarbon receptor (AhR) agonist, as the most potent 

endogenous UVA- and visible light-activated photosensitizer identified as of today. FICZ 
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potentiates photooxidative stress, an effect that occurs independent of AhR ligand 

activity. Given the extraordinary photodynamic potency of FICZ, which surpasses that of 

any known endogenous photosensitizer, including protoporphyrin IX, and its rapid 

metabolic turnover, we tested the feasibility of using FICZ for the photodynamic 

elimination of malignant skin cancer cells in vitro and in vivo. Indeed, light 

photoactivation of FICZ-induced phototoxidative damage and cytotoxicity in a panel of 

cultured human malignant skin cells, and furthermore suppressed post-UVB tumorigenic 

progression in high-risk SKH-1 mice. Based on these pilot studies, follow up experiments 

will further optimize FICZ-based photodynamic interventions targeting human skin 

malignancies in relevant model systems. In pursuit of minimizing the need for invasive 

therapeutic methods, exploitation of stress response pathways has become a topic of 

interest for interventions aimed at the eradication of skin cancer at early or late 

progressional stages. Therefore, we tested feasibility of harnessing the cellular metal 

stress response for the elimination of skin cancer cells using the zinc-ionophore and 

FDA-approved microbicidal agent zinc pyrithione (ZnPT). Indeed, in a panel of cultured 

malignant skin cancer cells it was observed that ZnPT treatment caused rapid intracellular 

zinc overload and redox dysregulation, followed by a loss of genomic integrity and 

induction of caspase-independent cell death. In a murine photocarcinogenesis model, 

chronic topical ZnPT-administration post-UV caused epidermal zinc-overload and stress 

response gene expression with pronounced blockade of tumorigenic progression. These 

data suggest the feasibility of repurposing a topical OTC-drug for zinc-directed 

photochemoprevention of solar UV-induced nonmelanoma skin cancer. In summary, 

these studies contribute to our mechanistic understanding of photosensitizer- and zinc-
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induced stress responses in human skin, and furthermore provide the molecular basis for 

innovative therapeutic strategies aimed at the elimination of skin cancer cells.  
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    CHAPTER 1: 

            INTRODUCTION 

 

1.1 Anatomy and function of the human skin 

The skin is the largest organ of the body constituting 15 % of the total adult body 

mass positioned at the interface between the environment and the body’s internal organs 

(1). The skin is a crucial and dynamic barrier against the constantly changing 

environment autonomously maintaining local and systemic homeostasis. As one of the 

first barriers of defense against physical stressors (e.g. mechanical injury, solar ultraviolet 

radiation), chemical stressors (e.g. xenobiotics, allergens), and pathogenic microbes, the 

skin is a complex organ functioning in hydration and thermal regulation, metabolism and 

biosynthesis, immunity, circadian rhythmicity, wound healing, and psychological value 

(1-6). Among various environmental factors relevant to human health, solar exposure is 

known to disrupt tissue homeostasis and impact many functions of the skin. 

Compromised skin barrier functions is a hallmark of numerous cutaneous pathologies 

such as hypersensitization, systemic infections, photoaging, and photocarcinogenesis. 

The skin is stratified into three main layers: the epidermis, the dermis, and the 

hypodermis, each serving a specialized barrier function.  

 

1.1.1 The epidermis: The epidermis is a stratified squamous epithelium with a typical 

thickness ranging from 0.05-1 mm, depending on the anatomical location. The epidermis 

is characterized by the presence of lipids, keratin protein, desmosomes and tight junctions 

that together makes skin highly resistant to mechanical stress and water loss from the 
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body (7). Keratinocytes constitute up to ninety percent of cells in the epidermis while 

melanocytes (melanin producing cells), Langerhans cells (antigen presenting cells) and 

Merkel cells (sensory receptor cells) contribute the remaining ten percent (8). Mitotically 

active keratinocytes are only found in the deepest layer of the epidermis (stratum basale) 

where they are bound to the basement membranes by hemidesmosomes. The melanocytes 

make up a small proportion of the cells found in the stratum basale, with each individual 

melanocyte interacting with a multitude of nearby keratinocytes forming what is called 

the epidermal melanin unit. However, in response to solar irradiation, the number of 

melanocytes increases. Basal keratinocytes are continuously displaced by newly formed 

cells and delaminate from the basement membrane. The keratinocytes differentiate and 

keratinize as they progress upwards through the epidermis giving rise to the stratum 

spinosum, stratum granulosum, stratum lucidum, and then terminally differentiating into 

corneocytes (keratinocytes devoid of nuclei) in the stratum corneum (2,8). Keratinocyte 

progression from the stratum basale to the stratum corneum surface takes approximately 

30 days but is accelerated in cutaneous disorders such as psoriasis and seborrheic 

dermatitis. The stratum corneum is the outermost layer of the skin composed of several 

layers of corneocytes, fatty acids (e.g. squalene), and lipids (e.g. ceramides and 

cholesterol), fostering its highly lipophilic intercellular matrix. The lipophilic nature of 

this layer is crucial for the prevention of transepidermal water loss (TWL) and 

percutaneous absorption of noxious substances (9). Keratinocytes are major sources of 

signaling molecules (e.g. nitric oxide, neuropeptides, cytokines), endogenous 

antimicrobial peptides (e.g. defensins, cathelicidins), barrier proteins (e.g. filaggrin, 

keratin, involucrin, loricrin) and lipids (e.g. ceramides, cholesterol), and antioxidant 
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factors (e.g. glutathione, catalase), all of which play important roles in skin barrier 

integrity (2,10). 

 

1.1.2 The dermal-epidermal junction: The underlying dermis is separated from the 

epidermis by the dermal-epidermal junction. It is a porous basement membrane region 

that joins the two layers allowing the diffusion of fluid, nutrients and cells important for 

cell migration and epithelial–mesenchymal signaling events. A variety of 

macromolecules including collagen, laminin, and integrin interact with dermal-epidermal 

junction unifying complex extracellular matrix protein-to-protein interactions (11). 

 

1.1.3 The dermis: The dermis comprises the bulk of the skin with typical thickness of 

0.3-3.0 mm; and it is divided into two layers: the upper layer known as the papillary 

layer, and the deeper layer known as the reticular layer. The dermis is characterized by 

the presence of dense connective tissue such as collagen and elastin, providing its 

elasticity and tensile strength, epithelial structures of the hair follicle, sweat glands, 

microvasculature, and nerves (2,3). Dermal resident cells include fibroblasts, 

macrophages, mast cells and adipocytes. Furthermore, lymphocytes and other leukocytes 

infiltrate the dermis in response to various signals. In addition to providing a structural 

and mechanical support, the dermis is also vital in facilitating water retention, immune 

responses, angiogenesis, and wound healing (12-14). 

 

1.1.4 The hypodermis: Below the dermis lies the hypodermis which serves as an 

architectural component of human skin comprising of lipids and connective fibers that 
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anchors the dermis. The mass of the hypodermis is regulated by differentiation of 

preadipocytes into mature adipocytes (adipogenesis) lipid synthesis (lipogenesis) and 

lipid catabolism (lipolysis) (15). The hypodermis was traditionally thought to only play a 

role in storing fat, however, it has been recently recognized to have important roles in 

cutaneous pathophysiology including modulating fibroblast function in extracellular 

matrix homeostasis and wound healing through the release of signaling factors called 

adipokines (e.g. adiponectin and leptin) (15-17).  

 

1.2 Cutaneous consequences of solar UV exposure 

1.2.1 Solar radiation: Solar radiation reaching the surface of the earth is made up of 

electromagnetic energy of various wavelengths: Ultraviolet (UV), which is further 

divided into UVB (280-320 nm) and UVA (320-400 nm) represents 0.3% and 5.7% of 

total solar electromagnetic energy, respectively. Visible light (400-760 nm) represents 

38.9%, and near infrared radiation (760 nm-1 mm) represents 54.3% of total solar 

electromagnetic energy (18). The wavelength of photons is inversely proportional to its 

energy. For example, UVB has higher energy levels per photon than longer wavelength 

UVA light. It is important to note that the percentage of solar energy reaching earth can 

vary according to geo-orbital factors and environmental factors such as time of day, 

latitude, season, and ozone layer, leading to different exposure conditions.  

 

1.2.1.1 Solar ultraviolet radiation: Solar ultraviolet (UV) is one of the most 

important environmental elements impacting the structure and function of human skin. 

The penetration of UV through different skin layers is dependent on the UV wavelength 
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and the absorption properties of skin constituents. The short wavelength UVB rays are 

absorbed by the epidermis, with approximately 70% blocked by the stratum corneum. 

Although lower in photon energy, UVA represents a larger spectral fraction than UVB 

and penetrates deeper into the skin, with 80% reaching the dermal-epidermal junction and 

lower dermal compartments (19,20). Longer wavelength photons (i.e., visible light and 

infrared) are the most penetrating, reaching the hypodermis. Given the dermal penetration 

capability of long wavelength light, these regions are now recognized as a major 

causative factor in dermal damage that underlies skin photoaging (21,22). Solar UV is 

widely known to have a multitude of effects on skin physiology and function. However, 

the effects of solar UV are not limited to the skin but also influence systemic functions. 

Despite the overwhelming number of studies demonstrating the negative consequences of 

excessive solar exposure, solar UV is also an important factor benefiting human health 

(Figure 1.1).  
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Figure 1.1 Biological effects of solar UV exposure on human skin. Solar UV is a 
significant environmental factor impacting human health by influencing skin physiology 
and function. Biological effects of absorbed UV radiation include vitamin D3 synthesis, 
antimicrobial and neuropeptide peptide production, erythema, melanogenesis, 
photoallergy, phototoxicity, immunosuppression, and photocarcinogenesis. 
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1.2.2 Vitamin D: UV exposure is an effective source of vitamin D3 production in the 

epidermis. UVB drives the photorearrangement of 7-dehydrocholesterol into the pre-

vitamin D3 in the epidermis followed by hydroxylation in the liver and kidneys that 

covert it to the active steroid hormone calcitriol 1,25(OH)2D3. Remarkably, the 

hydroxylation reactions of 7-dehydrocholesterol to 1,25(OH)2D3 has also been shown to 

be carried out by cytochrome P450 monooxygenase (CYP P450) of keratinocytes in 

human skin in vivo, suggesting that skin is a self-sufficient source of 1,25(OH)2D3 (24). It 

is well established that 1,25(OH)2D3 is necessary for mineral metabolism as well as bone 

growth; however, recent studies indicate a strong negative correlation between 

1,25(OH)2D3 and cancer risk particularly in breast, colon, and prostate cancer (25,26). 

Emerging evidence suggests vitamin D3 has photoprotective activity (25,27). For 

example, topical application of 1,25(OH)2D3 has been demonstrated to suppress UV-

induced tumorigenesis in mice (28). Topical application of 1,25(OH)2D3 blocks UV-

induced cyclobutane pyrimidine dimer (CPD) yields thought to occur as a result of 

elevated p53 expression in keratinocytes in vitro and in vivo (23). 

 

1.2.3 Antimicrobial peptides: Antimicrobial peptides (AMP) are small cutaneous 

peptides that play an antibacterial and pro-inflammatory ‘alarmin’ role in the innate 

immune system.  In addition, AMP have been shown to contribute to immunosuppression 

through the induction of T-regulatory cells (Treg) (29). UV radiation is a potent inducer 

of AMP expression (human β-defensin, cathelicidin peptide LL-37, psoriasin, 

ribonuclease-7) through enhancement of 1,25(OH)2D3 and pro-inflammatory cytokines; 

however, the exact mechanism underlying UV-induced AMP expression changes still 
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remains to be elucidated (9,30). Interestingly, patients with immune-mediated 

inflammatory photosensitivity disorder, particularly polymorphic light eruption (PLE), 

display a dramatic upregulation in AMP expression in response to UV when compared to 

healthy individuals, even though non-irradiated PLE skin display normal AMP 

expression levels (31).  This suggests that there may be a potential role of AMP 

dysregulation driving UV-induced immune dysfunction in skin photosensitivity. 

Additionally, patients with atopic dermatitis, a chronic inflammatory skin condition, 

display reduced levels of human β-defensin and LL-37; accordingly, low-dose UV 

therapy has been shown to have therapeutic potential in restoring barrier properties (32). 

The role of these AMP in the protection against UV-induced skin damage remains to be 

understood.  

 

1.2.4 Neuropeptides and melanogenesis: In response to UV-induced DNA damage, p53 

is activated in keratinocytes and stimulates expression and secretion of neuropeptides 

including pro-opiomelanocortin (POMC) peptide and its cleavage products α-, β-, g-

melanocyte-stimulating hormone (α-, β-, g-MSH), adrenocorticotropic hormone (ACTH), 

and β-endorphin. UV exposure has been demonstrated to enhance circulating β-

endorphin, which interestingly is also thought to mediate the UV-seeking addictive 

behavior (33,34). Additionally, following chronic UV treatment, enhancement of plasma 

β-endorphin levels has been shown to parallel the elevation of analgesic thresholds in 

mice (35). This could potentially explain the temporary pain reduction after UV exposure 

reported by patients with the chronic pain condition fibromyalgia (35). 
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The two POMC cleavage products, ACTH and α-MSH, are major melanocortins 

secreted by keratinocytes involved in melanogenesis (the tanning process in response to 

solar light exposure). The melanocortins bind to the G protein-coupled receptor 

melanocortin 1 (MC1R), expressed on the surface of melanocytes, activating a signaling 

pathway that involves cAMP and protein kinase A (PKA). In turn, this enhances the 

expression of the cAMP-responsive binding element (CREB) and microphthalmia 

(MITF) transcription factors (36). MITF modulates the expression of many melanogenic 

biosynthetic enzymes including tyrosinase (TYR), and the tyrosinase-related proteins 

TRP1 and L-dopachrome tautomerase (DCT). Melanin is then produced from L-tyrosine 

within the melanosomes through a series of reactions catalyzed by these enzymes.  

 

1.2.5 Erythema: Erythema is the initial reddening of the skin caused by UV exposure, 

accompanied by irritation and dilatation of the cutaneous blood capillaries. Erythema is 

multifactorial in origin with various mediators acting in response to UV. It has been 

demonstrated that UVA-exposure and blue light (420-490 nm) increased intra-cutaneous 

levels of highly diffusible nitric oxide and S-nitrosothiol due to photolysis of NO-

derivatives (e.g. nitrite, nitrate), resulting in the elevation of plasma nitroso-compounds 

and subsequent decrease in systemic blood pressure (37,38). It is postulated that these 

mechanisms may partly contribute to UV-induced edema and erythema. Another 

mechanism that may contribute to UV-induced erythema is the release of neuropeptides 

by keratinocytes and sensory nerves innervating the skin. Skin sensory nerves release the 

neuropeptides substance P (SP) and calcitonin gene-related peptide (CGRP) which are 

suggested to contribute to the vasodilatation and plasma extravasation observed after UV-
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exposure (37,39). Other potential contributors to erythema include prostaglandin E2 

(PGE2) and prostaglandin F2α (PGF2α), displaying increase in production after UVB 

exposure. Indeed, the use of cyclooxygenase (COX) inhibitors partially reduces initial 

UV-induced erythema (40,41).  

 

1.2.6 Immune modulation: Solar UV inflicts acute and chronic effects on skin, from 

photoallergy (allergic response to photoantigens) and photoaging (accelerated skin aging 

due to sun exposure) to photocarcinogenesis (UV-induced skin cancer) (42,43). A 

number of studies reveal that the UV-modulation of immune function appears to play a 

role in each of these effects. After UV exposure, skin cells and infiltrating inflammatory 

cells release pro-inflammatory and immunosuppressive cytokines, growth factors, and 

neuropeptides, creating a complex environment of interacting immune modulators 

mediating photosensitivity conditions (hypersensitivity to sunlight) such as photoallergy, 

and primary idiopathic photodermatosis. These interactions are also thought to mediate 

immunosuppression, including impaired contact hypersensitivity and impaired tumor 

surveillance (44). The topic of photoallergy is covered in subsection 1.6.  

Idiopathic photodermatoses are a group of autoimmune disorders whose etiology 

remains unknown but are characterized by hyper inflammatory responses after sunlight 

exposure. Idiopathic photodermatoses includes: polymorphic light eruptions (PLE), 

juvenile spring eruption, actinic prurigo, and solar urticaria (24). It is likely that these 

patients may form photoantigens from endogenous skin molecules that trigger immune 

responses (45). This is evidenced by a study demonstrating that UV-exposure to 

epidermal cells derived from PLE patients had substantial stimulatory action on 
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autologous peripheral blood mononuclear, a phenomenon not observed in cells derived 

from healthy subjects (46).  

 

1.2.6.1 Immunosuppression: Photoimmunosuppression is associated with the 

depletion of Langerhans cells from the epidermis, altered antigen presentation, and the 

induction of T-regulatory cells (Treg) (47). There are a few potential players that have 

been suggested to mediate photoimmunosuppression, however, the specific mechanisms 

and underlying pathways have yet to be elucidated. Photoisomerization of the 

chromophore trans-urocanic acid to the cis configuration in the stratum corneum has been 

demonstrated to mediate immunosuppression with inhibition of contact hypersensitivity 

by largely unknown mechanisms (48). 

DNA damage has also been associated with the induction of immunosuppressive 

cytokines interleukin-10 (IL-10) released by Treg cells, suppressing contact 

hypersensitivity to chemical haptens. Remarkably, topical application of liposome 

encapsulated T4-bacteriophage endonuclease V on UV-irradiated mice, resulted in the 

reduction of Treg induction and prevention of immune suppression, thus supporting a 

role of DNA damage and immunosuppression (49). Additionally, the activation of the 

aryl hydrocarbon receptor (AhR) has been identified as a major mechanistic factor 

underlying photoimmunosuppression via induction of Treg. Induction of UV-induced 

Treg is prevented by AhR antagonists suggesting that UV-induced AhR activation is 

implicated in UVR-mediated immunosuppression. Moreover, AhR-knock out mice 

exhibit resistance to UVR-induced immunosuppression (50). Given these observed 

immunosuppressive activities, UV light therapy is of considerable clinical interest in the 
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treatment of autoimmune skin diseases such as psoriasis, atopic dermatitis, eczema and 

even PLE (45). Importantly, immune suppression is a significant risk factor for the 

progression of skin cancer, because it prevents immunological mechanisms of tumor 

surveillance. This relationship is supported by epidemiological data indicating a higher 

incidence of squamous cell carcinoma (250-fold increase) and melanoma (8-fold 

increase) in patients receiving immunosuppressive pharmacotherapy (e.g. azathioprine, 

cyclosporine) (51-54). It is important to note that skin tumors in immunosuppressed 

patients are located almost exclusively in sun-exposed areas and tend to be highly 

aggressive, suggesting an important connection between UV-exposure, 

immunosuppression, and skin tumorigenesis (55). In summary, it is widely recognized 

that solar UV exposure compromises cutaneous immunity, systemically and locally, 

possibly influencing the growth and progression of immunogenic UV-induced skin 

tumors. This is substantiated by the observation that highly antigenic tumor transplants 

are less likely to be rejected and successfully grow in mice that receive chronic UV 

treatment (56).  

 

1.2.7 Photocarcinogenesis: Solar UV is a well-established carcinogen promoting 

growth and development of skin cancers including melanoma and non-melanoma skin 

cancers (NMSC): squamous cell carcinoma and basal cell carcinoma (57,58). As a 

complete carcinogen, UV impacts all the three stages of photocarcinogenesis: initiation 

(mutagenesis), promotion (clonal expansion of initiated cells), and progression towards 

the metastatic stage of the disease. The connection between UV exposure and skin cancer 

development in humans is exemplified by the skin cancer proneness in patients affected 
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by xeroderma pigmentosum (XP). XP is an autosomal recessive genetic disorder devoid 

of effector proteins in nucleotide excision repair (NER) that reverse UV-induced CPDs in 

sun-exposed skin. Numerous processes are involved in skin carcinogenesis, antagonized 

by protective pathways including DNA repair, apoptosis (sunburn response), and immune 

response. Photomutagenesis is thought to be the major environmental factor driving 

NMSC. Importantly, numerous UV-activated pathways and mutations responsible for 

initiation and progression of NMSC have now been identified, including activated 

receptor tyrosine kinases (RTK, e.g. EGFR)/ras signaling, inactivation of p53 tumor 

suppressor function, and hedgehog pathway (PTCH-1) mutations (59-61).  

 

1.2.8 Photoaging: Photoaging (dermatoheliosis) is characterized by sagging, thinning 

skin, and wrinkle formation (most apparent in commonly sun-exposed areas such as the 

face, the dorsum of the hands and the posterior neck) (62,63). Histological analyses of 

photoaged skin biopsies reveal significant dermal atrophy, accumulation of truncated 

elastin fibers (solar elastosis), reduction in collagen fibers, increased dermal infiltration 

of inflammatory cells, senescent fibroblasts, lysosomal accumulation of lipofuscin-like 

autofluorescence and oxidatively modified extracellular matrix proteins (64,65). 

Accordingly, dermal abnormalities in photoaged skin have increased the demand for 

dermatological interventions such as neurotoxic proteins (e.g. botulinum toxin) and 

dermal fillers (e.g. hyaluronic acid injections). UVA is the predominant solar spectral 

component mediating photodamage in the dermis and its effects are driven by the 

formation of reactive oxygen species (ROS). ROS modulates transcriptional activation of 

modifiers of the dermal extracellular matrix including matrix metalloproteinases 
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(MMPs), transforming growth factor-beta (TGF-ß), and inflammatory cytokines that 

further drive MMP and ROS production (7,22,66).  

 

1.3 Photochemical basis of UV-induced skin damage  

Irrespective of biological consequences in skin caused from sun exposure, it is 

important to note that sun-induced effects originate from the absorption of a single 

photon (a packet of energy) by a molecule. The first law of photochemistry, known as the 

Grotthuss–Draper law, states that light must be absorbed by a chromophore in order to 

initiate a photochemical reaction (67). In a given molecule, the photon absorbing moiety 

is referred to as ‘chromophore’.  In the absence of energy (e.g. photon, heat) absorption, 

most compounds exist in the singlet ground state (S0), the lowest electronic energy state 

level. Singlet state refers to a molecular electronic state in which paired electrons have 

opposite spins. When a S0 chromophore absorbs a photon, a molecular electron is 

promoted to a higher energy orbital level producing an excited singlet state compound 

(S1, and S2) (Figure 1.2)(18,67,68).  
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Figure 1.2 Photosensitizer excited state: type I and type II photochemical reactions. Top 
panel depicts electronic transitions from ground state S0 to excited singlet state S1, following the 
absorption of light by a chromophore. Intersystem crossing (ISC) to an excited triplet energy 
state can then engage in a variety of photochemical reactions. The vertical arrows represent the 
loss of excess energy back to S0 through internal conversion or photon emission. Bottom panel 
depicts the two types of photosensitization reactions, type I and type II. In type I, the excited 
state sensitizer interacts directly with a substrate molecule creating radical intermediates that can 
interact with oxygen regenerating the original sensitizer and forming superoxide anion (O2

.-). In a 
type II, the excited state sensitizer directly transfers an electron or energy to oxygen, generating 
(A) O2

.- or (B) singlet oxygen (1O2), respectively. 
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Each wavelength of light is associated with a particular amount of energy, thus for 

absorption to occur, the photon energy must equal the energy difference between the S0 

of the absorbing chromophore and one of its excited states. This energy difference 

between two states varies among chromophores depending on their electronic 

configuration. For example, the presence of conjugated double bonds or aromatic systems 

in a chromophore enables photon absorption at longer wavelengths. An excited state 

compound can relax to S0 by releasing excess energy via various mechanisms including 

thermal relaxation ‘internal conversion’ or fluorescence (photon emission) that usually 

occurs on a nanosecond time scale. Some excited state chromophores [e.g. trans-urocanic 

acid (trans-UCA), 11-cis-retinal)] may isomerize (cis-trans isomerization). The 

isomerized compound can return back to its original form through thermal relaxation or 

photoexcitation. In the context of skin damage, a chromophore may define the specific 

biomolecule targeted by solar radiation (e.g. DNA, melanin, trans-UCA, 7-

dehydrocholesterol) (67).  

Alternatively, rather than dissipating energy through internal conversion or 

fluorescence, some chromophores in the excited singlet state may instead transition to a 

long-lived triplet energy state (T1), a process called ‘intersystem crossing’. The triplet 

state chromophore can then release excess energy as photons in a process referred to as 

‘phosphorescence’. However, due to its long lifetime and reactivity, the triplet state plays 

a major role in photosensitization through either energy transfer or electron transfer to 

substrates or oxygen creating reactive intermediates and toxic photoproducts. 

Chromophores that elicit photosensitization reactions are referred to as photosensitizers, 

occurring endogenously or available from exogenous sources (e.g. cosmetics, clinical 
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drugs) (44,69-71). The excited triplet state photosensitizer (e.g. porphyrins, tryptophan 

photoproducts, vitamins, tetracylines) can inflict indirect chemical damage to 

biomolecules (causing DNA strand breaks and DNA, protein, lipid oxidation) after 

generation of reactive oxygen and nitrogen species (72-75).  

Photosensitization reactions may occur by two major mechanisms, type I and type 

II. The type of mechanism is dependent on the chemical property of the photosensitizer, 

substrate concentration, and oxygen concentration. A type I mechanism involves the 

direct transfer of one electron between the excited triplet state sensitizer and a nearby 

biomolecule substrate, such as cell membranes.  In most cases, the substrate donates an 

electron to the sensitizer, resulting in generation of a substrate radical cation and a 

sensitizer radical anion. The radicals can further react with oxygen producing O2
.- or 

react with additional biological substrates such as lipids, proteins and DNA. Superoxide 

radical anion does not itself damage biomolecules but can mediate such effects if the 

antioxidant superoxide dismutase (SOD) catalyzes the dismutation of O2
.- into hydrogen 

peroxide (H2O2), which is cell membrane permeable. In a chemical process referred to as 

the ‘Fenton reaction’, reduced transition metal ions such as ferrous iron (Fe2+) are 

oxidized to form hydroxyl radicals (HO.) from H2O2, capable of causing oxidative 

damage by hydrogen abstraction.  

In type II photosensitization, photosensitizers in the excited triplet state directly 

transfer energy to ground state molecular oxygen (3O2) generating photoexcited oxygen 

[singlet oxygen, (1O2)], a process called triplet-triplet energy transfer. In addition to the 

formation 1O2, some type II reactions produce superoxide anion. Interestingly, 
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photooxidative mechanisms mediated by 1O2 are more efficient than those originating 

from oxygen radical species, a fact based on extended diffusion radius (20 nm) and high 

reactivity with biomolecules (76-79). An efficient photosensitizer is characterized by a 

high quantum yield of photon-induced intersystem crossing populating the excited triplet 

state and a sufficient triplet state lifetime to allow triplet-triplet energy transfer with 

target molecules including ground state oxygen and biochemical moieties. Singlet oxygen 

lifetime is limited (40 ns) and other more stable ROS (e.g. H2O2) are therefore thought to 

be responsible for mediating oxidative stress after cessation of UVA exposure (77). 

However, in lipid membranes, 1O2 displays a two-fold increase in lifetime compared to 

aqueous environments and lipid peroxides are major products formed during 

photosensitization reactions.  

 

1.4 Photooxidative stress in skin  
 

Reactive oxygen species and reactive nitrogen species are important signaling 

molecules in skin, that act upstream of cell stress signaling pathways including mitogen-

activated protein kinases (MAPK), epidermal growth factor receptor (EGFR), and nuclear 

factor-кB (NF-кB) that can alter the structure and function of skin (Figure 1.3).  In both 

type I and type II mechanisms, the resulting ROS can overwhelm antioxidant defense 

systems resulting in cellular oxidative stress with impairment of cell integrity and 

function (80,81). Inflammatory responses are also triggered by ROS through the release 

of inflammatory mediators such as tumor necrosis factor-α (TNF-α), and activation of 

NF-кB, a key regulator of pro-inflammatory gene expression in skin (82,83). ROS also 

mediate increased expression of cyclooxygenase-2 (COX-2), producing prostaglandins 
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such as PGE2, and are involved in upregulation of MMPs and CYP450s. In addition, ROS 

are causative agents in the disruption of metal ion homeostasis, causing release of zinc 

and iron from labile intracellular stores (5,84-89). The occurrence of UV-induced ROS 

production as a major contributor to skin photodamage has been demonstrated in cultured 

human skin cells and human skin in vivo (90-92).  
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Figure 1.3 Photooxidative mechanisms in skin photodamage. UV-plays a multifaceted 
role in skin photodamage. UV induces the production of ROS from multiple sources such 
as photosensitizer (PS)-mediated reactions, mitochondrial leakage, and NADPH oxidase 
(NOX) and xanthine oxidase (XO) enzyme activation. ROS act upstream of cell stress 
response pathways causing AhR ligand production, Nrf2 activation, MAPK signaling, 
heat shock (Hsp) and metal stress response induction and pro-inflammatory NF-кB 
activation thought to play a role in skin photodamage. 
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UVB-driven ROS has been acknowledged as an indirect consequence of enzyme 

activation and inflammatory responses. Although, elevated calcium levels have been 

demonstrated to be a triggering event for the subsequent ROS production, the exact 

pathway underlying UVB-mediated activation of oxidant producers, nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (NOX1), nitric oxide synthase 

(cNOS), xanthine oxidase (XO), and catalase still remains to be fully understood (91,93-

95). UVA has a larger impact on oxidative damage in skin than UVB (68,72,80). One 

source of UVA-induced ROS is NOX1, which is triggered by elevated intracellular 

calcium, but the exact mechanism remains unknown (78). UVA also enhances electron 

leakage from mitochondrial respiratory complexes II (succinate-coenzyme Q reductase) 

(96). However, ROS are produced by multiple sources as the use of both NOX1 inhibitor 

diphenylene-iodonium (DPI) and mitochondria-directed antioxidant MitoQ, only partially 

inhibits UVA-induced ROS production (78), an effect attributed to other potential cellular 

sources of ROS including endogenous photosensitizers.  

 

1.5 DNA damage 

The photochemical pathways resulting in DNA damage is wavelength dependent 

and occurs either directly through photons absorption by DNA or indirectly by photons 

absorption by photosensitizers (Figure 1.4).  
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Figure 1.4 UV-wavelength dependent DNA damage. The type of DNA damage is 
dictated by UV wavelength. UVB (290–320 nm) induces direct DNA damage as 
cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6–4) pyrimidone photoproducts. 
UVA is less efficiently absorbed by DNA and requires a photosensitizer mediating type I 
or type II photooxidative damage in DNA forming base modifications such as 8-oxo-7,8-
dihydro-2ʹ-deoxyguanosine (8-oxo-dG). 
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1.5.1 DNA damage in response to UVB: Aromatic heterocyclic bases are 

strongly absorbing chromophores for UVB. UV absorption of DNA occurs around 280 

nm, 290 nm and 300 nm. Following photon absorption by the DNA bases, the excess 

energy is released through the formation of photoproducts CPD and 6–4-pyrimidone 

photoproducts (6–4PP) between adjacent pyrimidine bases. CPD lesions are more 

frequently formed with characteristic transition of C→T including some tandem CC→TT 

events, the most common mutations found in the p53 gene of UV-induced cancer cells 

(20,97).  

 

1.5.2 DNA damage in response to UVA: Although absorption of UVA photons 

by DNA bases is minimal, UVA-induced CPD in human skin cells has also been reported 

to occur in significant amounts as demonstrated by CPD photoproducts detectable in 

melanocytes long after UVA exposure (98). Nonetheless, the yield of CPD-induced by 

UVA exposure is 2–3 fold lower than that caused by UVB. UVA induces CPD formation 

through triplet-triplet energy transfer between an excited triplet state sensitizer and DNA 

pyrimidine bases. In addition to CPD, UVA promotes various types of oxidative 

nucleotide bases, single-strand breaks, and DNA-protein crosslinks via oxidative 

mechanisms.  UVA exposure triggers two main oxidation pathways. The first pathway 

(type II) involves singlet oxygen directly reacting with guanine bases through energy 

transfer resulting in the formation of 8-oxo-dG. The second pathway (type I) involves 

initial electron abstraction resulting in guanine radical formation that can then be 

hydrated to the 7,8-dihydro-8-oxo-2‘-deoxyguanyl radical with subsequent 8-oxo-dG 

formation. Guanine is the DNA bases most susceptible to electron abstraction due to its 
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low ionization potential (97). 8-oxo-dG lesions are highly mutagenic, effects based on its 

tendency to pair with adenine instead of cytosine (causing a G/C to A/T transversions). 

Such mutations are found in skin tumors suggesting that oxidative injury plays an active 

role in the initiating stage of carcinogenesis (99). Interestingly, the basal layer of 

squamous cell tumors is found to harbor more UVA- than UVB-fingerprint DNA lesions. 

UVA-induced DNA photoproducts have been suggested to be potentially more mutagenic 

due to eliciting a less pronounced DNA damage cytoprotective response. Indeed, UVA 

exposure causes weaker induction of tumor suppressor p53 upregulation, less pronounced 

cell cycle arrest, and diminished removal of UV lesions as compared to UVB (100,101). 

Importantly, ineffective DNA repair increases the risk of skin cancer development,  as 

exemplified by pathologies with DNA repair deficiencies including xeroderma 

pigmentosum (defective NER), Lynch Syndrome (defective DNA mismatch repair), and 

MUTYH-associated polyposis (defective DNA glycosylase) (12).  

 

1.6 Photosensitizers and skin damage: phototoxicity, photogenotoxicity and 

photoallergy  

Photosensitivity refers to the undesirable adverse photochemical reactions in skin 

that occur downstream of photoexcitation of sensitizer chromophores of endogenous and 

exogenous sources. Three categories of photosensitivity can be distinguished: 1) 

phototoxicity, (2) photogenotoxicity, and (3) photoallergy (44,102). Among these, 

photoxicity is the most common form of skin photosensitivity; however, it may be 

difficult to clinically distinguish it from photoallergy. Phototoxicity, as previously 

mentioned in subsection 1.3. involves the oxidative damage to biological target 
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molecules. Phototoxicity is clinically manifested as exaggerated sunburn-like reactions 

(e.g. apoptotic/ necrotic cells) and erythema, which occurs within minutes to hours after 

light exposure. Additionally, sensitizer concentration and radiation dose are important 

factors impacting the degree of phototoxicity (102). Photogenotoxicty involves the light 

driven generation of DNA damage, caused particularly by excited state photochemistry 

originating from photosensitizer chromophores. The types of genotoxic responses are 

covered in more detailed in subsection 1.9.1. Photoallergic reactions occur as the result of 

an immunological response. Specifically, photoallergy is a delayed T-cell-mediated 

hypersensitivity to haptens, formed downstream of excited state chemical reactions of 

photosensitizers based on antigen formation by protein adduction, a process referred to as 

‘photoantigen’ formation. Subsequently, cutaneous antigen presenting cells (Langerhans 

cells) take up the antigen, followed by migration to the local draining lymph nodes 

presenting the photoantigen to naïve T-cells. Upon subsequent exposure to photoantigens, 

the primed T-cells then orchestrate an inflammatory response. Photoallergy is clinically 

manifested as erythema, pruritic eczematous lesions, and lichenification (skin thickening 

and leathering). Due to the complex cellular basis of photoallergy reactions, skin lesions 

do not appear for hours to days after exposure and are not confined to sun-exposed areas. 

In contrast to phototoxicity, photoallergic reaction are not dose-dependent and the 

amount of the sensitizer needed to trigger photoallergenicity is substantially smaller (44). 

Photosensitivity can be elicited by innocuous compounds contained in various foods, 

dietary supplements, clinical drugs, cosmetics, and fragrances. Photosensitivity reactions 

are of particular importance in the context of toxicological studies required for safety 

evaluation of cosmetic ingredients in consumer products.  
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1.7 Clinical drugs associated with photosensitization 

Drug-induced photosensitivity occurs as a result of combined exposure to sunlight 

and topical or systemic administration of a therapeutic (71,103) (Table 1.1). More than 

300 widely prescribed drugs have been shown to be associated with photosensitizer 

activity and numerous studies have attributed an increased skin cancer risk to medications 

displaying photosensitizer activity (104), a correlation attributable to photomutagenic 

effects and genotoxicity of photosensitizer drugs. Other reported cutaneous disorders 

associated with drug induced photosensitivity include erythema, lichenoid eruptions, 

keratinocytes necrosis, lymphocytic infiltrations, hyperpigmentation, telangiectasia, and 

pseudoporphyria that occur on anatomically sun exposed areas (103,105). 
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Table 1.1 Clinical drugs and consumer product ingredients associated with 

photosensitivity. 

 

 

 

Therapeutic Class Drug Class Drug Name

immunosuppressant Thiopurines Azathiopurine
Mercaptopurine
6-Thioguanine

antibiotic Fluoroquinolones Iproflaxacin
Lomefloxacin

Oflaxacin

Tetracyclines Doxycycline
Demeclocycline

Tetracycline

anti-inflammatory NSAIDS Ketoprofen
Suprofen
Carprofen
Naproxen

diuretic Thiazides Chlorothiazide
Hydrochlorothiazide

antipsychotic Phenothiazines Chlorpromazine
Thioridazine

antidepressant Tricyclics Trimipramine
Amitriptyline

antidiabetic Sulfonylureas Glipizide
Gliclazide

Tolbutamide

fragrance Essential oils Rosemary
Cedar

Bergamot
Sandalwood

Lavender

cosmetic Sunscreens Benzophenone
Cinnamates
Oxybenzone

Para-aminobenzoic acid
PABA esters



 52 

1.7.1 Antimicrobials: The thiopurines including azathioprine, mercaptopurine and 6-

thioguanine (6-TG) are a class of prodrugs used to suppress the immune system with 

diverse clinical applications. For therapeutic efficacy, thiopurines require metabolic 

conversion into 6-TG for DNA incorporation (106). Immunosuppressed organ transplant 

patients prescribed azathioprine exhibit UVA photosensitivity and have a higher risk of 

developing cutaneous malignancies than the general population. These patients display 

elevated levels of DNA incorporated 6-TG in skin and elevated levels of 8-oxo-2'-

deoxyguanosine (8-oxo-dG) in urine samples (107). Indeed, 6-TG ‘s absorption spectrum 

lies within the UVA region, and cells treated with the combined action 6-TG and UVA 

display induction of oxidative DNA damage, strand breaks and DNA interstrand cross-

links confirming 6-TG photosensitization (108,109). The underlying photodamage and 

immunosuppressive activity of thiopurines may be key factors contributing to the 

development of skin cancer. The fluoroquinolones including iprofloxacin, lomefloxacin, 

and ciprofloxacin are among one of the most commonly prescribed antibiotics. These 

drugs are known to have UVA- and UVB-mediated photosensitivity with increased 

occurrences of premalignant cutaneous lesions in patients receiving these medications 

(110,111). Importantly, the combination of fluoroquinolones and UVA has been shown to 

cause photocarcinogenicity in mice (112). Interestingly, photoexcitation of 

fluoroquinolone-chromophores is associated with high triplet state quantum yields, 

thought to underlie the efficient photosensitization of UVA-driven cyclobutane 

pyrimidine dimer formation in genomic DNA (113).  
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1.7.2 Antifungal: Antifungal medications associated with clinical manifestations of 

phototoxicity include voriconazole (114,115), ketoconazole (116), griseofulvin (70), and 

itraconazole (117) with evidence of sunburn-like erythema, hyperpigmentation, 

photoaging, and pseudoporphyria. Subsequent development of skin cancer has also been 

reported (118).  

 

1.7.3 Tetracyclines: Phototoxicity is commonly associated with tetracycline drugs. 

Genotoxicity and protein oxidation has been demonstrated with doxycycline, the potent 

sensitizer among tetracyclines (119). Clinical evidence of phototoxicity has also been 

described in patients prescribed demeclocycline (120). Other clinical manifestations 

associated with prescribed tetracyclines include photoonycholysis, pseudoporphyria, 

solar urticaria, and hyperpigmentation (121).  

 

1.7.4 Non-steroidal anti-inflammatory drugs (NSAID): The NSAID benoxaprofen 

induced incidences of phototoxic reactions up to 50% of prescribed patients that it was 

removed from the European market in 1982 (122). Naproxen, one of the commonly used 

NSAID, has been shown to induce phototoxic effects with induction of singlet oxygen 

generation and DNA photocleavage (123,124). Photosensitivity have been also reported 

for other NSAID including ketoprofen (125), suprofen (126), and carprofen. As 

demonostrated for fluoroquinolone-chromophores (subsection 1.7.1),  carprofen has 

demonstrated to display activity as an efficient triplet state photosensitizer, causing 

genomic CPD formation in response to UVA exposure (123).  
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1.8 Endogenous photosensitizers in skin 

Endogenous photosensitizers are recognized as key mediators of UVA and visible 

light driven photodynamic activity in human skin. Skin harbors an array of endogenous 

photosensitizers varying in their biological roles, differing by chemical structures, 

photochemical properties, and pathways of biosynthesis and metabolism. The cutaneous 

UVA-sensitizers protoporphyrin, bilirubin, melanin and melanin precursors, tryptophan 

and tryptophan derivatives, quinones, and flavins have been thoroughly reviewed (67) 

(Figure 1.5).  
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Figure 1.5 Established photosensitizers with a potential role in skin photodamage. 
Skin displays an array of endogenous photosensitizers that arise from a variety of sources 
and exhibit a multitude of photochemical reactions. 
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1.8.1 Porphyrin: In the mid 19th century, clinical features of extreme photosensitivity, 

such as severe sun burns and blisters, had been attributed to porphyria, a family of 

metabolic diseases that lack enzymes essential in the heme biosynthetic pathway 

resulting in an accumulation of porphyrins, a class of cyclic tetrapyrrole compounds 

synthesized in mitochondria. However, the distinctive features of cutaneous porphyria 

were described in early ancient literature such as that by Hippocrates in 460 to 370 BC, 

who described a woman from Thassos who displayed acute photosensitivity (127). 

Porphyria (also known as the vampire disease) is a group of diseases associated with 

extreme skin photosensitivity include cutanea tarda, erythropoietic protoporphyria, 

variegate porphyria which are defective in enzymes including uroporphyrinogen 

decarboxylase, ferrochelatase, and protoporphyrinogen IX oxidase, respectively (67) 

(Figure 1.6). In all cells including keratinocytes and fibroblasts these defective enzymes 

result in the accumulation of protoporphyrin IX (PpIX; the final intermediate in the heme 

biosynthetic pathway). An important source of PpIX that ultimately accumulate in the 

skin is thought to originate from PpIX released from erythrocytes in the dermal 

capillaries and transferred to human epithelial cells, a process that is significantly 

increased by irradiation of light (128-130).  

 Interestingly, blue light is capable of suppressing the ferrochelatase activity (the 

terminal enzyme of the heme biosynthetic pathway) in epidermal tissue, resulting in an 

increase of porphyrin levels (131). Additionally, commensal skin microbes such as 

Propionibacterium acnes found within follicular canals, synthesizes porphyrins. The 

presence of porphyrins in human skin can be visualized by red fluorescence and the 

detection of elevated porphyrins levels correlates with the severity of acne (132,133).  
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 One of the first experiments that linked skin sun sensitivity to the photodynamic 

action of endogenous porphyrins in humans was performed by Meyer-Betz in 1913, who 

injected himself with 200 mg of hematoporphyrin and experienced extreme sunburn on 

hands and face (134).  

PpIX is found in all skin cells and it is a well-established UVA and visible light 

photosensitizer displaying type II photosensitization mechanisms. Fortunately, PpIX 

concentrations are maintained low by negative feedback inhibition of 5-aminolevulinic 

acid (127). Additionally, porphyrin in the presence of UVA upregulates the expression of 

MMP-1, MMP-2 and MMP-3 that is thought to have implications in dermal and 

basement membrane damage in sun-exposed skin (135).  

Given the photodynamic activity of PpIX, there are current applications of PpIX 

in photodynamic therapy (PDT) eradicating pre-cancerous and cancerous skin lesions. 

Currently approved PDTs employs variants of the precursor 5-aminolevulinic acid to 

bypass the feedback inhibition allowing for PpIX accumulation in skin, followed by 

photoactivation of PpIX with a blue or red light source (136,137). PDT targeting skin 

cancer has shown encouraging response rates with superior cosmetic outcome (138,139). 

Optimization of PDT clinical efficacy remains an area of active research due to adverse 

reactions (e.g. prolonged photosensitivity) and incomplete response rates associated with 

current porphyrin-based PDT agents (137,139). With relevance to this therapeutic 

strategy, this thesis presents our data identifying a more potent endogenous sensitizer for 

the potential photodynamic elimination of malignant skin cells (Chapter 4b) (140). 
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1.8.2 Melanin precursors: Melanin is a heterogeneous chromophoric polymer 

synthesized from the amino acid tyrosine through successive enzymatic turnover. There 

are two types of melanin produced by melanocytes in skin, (i.e., red/yellow pigmented 

pheomelanin and brown/black pigmented eumelanin). In response to UV exposure, 

keratinocytes produce and secrete a melanocortin 1 receptor (MC1R) ligand, α-

melanocyte-stimulating hormone (α-MSH)(141).  MC1R signaling in melanocytes causes 

melanin synthesis that is then transported to neighboring keratinocytes, shielding the 

nucleus against photodamage. Melanin photoprotective properties are attributed to photon 

absorption and scattering. Additional roles of melanin serving as a sacrificial antioxidant, 

excited state quencher, and metal chelator have been substantiated (142). Paradoxically, 

monomeric melanogenic precursors have been identified as potent UV-photosensitizers 

causing the production of reactive species upstream of oxidative and genotoxic stress, 

molecular events with particular relevance to UV-induction of melanoma skin cancer 

(143-145). Interestingly, mice that cannot produce melanin do not develop melanoma 

when irradiated with UVA as compared to normal melanin producing mice (146). It has 

been postulated that the stimulation of melanin synthesis, especially pheomelanin, but not 

melanin itself sensitizes melanocytes to oxidative DNA damage by UVA. Interestingly, 

excited state chemistry can also occur in skin long after photon exposure has been 

terminated, a process referred to as post-UV-‘chemiexcitation’ (98). Specifically, UV-

induced oxidative species including dioxetane-derivatives can decay in the dark causing 

the formation of triplet state carbonyl species. These excited states then initiate 

photochemical reactions in the absence of UV photons, referred to as ‘photochemistry in 

the dark’. Interestingly, a chemiexcitation mechanism of melanin-induced CPD formation 
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underlying DNA damage after UVA exposure has been recently proposed. Exposing 

human melanocytes to UV irradiation triggered NOS- and NOX-derived reactive oxygen 

and nitrogen species that degrade melanin allowing melanin fragments to appear in the 

nucleus, resulting in long lived triplet state species that transfer energy to DNA bases 

forming CPDs in the dark even three hours after UVA exposure (98).  

 

1.8.3 Tryptophan photoproducts: The essential amino acid L-tryptophan serves as a 

precursor of many vital signaling biofactors in human skin including serotonin, 

melatonin, and the coenzyme nicotinamide adenine dinucleotide (NAD), and indole 

dioxygenase (IDO)-dependent metabolism of L-tryptophan also plays an essential role in 

the regulation of skin immunity. Tryptophan occurs in human skin both in the free amino 

acid form and as a constituent of proteins including keratin (but not elastin or collagen) 

(67). Extensive fluorescence attributed to tryptophan moieties is detectable in the human 

epidermis and dermis (147). Among all proteinogenic amino acids, tryptophan is the one 

displaying UV absorbance at the longest wavelength (UVB; λmax ≈ 280 nm). UVB 

absorption induces tryptophan photooxidation involving hydroxylation, oxidative 

deamination and ring opening, condensation, and oxidative coupling, generating a 

multitude of photoproducts. Interestingly, tryptophan photoproducts such as kynurenines 

also possess UVA absorptivity driving oxidative damage through a singlet oxygen-

dependent photooxidative mechanism, a positive feedback loop further sensitizing the 

oxidation of tryptophan itself (148). Tryptophan photoproducts that act as UV sensitizers 

include N-formyl kynurenine and kynurenic acid, both found in human lens and elevated 

particularly in cataracts (149-151). With chronic solar exposure, kynurenines cause 
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damage by covalently binding to lens proteins, a reaction forming protein-bound 

photosensitizers driving oxidative damage (152).  

With specific relevance to the research presented in this thesis, it has been shown 

that photolysis of L-tryptophan yields photoproducts that display aryl hydrocarbon 

receptor (AhR) activity in skin, an activity documented for kynurenine, indole-3-acetic 

acid (IAA), tryptamine, 1-(1H-indol-3-yl)-9H-pyrido[3,4-b]indole, 6-formylindolo-[3,2-

b]-carbazole (FICZ), indolo[3,2-b]carbazole (ICZ), 6,12-di-formylindolo[3,2-b]carbazole 

(dFICZ), and the FICZ oxidation product indolo[3,2-b]carbazole-6-carboxylic acid 

(CICZ) (153-159). The research covered in this thesis focuses on identification of FICZ 

as an endogenous ultra-potent photosensitizer causing UVA-driven phototoxicity in skin 

cells at nanomolar concentrations as presented in Chapter 4a.  

 

1.8.4 Trans-urocanic acid: Trans-UCA is a histidine derivative generated enzymatically 

by histidase-derived after filaggrin proteolysis in skin. As with melanin precursors, trans-

UCA has also been recognized to play a double-edged role in skin photoprotection and 

skin photooxidative damage. Trans-UCA is thought to protect skin against UVB-induced 

damage by undergoing cis-trans photoisomerization, a reversible reaction that dissipates 

UV-photoexcitation energy. However, other studies have demonstrated that in response 

to UVA-exposure, excitation of trans-UCA generates long-lived triplet states upstream of 

singlet oxygen formation by energy transfer reactions (160). Moreover, an additional role 

of cis-UCA as a molecular mediator of skin photo-immunosuppression has been 

established (161).  

 



 61 

1.8.5 Chromophore epitopes on tissue protein: Chromophore-epitopes of skin proteins 

such as dermal collagen, elastin, occur during the process of enzymatic cross linking and 

are increased in chronologically aged and photoaged skin where they are known to 

display UV-photosensitizer activity. The collagen-cross-link pyridinoline, a 3-

hydroxypyridine chromophore, has been demonstrated to induce UVA-mediated 

production of H2O2 and superoxide with subsequent inhibition of keratinocyte and 

fibroblast proliferation, a phototoxic effect potentially underlying dermal alterations 

associated with photoaging (162,163). Despite an increase in the number of studies 

examining the role of endogenous chromophores in eye lens and skin photooxidative 

damage, the complexity of photosensitizer chromophores and their photochemical 

involvement in skin damage remains to be elucidated in order to develop specific 

molecular strategies such as quenchers of photoexcited states that work through physical 

energy dissipation instead of sacrificial chemical reactions (67,164). 

 
1.8.6 Vitamins as endogenous photosensitizers: 

1.8.6.1 Folate (Vitamin B9): Folate is one of the eight essential B vitamins, and it is 

needed for DNA biosynthesis. Folate is an essential factor in single carbon transfer 

reactions involved in nucleic acid and amino acid metabolism. Folate deficiency has 

reproductive consequences such as infertility, increased maternal mortality, neural tube 

defects and fetal wastage. Folate itself does not exhibit photosensitization properties, 

however it is highly sensitive to photodegradation by natural sunlight and UV, resulting 

in the formation of pterins, highly fluorescent skin UV chromophores. The two resulting 

photoproducts, 6-formyl-pterin and pterin-6-carboxylic acid, exhibit UVA phototoxicity 

in human skin cells and drive the formation of ROS, that further sensitize folate 
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photodegradation (165,166). Photodegradation is further supported by a 30–50% loss of 

folate levels in human plasma when exposed to solar UV in vitro. Additionally, light 

skinned subjects irradiated with solar UV displayed a significant decline in serum folate 

concentration (167). Folate photodegradation may have relevance in fetal development. It 

has been demonstrated that amphibian irradiated with UV developed neural tube 

development (NTD) in larvae (168).  Interestingly, P. Lapunzina (1996) reported that 

three mothers exposed to sunbed with UV during the first 3-weeks of pregnancy 

developed neural tube defects in (169). Given these evidences, there is speculation 

whether UV induce NTD through folate photolysis. Based on the established 

photoinstability of folate that may deplete systemic folate levels upon solar exposure in 

humans, an evolutionary hypothesis has been proposed, linking melanogenesis and folate 

protection. Specifically, proposing that melanogenesis is an adaptive response against 

folate photolysis since it may have an impact on evolutionary fitness, particularly in 

populations living in geographic regions receiving high annual UV radiation (170).  

 

1.8.6.2 Riboflavin (Vitamin B2): Riboflavin (vitamin B2) occurs in the form of redox 

coenzymes (flavin mononucleotide and flavin adenine dinucleotide) containing a flavin 

chromophore. Extensive studies have demonstrated that riboflavin displays UVA- and 

visible light- driven photodynamic activity accompanied by ROS production upstream of 

photooxidative damage and cytotoxicity (171-173). Given the ubiquitous occurrence of 

riboflavin in solar light exposed human tissue (eyes: 4.7 μmol kg-1; skin: 8 μmol kg−1), 

photochemistry and photobiological activity of riboflavin have been studied extensively 

in the past (172,174-176). Photoexcitation of riboflavin has been implicated in the 
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photooxidation of phenolic and N-heterocyclic amino acids and adduct formation 

between tryptophan and riboflavin with special relevance to lens proteins adduction 

observed during aging and cataractogenesis (173,177,178). Additionally, excited state 

riboflavin mediates genotoxicity in human skin cells as evidenced by the induction of 

oxidative DNA damage (e.g. 8-oxo-dG) based on type 1 photosensitization with an 

intermediate formation of the guanyl cation radical and subsequent hydration, suggesting 

a potential role in photomutagenesis (179).  

 

1.8.6.3 Pyridoxine (Vitamin B6): Vitamin B6 is a vital nutrient for proper skin health 

found to occur approximately 100 nmol per g protein in human skin. Cutaneous vitamin 

B6 exists as three forms: pyridoxal (PL), pyridoxamine (PM), and pyridoxine (PN), which 

can be phosphorylated to form the corresponding 5’-phosphates (180). Pyridoxal 5’-

phosphate serves as a coenzyme in biochemical transformations such as amino acid 

catabolism and decarboxylation reactions involved in dopamine, serotonin, histamine, g-

aminobutyric acid biosynthesis pathways. Phototoxic effects of B6 vitamers have also 

been described in cultures in skin cell, with potential implications for skin photodamage 

and skin photocarcinogenesis as discussed extensively in Chapter 3 (162,181). The 

phototoxicity of B6-vitamers has been attributed to their common 3-hydroxypyridine 

chromophore; however, the exact molecular mechanism and cutaneous consequences of 

B6-mediated photosensitization remain to be elucidated (162). Part of the research in this 

thesis focuses on elucidating the molecular consequences of B6-based photosensitization 

as presented in Chapter 3.  
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1.9 Cutaneous cytoprotective response pathways elicited by environmental stressors 

Human skin cells activate cytoprotective pathways in response to environmental UV-

stress including pigmentation, DNA repair, heat shock response, and antioxidant defense.  

In addition, other cytoprotective stress response pathways can protect skin against the 

adverse effects of UV exposure such as the metal stress responses as explained below  

(182,183).  

 

1.9.1 Genotoxic stress response: 

1.9.1.1 Tumor suppressor P53: The protein p53 is a tumor suppressor that 

functions as a master regulator in cell cycle arrest and apoptosis. Photomutagenesis of 

p53 has been identified as a hallmark of cutaneous squamous cell carcinoma (61). In 

response to cytotoxic DNA damage, p53 is transcriptionally upregulated and 

phosphorylated. Activational phosphorylation of serine residues on p53 are targets of a 

variety of kinases including p38 MAPK, ataxia-telangiectasia mutated (ATM), and 

ataxia-telangiectasia mutated and Rad3 related (ATR). Particularly, in response to double 

strand breaks (DSB), the MRN complex (MRE11-RAD50-NBS1) recognizes DSB 

damage and recruits ATM for phosphorylation of target proteins such as p53 and histone 

variant (H2AX), which allows DNA damage response regulators to access DNA (83). 

Accumulation of p53 promotes cell cycle arrest in the G1 phase by transcribing the cyclin 

dependent kinase (Cdk) inhibitory protein p21. Elevated levels of p21 block cyclin 

E/cdk2 and cyclin A/cdk2 activity, preventing cell cycle progression and allowing time 

for DNA repair. If DNA damage is irreparable, p53 upregulates pro-apoptotic proteins 

including Bcl-2-associated X protein (Bax), phorbol-12-myristate-13-acetate-induced 
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protein 1 (NOXA), and the oligomeric apoptotic protease activating factor-1 (APAF-1) 

which then mediates the cytochrome c dependent cleavage of procaspase-9. The activated 

caspase-9 then cleaves procaspase-3, resulting in the caspase-3 activation and 

commitment to apoptosis (184).  

 

1.9.1.2 Nucleotide excision repair: Bulky lesions that alter the structure of DNA 

including CPD, 6-4 PP, and DNA adducts are removed by the nucleotide excision repair 

(NER) system. Global genome NER repairs DNA photoproducts in active or inactive 

genes. DNA lesions are detected by complexes such as DNA-damage binding (DDB) and 

Xeroderma Pigmentosum-C-Human Rad 23 Homolog B (XPC-HR23B) that bind to 

DNA lesions followed by the recruitment of XPB55 and XPD56, and DNA unwinding 

helicases such as Excision Repair Cross-Complementing-1-XPF (ERCC1-XPF). The 

XPG endonucleases then cleaves at the 3ʹ-end OH-group and a 5ʹ-end phosphate of the 

lesion resulting in a gap that is then filled by DNA polymerases-δ, ɛ, (pol δ, pol ɛ)	and 

sealed by DNA ligase I (185).  

 

1.9.1.3 Base excision repair: Oxidized DNA lesions and methylated bases are 

removed by the base excision repair (BER). DNA glycosylases are lesion specific 

excisional enzymes such as 8-oxoguanine glycosylase 1 (OGG1) which is 8-oxo-dG 

specific (186). BER is initiated when OGG1 binds to 8-oxo-dG and cleaves the 

glycosidic bond leaving an apurnic site in the DNA and then cleaves at the 3ʹ and 5ʹ-end 

of the apurinic site, leaving a gap in the DNA backbone. The gap is then filled by 
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polymerase- β (pol β) and sealed by DNA ligase III along with its cofactor (X-ray repair 

cross-complementing protein 1) XRCC1 (187).  

 

1.9.2 Mitogen-activated protein kinases (MAPK) activation: Elevated intracellular ROS 

trigger MAPK cell signaling pathways that regulate the expression of a variety of target 

genes modulating proliferation and apoptosis such as p53, p21, and cyclin D1 (86). A 

variety of stressors including UV stimulates two major stress MAPK superfamily 

members, c-Jun N-terminal kinase (JNK) and p38 MAPK, both mediating apoptosis, 

survival and DNA repair (188). Induction of p38 MAPK signaling involves the activation 

of Rho family GTPases acting upstream of p38 and several kinases, MKK3 and MKK6 

(189). JNK signaling involves c-fos and c-jun heterodimerization forming the 

transcriptional activator complex activator protein- 1 (AP-1). AP-1 is responsible for the 

modulation of a number of DNA repair and cell cycle regulatory proteins including 

cyclin D1, p53, p21, and p16 (190). Activation of the p38 MAPK pathway results in the 

phosphorylation and activation of heat shock protein 27 (Hsp27), and activate cyclic 

AMP response element-binding protein (CREB), a transcription factor that regulates cell 

survival (191).  

 

1.9.3 Heat shock and proteotoxic stress response: Heat shock proteins (Hsp) are a 

family of chaperone proteins responsible for refolding intracellular denatured proteins, 

inhibiting the aggregation of partially denatured proteins exposing hydrophobic sites. 

Heat shock proteins are induced in response to cellular stress associated with elevated 

number of unfolded proteins (proteotoxic stress). Both the epidermis and dermis, express 
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Hsp under stress. Exposure to UVB and UVA has been demonstrated to induce the 

expression of genes encoding heat shock proteins such as HspA1A/Hsp70, shown to be a 

cytoprotective response against UV damage (104). It has been demonstrated that mice 

exhibiting overexpressed Hsp70 resisted UV-induced skin damage, inflammatory 

responses, and photoaging (192-194). In the context of UV-induced proteotoxic stress, it 

should be mentioned that UV radiation has been identified as a potent inducer of the 

cytoprotective endoplasmic reticulum stress response, coordinated by three signaling 

pathways (ATF-6, IRE-1, and PERK downstream of the endoplasmic Hsp70 subtype 

GRP-78) (195).  

 

1.9.4 Metal stress response: The skin is exposed to nonessential metals and metalloids 

(e.g. lead, cadmium, mercury, arsenic) through topical or systemic (after inhalational or 

gastrointestinal uptake) routes from various sources (air and water pollution, occupational 

exposure, drinking water contamination, dietary intake, drugs and cosmetics). Increasing 

evidence indicates that environmental exposure to heavy metals plays a role in the 

pathogenesis of skin damage (196-199). Importantly, biochemical metal ion gradients 

(e.g. zinc, copper, calcium) serve critical roles in keratinocyte and fibroblast proliferation, 

cell migration, cell survival and death (177,200,201). Metal carrier proteins are vital in 

trace metal metabolism and in preserving ionic balances essential for skin cell barrier 

functions and tissue repair mechanisms in response to skin injury (202,203). Exposure to 

metals as environmental pollutants can disrupt cellular metal ion gradients, inducing 

oxidative stress together with direct binding to DNA and competitive binding to key 

enzymes, all of which may lead to structural and functional impairment.  
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 The zinc finger transcription factor MTF-1 [metal-responsive transcription 

factor-1, binding MRE (metal response element) consensus sequences] has been 

recognized as the master regulator of cellular metal stress responses involved in the 

homeostasis and detoxification of heavy metal ions through target gene expression, 

among which the metallothionein gene family is the most prominent (204). 

Metallothioneins (MT) are ubiquitous, cysteine rich proteins that are essential in 

maintaining intracellular metal homeostasis by binding and sequestering labile metal 

ions; they also are involved in the transfer of copper and zinc to the catalytic sites of 

numerous enzymes (205). Isoforms MT I, MT II, and MT III are detectable in the basal 

layer of the epidermis and are thought to be cytoprotective against skin insults (206,207). 

Among endogenous metals, zinc is a particularly potent and biochemically relevant 

inducer of the cellular metal stress response, and it has been shown that MTF-1 activation 

by cadmium and copper depends on zinc dysregulation that occurs indirectly through 

release of endogenous zinc from metallothionein.   

Exposure to pollutant metals (nonessential metals), essential metals, oxidative 

stress, and UV radiation promotes upregulation of MTs (204,208,209). It is thought that 

pollutant metals elicit their toxicity in part by displacing zinc ions from MTs, and 

disrupting the tightly regulated intracellular zinc levels. Interestingly, imbalances in metal 

ion gradients and MT protein levels are observable in premalignant actinic keratosis and 

malignant basal cell and squamous cell carcinoma; however, the contribution and role of 

MT in skin carcinogenesis still remains unclear (207,210-212).  

Importantly, environmental UV is an established MTF-1 inducer in human skin 

cells connecting the UV- and metal stress response pathways. Two differential functional 
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roles of metallothionein have been identified in skin photodamage and carcinogenesis 

(211). Metallothioneins can protect against acute UV injury and the subsequent 

development of skin cancer, an effect attributed to anti-oxidant and anti-apoptotic role 

together with attenuation of NFkB activation and enhanced DNA repair (213). Indeed, 

the photoprotective role of metallothionein in UV-injury has been substantiated in 

metallothionein null mice (MT-null mouse) that exhibit reduced tolerance to UVB-

induced sunburn and are more susceptible to chemical (DMBA-TPA-induced) 

carcinogenesis (212). Indeed, cadmium-induced upregulation of metallothionein 

suppresses UVB injury in mouse skin and cultured human cells (214). In contrast, at later 

stages of UV-induced tumorigenesis, the protective role of metallothioneins enhances 

malignant progression and tumor yield shielding the tumor from oxidative stress and 

adverse conditions of the tumor microenvironment (213). In addition to the pathological 

implications of metal stress response dysregulation, it is not accepted that metal stress 

responses may also represent a basis for the discovery of novel metal-directed 

chemotherapeutic interventions. This thesis (Chapter 5) describes a novel approach 

suggesting the utility of zinc-directed metal stress induction targeting skin post-UV 

tumorigenesis. 

 

1.9.5 Peroxisome proliferator-activated receptors (PPARs) response: Peroxisome 

proliferator-activated receptors (PPARs) are a group of nuclear receptors that function as 

ligand-activated transcriptional factors activating transcription of genes regulating 

keratinocyte differentiation, skin permeability and barrier homeostasis, thought to involve 

repression of NF-кB target gene expression (215-217). PPAR α/γ have recently emerged 
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as pharmacological targets for blocking and reversing photoaging. In particular, PPAR 

anti-inflammatory effects are important since UVB-induced pro-inflammatory responses 

are major players in extracellular matrix degradation.  

 

1.9.6 Antioxidant response mediated by Nrf2: Robust antioxidant defense systems 

maintain intracellular oxidative homeostasis. A major player in antioxidant defenses is 

the transcription factor nuclear factor-erythroid 2-related factor 2 (Nrf2), maintained 

inactive by binding to kelch-like epichlorohydrin-associated protein 1 (Keap1) under 

normal conditions in the cytosol. Under oxidative stress, the cysteine thiols located on 

Keap-1 are directly modified by pro-oxidants resulting in Keap-1 inactivation and Nrf2 

translocation to the nucleus where it binds to the antioxidant responsive element (ARE) 

sequence of DNA. This pathway upregulates the expression of target genes fundamental 

to antioxidative protection and phase-II detoxification including g-glutamylcysteinyl-

synthetase (g-GCS), glutamate-cysteine ligase catalytic subunit (GCLC), glutathione S-

transferases (GST), thioredoxin, peroxiredoxins, NAD(P)H quinone oxidoreductase 1 

(NQO1), and hemeoxygenase 1 (HO1) (218). Upregulation of epidermal Nrf2 activity 

leads to the expression of ROS detoxifying enzymes and proteins involved in glutathione 

transport and biosynthesis establishing a trans-epidermal glutathione gradient, thought to 

underlie Nrf2-dependent protection of the epidermis against UV irradiation (218-220). 

Recent studies support pharmacological activation of Nrf2-in the suppression of 

cutaneous photodamage induced by solar UVA and UVB (221,222). For example, we 

have previously reported that the Nrf2 activators, tanshinone I and dihydrotanshinone, 

natural products extracted from Chinese sage (Salvia miltiorrhiza), protected human skin 
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cells and reconstructed human skin against UV-induced cytotoxicity by antagonizing 

ubiquitination-dependent turnover of Nrf2. This allowed for the induction of 

cytoprotective Nrf2 target genes and increased intracellular glutathione protecting the 

cells from photooxidative damage (223). 

 

1.9.7 Xenobiotic responses mediated by AhR: In addition to solar exposure, the human 

skin is continuously in contact with environmental pollutants derived from anthropogenic 

sources (e.g. mining, manufacturing, automobile exhaust) and natural sources (e.g. forest 

fires, soil erosions, volcanic eruptions), which have been associated with health 

implications and skin damage (224-227) (Figure 1.6). Environmental pollutants 

encompass a variety of particulate matters including polycyclic aromatic hydrocarbons 

(e.g. benzo[a]pyrene), heavy metals, volatile organic compounds (VOCs) such as 

benzene, and ozone (O3). Furthermore, pathogenic microbes also compromise skin barrier 

functions. The commensal Malassezia yeasts are an important component of the 

microbial flora of healthy human skin, and have also been implicated in the pathogenesis 

of chronic skin diseases including seborrheic dermatitis, pityriasis versicolor, atopic 

dermatitis, and psoriasis. At the forefront of defense to pollutants (by mediating 

detoxification, immune responses, and skin barrier function) is the ubiquitous ligand 

activated transcription factor aryl hydrocarbon receptor (AhR). AhR exhibits a 

remarkable degree of promiscuity concerning ligand binding (e.g. halogenated aromatic 

hydrocarbon, polycyclic aromatic hydrocarbons, microbial metabolites), with ligand-, 

cell-, and species-specific activity. In the absence of an agonist, AhR remains in the 

cytosol as an inactive protein complex consisting of an Hsp90 dimer, the chaperone 
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prostaglandin E synthase 3 (PGES3, p23), the immunophilin-like protein hepatitis B virus 

X-associated protein 2 (XAP2), and other factors including the tyrosine kinase pp60src. 

After ligand binding, a conformational change exposes the nuclear localization sequence 

critical for nuclear translocation. Nuclear AhR then hetero-dimerizes with AhR nuclear 

translocator protein (Arnt) via the PAS-A and PAS-B domains, followed by AhR/Arnt 

heterodimer binding to the xenobiotic response element (XRE) promoter sequence 

located in the regulatory region of AhR-target genes. The classical AhR target genes 

include the major phase one metabolizing cytochrome P450 monooxygenases (CYP1A1, 

CYP1A2, CYP2B1), aldehyde dehydrogenase-3 (ALDH3A1), phase two enzymes 

including UDP-glucuronosyltransferase (UGT1A1, UGT1A6), NQO1, and glutathione-S-

transferase (GST), epidermal barrier proteins (e.g. keratin 10, loricrin, pro-filaggrin), cell 

growth regulators (e.g. transforming growth factors including TGF- α and TGF- ß), and 

immune regulators such as interleukins (IL-2, IL-21, IL-23) (220,228,229). 
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Figure 1.6 Schematic representation of AhR as a mediator of environmental stress-
induced skin responses. AhR is at the forefront of defenses against environmental 
stressors. AhR resides in the cytoplasm as a protein complex with Hsp90, p23 XAP2, and 
pp66src. Upon binding to exogenous or endogenous ligands, the AhR complex travels to 
the nucleus where AhR is the released from the complex and binds to Arnt. AhR-Arnt 
complex binds to the XRE sequence on DNA of AhR target genes mediating 
detoxification, immune responses, and skin barrier function. However, AhR activation 
also results in negative effects including oxidative stress, immunosuppression, and matrix 
remodeling. VOCs: volatile organic compounds, NOx: oxides of nitrogen, CO: carbon 
monoxide. As adapted from Dupont et al., 2013 (332). 
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1.10 Hypothesis and specific aims 

1.10.1  Hypothesis 1: Specific endogenous chromophores including the B6-vitamer 

pyridoxal and tryptophan-derivative 6-formylindolo[3,2-b]carbazole (FICZ) serve 

as light-activated photosensitizers upstream of photooxidative stress-induced 

damage in human skin cells.  

1.10.1.2 Rationale: Photooxidative stress is a significant factor in UVA-induced 

skin damage. The exact mechanisms of UV-induced phototoxity, especially by UVA, 

contributing to the rise of different skin cancer types and skin photoaging, remain 

relatively unknown. Therefore, identifying the sources and types of cellular photodamage 

and their specific contribution to skin cancer and skin photoaging is essential for 

developing relevant preventative strategies. The studies presented here aimed at 

identifying skin chromophores that may act as novel UVA-photosensitizers and 

elucidating the molecular mechanisms underlying skin cell photodamage induced by 

these endogenous skin chromophores.  

 

1.10.1.3 Specific aim 1: To assess the occurrence of photosensitization and 

cytotoxicity induced by combined exposure to UVA/visible light and selected 

chromophores in skin cells and models of human skin. 

 Approach: In attempt to identify whether the selected endogenous chromophores 

display photodynamic activity, skin cells and skin tissues were exposed to the 

chromophores in the presence versus absence of solar-simulated UVA or visible light 

(LED 460 nm). Cytotoxicity was determined by light microscopy, transmission electron 

microscopy, cell proliferation assay, and flow cytometry-based detection of cell death. 
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Induction of phototoxicity was further substantiated in human epidermal tissue 

reconstructs and murine SKH-1 skin exposed to the combined action of sensitizer 

chromophores and UVA, employing hematoxylin and eosin (H&E) staining, 

immunohistochemistry (IHC), and TUNEL assay. 

 
1.10.1.4 Specific aim 2: To explore specific molecular stress response elicited by 

UVA-photosensitization in human skin cells.  

 Approach: We profiled cell stress responses (e.g. heat shock, endoplasmic 

reticulum stress, oxidative stress) following sensitizer/UVA cotreatment using Real Time 

RT-PCR and immunoblot analysis. Induction of photooxidative stress was determined by 

detection of glutathione depletion, superoxide formation employing the nitroblue 

tetrazolium reduction assay, and fluorescence-based detection of ROS by fluorescence 

microscopy and flow cytometry. Photooxidative damage was substantiated in chemical 

assay systems examining peptide oxidation and ФX-174 plasmid DNA base oxidation. 

Cellular genotoxic consequences were determined by employing the comet assay (single-

cell gel electrophoresis), flow cytometric detection of phospho-histone H2A.X (serine 

139), and immunofluorescent detection of oxidized DNA base lesions (8-oxo-dG). 

 

1.10.2  Hypothesis 2: Photodynamic elimination of skin cancer cells can be achieved 

by induction of cytotoxic photooxidative stress using light-activated FICZ.  

1.10.2.1 Rationale: Endogenous photosensitizers (e.g. protoporphyrin IX 

precursors) are currently used in photodynamic therapy (PDT) for the treatment of 

localized skin cancers; however, a need exists for more potent sensitizers with faster 

metabolic turnover and reduced skin residence time. Previous studies have demonstrated 



 76 

that FICZ quickly induces its own metabolic degradation through CYP family 1, member 

A1 (CYP1A1)-dependent metabolism downstream of AhR-induced gene expression 

(154). Based on the studies pursued in Specific aim 1 and 2, demonstrating that FICZ is a 

nanomolar photosensitizer causing photooxidative damage in models of human skin, we 

therefore pursued the potential use of FICZ-based photodynamic intervention targeting 

malignant skin cells. We propose the potential use of FICZ-based photosensitization for 

the induction of phototoxicity in models of malignant skin cancer.  

 

1.10.2.2 Specific aim 1: To assess induction of cytotoxicity in cultured skin 

cancer cells as a result of FICZ-based photosensitization. 

 Approach: Using a panel of cultured malignant skin cells, we examined induction 

of phototoxicity and photooxidative damage by light activated-FICZ using an 

experimental methodology already described in Specific aims 1.10.1.3 and 1.10.1.4. 

 

1.10.2.3 Specific aim 2: To test the feasibility of photodynamic induction of cell 

death in reconstructed epidermis, murine skin, and high-risk SKH-1 mice exposed to 

the combined action of FICZ and UVA. 

 Approach: We first explored the photodynamic induction of cell death (caspase 3 

activation) in epidermal reconstructs by FICZ in combination with UVA and visible light. 

To test feasibility of FICZ-based photodynamic intervention in vivo, we employed SKH-

1 high-risk mice in a pilot study. After receiving a chronic UVB regimen, tumor prone 

high-risk mice received topical FICZ treatment (versus carrier only) and were then 

exposed to UVA treatment for a total of three treatments.  At the end of the 
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photodynamic treatment regimen, tumor multiplicity (number of lesions per mouse) was 

compared between treatment groups. 

 

1.10.3 Hypothesis 3: Pharmacological modulation of zinc-induced metal stress can 

be harnessed for the elimination of skin cancer cells. 

1.10.3.1 Rationale: Studies have reported that zinc ionophores show promising 

anticancer activity through metal stress induction targeting various cancer cell lines with 

positive results in murine xenograft models; however, this efficacy of this approach has 

not been explored for therapeutic intervention targeting skin malignancies. Previous work 

from our lab has demonstrated the induction of intracellular zinc overload and 

downstream oxidative stress in human skin keratinocytes exposed to a FDA-approved 

topical zinc ionophore [zinc pyrithione (ZnPT)] (198). Here, we have examined the 

feasibility of using ZnPT for the pharmacological induction of zinc-mediated cytotoxicity 

and elimination of skin cancer cells  

 

 1.10.3.2 Specific aim 1: To substantiate disruption of zinc homeostasis and 

cytotoxicity in cultured skin cancer cells exposed to the zinc ionophore ZnPT.  

 Approach: Using a panel of cultured malignant skin cancer cells, we determined 

ZnPT induced occurrence of intracellular zinc overload using fluorescent zinc probes as 

detected by flow cytometry and fluorescence microscopy. 

 

1.10.3.3 Specific aim 2: To explore occurrence and specific molecular 

mechanism underlying ZnPT-induced cytotoxicity in cultured skin cancer cells. 
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  Approach: After assessing induction of cell death in response to ZnPT exposure, 

we profiled cell stress responses and induction of oxidative stress in cultured malignant 

skin cancer cells using analogous experiments described in Specific aims 1.10.1.3 and 

1.10.1.4. 

 

1.10.3.4 Specific aim 3: To test the feasibility of inducing zinc overload and 

zinc induced cytotoxicity in reconstructed human and mouse skin. 

Approach: First we substantiated that acute exposure of topical ZnPT enhanced 

cutaneous zinc content in murine skin by inductively coupled plasma- mass spectrometry 

(ICP-MS). Induction of cell stress responses was determined by RT-PCR and 

immunohistochemistry. We then tested efficacy of topical ZnPT induced zinc overload in 

murine SKH-1 skin. In a solar UV photochemoprevention experiment employing high-

risk mice. High-risk mice received either a topical ZnPT in carrier or carrier only 

treatment 3 times a week over a 3-week period. At the end of the study, total tumor 

burden (tumor volume per mouse) and tumor multiplicity were compared between 

treatment groups. 
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                  CHAPTER 2 

  MATERIALS AND METHODS 

 

2.1 Chemicals: FICZ (CAS#:172922-91-7) was purchased from Enzo (Plymouth 

Meeting, PA). ICZ (CAS#: 6336-32-9) was purchased from Tractus (Perrineville, NJ). 

The cell-permeable pancaspase inhibitor Z-VAD-fmk was purchased from Calbiochem- 

Novabiochem (San Diego, CA, USA). All other chemicals were purchased from Sigma 

(St Louis, MO). 

 

2.2 Cell culture: Dermal neonatal foreskin Hs27 fibroblasts and human immortalized 

HaCaT keratinocytes from American Type Culture Collection (ATCC) were cultured in 

DMEM containing 10% bovine calf serum (BCS) (221). Primary HEKs [adult HEKa (C-

005-5C)] were cultured on collagen matrix protein-coated dishes using Epilife medium 

(EDGS growth supplement; Life Technologies, Carlsbad, CA). The squamous cell 

carcinoma cell line SCC-25 (ATCC) were cultured in Dulbecco’s Modified Eagle 

Medium/Nutrient Mixture F-12 Hams (DMEM-F12) containing 10 % BCS. Malignant 

tumorigenic c-Harvey-ras-oncogene transfected HaCaT keratinocytes (HaCaT-ras II-4 

cells) were provided by G. Timothy Bowden (University of Arizona) and cultured in 

DMEM containing 10% BCS (35).  Human malignant A375 melanoma cells and Lox 

melanoma cells (ATCC) were cultured in RPMI medium containing 10% BCS. Human 

malignant melanoma cells G-361 (ATCC) were cultured in McCoy’s 5a medium. All 

cells were maintained at 37 °C in 5% CO2, 95% air in a humidified incubator.  
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2.3 Irradiation with solar simulated UVA and blue light: A KW large area light 

source solar simulator, model 91293, from Oriel Corporation (Stratford, CT) was used, 

equipped with a 1000 W Xenon arc lamp power supply, model 68920, and a VIS- IR 

bandpass blocking filter plus UVB and C blocking filter (output 320–400 nm plus 

residual 650–800 nm, for UVA) (65,163). The output was quantified using a dosimeter 

from International Light Inc. (Newburyport, MA), model IL1700, with a SED033 

detector for UVA (range 315–390 nm, peak 365 nm), at a distance of 365 mm from the 

source, which was used for all experiments. Using UVB/C blocking filter, the dose at 365 

mm from the source was 5.39 mJ/cm2 sec UVA radiation with a residual UVB dose of 

3.16 μJ/cm2 sec. For blue light exposure, a commercial 15W LED (460 nm peak 

emission, 10 nm maximum oscillation; Sunshine Systems, Wheeling, IL) was used 

delivering visible light at an irradiance of 2.12 mW/cm2 (450–470 nm) as determined 

using a spectroradiometer, model 754, from Optronic Laboratories (Orlando, FL). Cells 

received visible radiation at a distance of 50 mm from the source through the polystyrene 

lids of cell culture dishes. 

 

2.4 Spectroscopy and mass spectrometry: UV-VIS spectra were recorded using a 

Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). 

Fluorescence spectra were recorded using a Spectramax Gemini XS (Molecular Devices, 

Sunnyvale, CA) 96-well microtiter plate reader. Electrospray mass spectrometry of FICZ 

[ESI-MS; m/z 284.12 (M).+] was performed using a Bruker Apex FT/ICR mass 

spectrometer. ICZ [Matrix-assisted laser desorption-ionization time-of-flight mass 

spectrometry (MALDI-TOF-MS); m/z 256.12 (M).+] was analyzed using a Bruker 
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Daltonics AutoFlex TOF/TOF mass spectrometer. For detection of peptide 

photooxidation, a Bruker Reflex III MALDI–TOF-Mass Spectrometer equipped with a 

nitrogen laser (337 nm; positive ion mode) was used as previously described  (230).  

 

2.5 Immunocytochemical detection of AhR nuclear translocation: For 

immunocytochemistry, cells were pelleted by centrifugation and processed for paraffin 

embedding. For AhR detection (sc-5579, Santa Cruz Biotechnology, Santa Cruz, CA), 

staining was performed using a streptavidin biotin peroxidase system with a phosphatase 

substrate and a hematoxylin counter stain. 

 

2.6 Inhibition of cell proliferation assay: Cells were seeded at 10,000 cells/dish on 35-

mm dishes. After 24 h, cells were exposed to the isolated or combined action of UVA and 

vitamin B6 test compound in PBS. After exposure, cells were placed under media and 

cultured for another 72 h. Cell numbers at the time of treatment (and 72 h later) were 

determined using a Z2 Analyzer (Beckman Coulter, Inc., Fullerton, CA, USA). 

Proliferation was compared with cells that received mock treatment. The same 

methodology was used to establish IC50 values (drug concentration that induces 50% 

inhibition of proliferation of treated cells within 72 h exposure ± SD, n=3) of anti-

proliferative potency. 

 

2.7 Flow cytometric analysis of cell viability: Induction of cell death was confirmed by 

annexin-V (AV)- FITC/propidium iodide (PI) dual staining of cells using an apoptosis 

detection kit according to the manufacturer’s specifications (APO-AF, Sigma, St. Louis, 
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MO). Cells were harvested with trypsinization, washed with DPBS and resuspended in 

300 μL binding buffer. 1.5 μL of FITC-conjugated 1.5 μL AV and 3 μL of PI was added 

to the cell suspension and incubated at room temperature with in the dark for 10 m. This 

allows sufficient time for AV to bind to phosphotidyl serine located on the outer leaflet 

and PI to penetrate through compromised cellular membranes. Flow cytometry analysis 

was performed on a FACScan analyzer (BD Biosciences, San Jose, CA). The results are 

presented in 4 quadrants in which lower left quadrant (AV–, PI–) indicates viable cells, 

lower right quadrant (AV +, PI –) indicates cells undergoing early apoptosis, and upper 

right quadrant (AV +, PI +) indicates either late apoptotic or necrotic cells. 

 

2.8 Caspase-3 activation assay: Treatment-induced proteolytic caspase-3 activation was 

examined using a cleaved/activated caspase-3 (Asp 175) specific antibody (Alexa Fluor 

488 conjugate; Cell Signaling) followed by flow cytometric analysis. 

 

2.9 Human Oxidative Stress RT2 Profiler PCR Expression Array analysis for FICZ-

based photosensitization: Total cellular RNA (3 × 106 cells) was isolated from cells 

using the RNeasy kit (Qiagen Valencia, CA, USA) following the manufacturer’s 

instructions. Reverse transcription of RNA (200 ng of total RNA in a 50-μl reaction) was 

performed using the TaqMan Reverse Transcription Reagents (Roche Molecular Systems 

NJ, USA) following the procedure described previously (140). Reverse transcription was 

primed with random hexamers and incubated at 25 ºC for 10 m followed by 48 ºC for 30 

m, 95 ºC for 5 m, and cooled at 4 ºC. PCR reactions contained 3.75 μL of cDNA, 12.5 μL 

TaqMan Universal PCR Master Mix (Roche Molecular Systems), 1.25 μL of the 
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following gene specific primers: human HSPA6 (Hs00275682_s1), HSPA1A 

(Hs00359163_s1), and HMOX1 (Hs00157965_m1) (Applied Biosystems, Branchburg, 

NJ). Gene-expression levels were normalized to ACTB (β-actin; Hs99999903_m1). The 

comparative threshold cycle method (ΔΔCt) was used for quantification analysis 

following the ABI Prism 7000 sequence detection system user manual as described 

before (231). Expression values were averaged across three independent array 

experiments followed by statistical analysis.  

 

2.10 Human Stress and Toxicity Pathfinder RT2 ProfilerTM PCR Expression array 

analysis for pyridoxal-based photosensitization: Preparation of total cellular RNA, 

reverse transcription and expression profiling was performed analogous to that as with 

FICZ-based experiments. The Human Stress and Toxicity Pathfinder RT2 ProfilerTM PCR 

Expression Array (SuperArray) was employed as described before (140), which profiled 

the expression of 84 stress-related genes including: CDKN1A (assay ID 

Hs00355782_m1), DDIT3 (assay ID Hs00358796_g1), GADD45A (assay ID 

Hs00169255_m1), MT2A (Hs02379661_g1), HSPA6, and HMOX1. Gene-specific 

product was normalized to ACTB and quantified using the comparative Ct method. 

 

2.11 Immunoblot analysis: Immunoblot analyses were performed following our 

published standard procedures (140). The following primary antibodies were used: 

CYP1A1 (sc-20772, Santa Cruz Biotechnology), total p38 (#9212, Cell Signaling, 

Danvers, MA), phospho-p38 (#9211, Cell Signaling), total eIF2α (#9722, Cell 

Signaling), phospho-eIF2α (#9721, Cell Signaling), heme oxygenase I (#5853, Cell 
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Signaling), HSP70/HSP72 monoclonal antibody (C92F3A-5, Enzo Life Sciences), 

GRP78 (sc-H129, Santa Cruz), ATF-4 (11815, Cell Signaling), XBP-1S (12782, Cell 

Signaling), HSP70/HSP27 (ADI-SPA-810-F, Enzo), XRCC2 (PA5-21279, Life 

Technologies), mouse anti-p21 monoclonal antibody (2946; Cell Signaling Technologies, 

Danvers, MA), rabbit anti-p-p53 (Ser15; sc 101762, Santa Cruz, Dallas, TX), and mouse 

anti-p53 monoclonal antibody (Pab 240, Santa Cruz). Equal protein loading was assessed 

using anti-ACTB (A4700, Sigma). The horseradish peroxidase- conjugated goat anti-

rabbit (111-035-144) or goat anti-mouse secondary antibody (115-035-146, Jackson 

Immunological Research, West Grove, PA) was followed by visualization using 

enhanced chemiluminescence detection reagents (Thermofisher). 

2.12 Intracellular free zinc detection: Intracellular free zinc was detected using the 

membrane-permeable zinc-specific fluorescent probe zinquin ethyl ester (Enzo Life 

Sciences International, Inc., Plymouth Meeting, PA, USA). After PBS wash, cells on dish 

were loaded with zinquin (5 µM) in DPBS followed by incubation in the dark (20 m, 

37°C, 5% CO2), multiple washes using DPBS, and fluorescence imaging employing an 

EVOS FL Auto Cell Fluorescence Imaging system (Thermo Fisher Scientific, Rockford, 

IL) using the LED light cube for DAPI detection. Additionally, label free phase contrast 

imaging was acquired to monitor cell morphology. Cell fluorescence of digital 

microscopy images was quantified using the Image J software (NIH; 

http://rsb.info.nih.gov/ij/download.html). Intracellular zinc was also monitored using the 

membrane permeable zinc fluorophore FluoZin-3AM (Thermo Fisher; 494 nm excitation, 

516 nm emission) according to the manufacturer’s specifications. After cells were 

washed and harvested by trypsinization, cells were loaded with 10 μM FluoZin-3AM in 
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DPBS and incubated for 15 m at 37°C and 5% CO2 in the dark. The cells were 

centrifuged, washed, and resuspended in DPBS. Cells were then treated with ZnPT 

followed by flow cytometric detection of fluorescence intensity at various time points 

using a FACS Canto II (BD Biosciences, San Jose, CA). 

 

2.13 Fluorescence detection of intracellular oxidative stress employing 2’,7’-

dichlorodihydrofluorescein diacetate and MitoSOX RedTM: Induction of intracellular 

oxidative stress by photosensitization was analyzed by flow cytometry using 20,70-

dichlorodihydrofluoerescein diacetate (DCFH-DA) as a non-fluorescent precursor dye 

which upon peroxide-mediated oxidization generates the highly fluorescent molecule 2’, 

7’-dichlorofluorescein (DCF). A 5 mg/mL stock of DCFH-DA was prepared in 100% 

ethanol (162). DCFH-DA was added to the culture medium (5 μg/mL final concentration) 

one hour after the UVA irradiation. The cells were incubated in the dark (37°C, 5% CO2) 

for 1 h. Cells were then harvested by trypsinization, washed with PBS, resuspended in 

PBS (300 μL), and analyzed by flow cytometry. The production of mitochondrial 

superoxide was monitored by fluorescence microscopy using the mitochondria-directed 

superoxide probe MitoSOX RedTM (Thermo Fisher) according to the manufacturer’s 

protocol. Cells were kept in fresh medium containing MitoSOX RedTM (5 µM) in 

combination with Hoechst 33342 (Thermo Fisher) as a nuclear counterstain. After a 10 m 

incubation time, cells were washed with DPBS followed by visualization using an EVOS 

FL Auto Cell Fluorescence Imaging system using the DAPI/RFP light cube. Relative 

MitoSOX RedTM fluorescence intensity was then quantified using Image J software. 
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2.14 Superoxide quantification assay: Chemical formation of superoxide radical anions 

during photosensitization was determined using the photometric NBT reduction assay, 

confirmed by scavenging of superoxide using superoxide dismutase (SOD). Briefly, a 

reaction volume containing PBS (100 μl), NBT stock solution (55 mM in methanol; 20 

μl), and FICZ (1- 50 μM; final concentration) was irradiated in the presence or absence of 

SOD (3000 u) in triplicate on a 96-well microtiter plate. Replicate samples incubated in 

the dark were used as controls. SOD-suppressible formation of nitroblue diformazan 

(NBF) was quantified measuring the absorbance at 560 nm on a Versamax microtiter 

plate reader (Molecular Devices, Sunnyvale, CA) using a NBF standard curve. 

 

2.15 Sensitization of protein oxidation: Melittin (C131H229N39O31, MW= 2,845.80) (1 

mg/mL PBS) was irradiated with UVA (3.3 J/cm2) in the absence or presence of FICZ 

(100nM, 200 μL total reaction volume) followed by MALDI-TOF-MS. 

 

2.16 Transmission electron microscopy: Cells were fixed in situ with 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), post-fixed in 1% osmium tetroxide in 

cacodylate buffer, washed, scraped, and pelleted. Cells were then stained in 2% aqueous 

uranyl acetate, dehydrated through a graded series (50, 70, 90, and 100%) of ethanol and 

infiltrated with Spurr’s resin (Sigma, EM0300), then allowed to polymerize overnight at 

60 °C. Sections (50 nm) were cut, mounted onto uncoated 150-mesh copper grids, and 

stained with 2% lead citrate. Specimens were examined using a Tecnai G2 Spirit 

transmission electron microscope (FEI, Hillsboro, OR) operated at 100 kV. Digital 
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images were acquired with a XR41 4-megpixel digital camera system (AMT, Danvers, 

MA, USA). 

 

2.17 Mitochondrial transmembrane potential: Mitochondrial transmembrane potential 

(Δψm): alteration of mitochondrial transmembrane potential was assessed using the 

potentiometric dye 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolyl-carbocyanine 

iodide (JC-1; Sigma, T4069). Cells were harvested by trypsinization, washed in PBS, 

resuspended in 300 µl PBS containing 5 µg/ml JC-1 for 15 m at 37°C and 5% CO2 in the 

dark. Cells were then washed twice in PBS and resuspended in 300 µl PBS. Bivariate 

analysis was performed by flow cytometry with excitation at 488 nm and mitochondrial 

function was assessed as JC-1 green (depolarized mitochondria, detector FL-1) or red 

(polarized mitochondria, detector FL-2) fluorescence.  

 

2.18 Assessment of lysosomal function: To detect alterations in lysosomal acidification, 

medium was removed from the dishes and adherent cells were washed with PBS and then 

incubated with 5 μM LysoSensor™ Green DND-189 (ThermoFisher Scientific) in fresh 

medium for 30 m in the dark. Cells were counterstained with Hoechst® 33342 

(ThermoFisher) with fresh medium for 10 m, washed with DPBS and visualized by 

EVOS FL auto fluorescent microscope using the DAPI and GFP light cube. 

 

2.19 Plasmid cleavage assay: DNA strand breakage was measured by the conversion of 

supercoiled фX-174 RF1 double-stranded DNA (New England Biolabs, Ipswich, MA) to 

open circular form as described before  (232).  A single strand break in supercoiled DNA 



 

 88 

(SC-DNA) results in the formation of open circular DNA (OC-DNA) displaying slowed 

migration in agarose gel electrophoresis. The untreated plasmid preparation contained 

between 10 and 15 % open circular form. Samples (21 μL total volume) in open 

Eppendorf tubes (1.5 mL) containing 0.6 μg DNA, protein (0–10 mg mL-1) and FICZ 

were irradiated from above at room temperature or kept in the dark for the duration of 

irradiation. After irradiation samples were separated by electrophoresis in a 1% agarose 

gel containing 45 mM tris-borate, 1 mM EDTA, pH 8, and 50 μg ethidium bromide per 

100 mL of agarose. Electrophoresis was performed using tris-borate-EDTA gel buffer at 

150 V for 1 h. The gel is then photographed by UV translumination with an Eagle Eye 

digital camera (Stratagene) using the Carestream software. 

 

2.20 Comet assay (alkaline single-cell gel electrophoresis): The alkaline comet assay 

was performed according to the manufacturer’s instructions (Trevigen, Gaithersburg, 

MD, USA). Cells were then stained with SYBRTM Green and visualized with a 

fluorescence microscope (fluorescein filter) followed by analysis using CASP software. 

At least 100 tail moments for each group were analyzed in order to calculate the mean + 

S.D. for each group. The Fpg-FLARE assay for assessment of Fpg-induced strand 

cleavage at oxidized purine bases was performed according to the manufacturer’s 

instructions (Trevigen). 

 

2.21 Phospho-H2A.X detection by flow cytometry: Treatment-induced accumulation of 

nuclear phosphorylated histone variant H2AX (γ-H2AX) was examined in keratinocytes 
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using a phospho-H2A.X (Ser139) monoclonal antibody (Alexa 488-conjugate, Cell 

Signaling, Danvers, MA) followed by flow cytometric analysis. 

 

2.22 Hematoxylin and eosin (H&E) staining and immunohistochemistry: 

Reconstructed skin (EpiDerm TM tissues [EPI-200, 9 mm diameter, 6-well format]; 

MatTek, Ashland, MA) and mouse skin specimens were stained using H&E according to 

standard procedures. Immunohistochemistry (IHC) analysis was performed as previously 

described (cleaved caspase-3 (Asp 175; 9664, Cell Signaling); Hsp70 (C92F3A- 2, Enzo) 

(197). Detection of primary antibody was performed on a Discovery XT Automated 

Immunostainer (Ventana Medical Systems, Tucson, AZ) using a biotinylated- 

streptavidin-horseradish peroxidase and 30, 30-diaminobenzidine system. Hematoxylin 

counterstaining was also performed online. Images were captured using an Olympus 

BX50 camera (Olympus, Center Valley, PA). 

 

2.23 Photodynamic induction of cell death in reconstructed human epidermis using 

FICZ: EpiDerm TM tissues were treated with FICZ (100 nM final concentration in 0.9 ml 

EPI-200-ASY media per well), followed by culture at 37 °C for 6 h. Before irradiation, 

inserts were rinsed with PBS and then UVA-exposed. After irradiation, tissue inserts 

were cultured for another 24 h in media. Tissue was then processed for paraffin 

embedment followed by H&E staining and IHC analysis. 

 

2.24 Photodynamic induction of cell death in reconstructed human epidermis using 

pyridoxal (B6): EpiDermTM tissues were treated with PL (500 μM final concentration in 
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0.9 ml EPI-200-ASY media per well), followed by culture at 37 °C for 12 h, then 

followed by UVA exposure (6.6 J/cm2) in PBS. After irradiation, tissue inserts were 

cultured for another 6 h in media. Tissue was then processed for paraffin embedment 

followed by H&E staining and IHC analysis. 

 

2.25 In situ-Terminal dUTP Nick End Labeling (TUNEL), cleaved caspase-3, and 8-

oxo-dG detection in epidermal reconstructs: Unstained tissue sections were visualized 

by differential interference contrast (DIC) microscopy employing an Olympus IMT-2 

inverted microscope. Moreover, tissue sections (5 μm) from formalin fixed, paraffin 

embedded EpiDermTM reconstructs were collected onto slides, deparrafinized, rehydrated, 

and analyzed for DNA fragments using the DermaTACSTM in situ terminal 

deoxynucleotidyltransferase (TdT) kit (Trevigen) according to the manufacturer's 

instructions. Sections were treated with proteinase K and then incubated with TdT 

enzyme and brominated dNTP mixture (37 °C, 30 m). Afterwards, samples were labeled 

with biotinylated anti-BrdU antibody (37 °C, 30 m), followed by streptavidin-conjugated 

HRP and incubation with TACS Blue LabelTM substrate. Slides were dehydrated, clarified 

(ethanol, p-xylene), and mounted for viewing. Images were captured using an Olympus 

BX50 with an Olympus Dp72 camera and CellSense Digital Image software. The number 

of TUNEL-positive cells per viewing field (200x) was counted in six random fields, and 

percentage TUNEL positive cells was calculated. For detection of cleaved caspase-3, a 

rabbit polyclonal primary antibody [cleaved caspase-3 (Asp175); Cell Signaling, 

Danvers, MA] with visualization employing alkaline phosphatase/fast red chromogen 

was used following the manufacturer's protocol. For 8-oxo-dG staining of epidermal 
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tissue, a mouse monoclonal antibody (clone 2E2, Trevigen) was used followed by 

fluorescence visualization using a secondary goat anti-mouse IgG conjugate [Alexa Fluor 

488 (Molecular Probes)] with DAPI nuclear counterstain following the manufacturer's 

protocol. 

 

2.26 Photodynamic treatment using FICZ on mouse skin: SKH-1 hairless female mice 

(Charles River Laboratories, Wilmington, MA) were maintained under 12 h light/dark 

cycles receiving water and food ad libitum. At the beginning of the experiment, 8-week-

old mice (n = 12) were divided into four groups (n = 3): (i) control (DMSO only), (ii) 

UVA ± DMSO, (iii) FICZ in DMSO, (iv) UVA ± FICZ in DMSO. Solar-simulated UVA 

dose was 6.6 J/cm2 FICZ (in DMSO; 1 mM final concentration) or ‘DMSO only’ were 

applied topically to dorsal skin areas (20 ml total volume). After 10 m, UVA or mock 

irradiation was performed. Mice were maintained for another 48 h and then euthanized. 

Dorsal skin was harvested and processed for (histo)-pathological examination and further 

IHC analysis (Hsp70, cleaved caspase-3). Animal experimental procedures and protocol 

have been reviewed and approved by the University of Arizona Institutional Animal Care 

and Use Committee (PHS Assurance No. A-3248-01; #11-316). 

 

2.27 Quantitative analysis of total zinc content in SKH-1 mouse skin using ICP-MS: 

Topical ZnPT [0.25% and 1% (w/w)] in Vanicream™ (Pharmaceutical Specialties, Inc.) 

or Vanicream™ only (control) was applied to for 24 h. After 24 h, skin was harvested, 

rinsed with PBS, dissolved in nitric acid (0.5 mL, 85 °C, 3 h) and prepared for zinc 
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quantification by inductively-coupled plasma mass spectrometry (ICP-MS), following 

our published procedure (197). 

 

2.28 Gene expression analysis by mRNA and protein detection in ZnPT-exposed 

SKH-1 mouse skin: After short-term topical treatment of SKH-1 mice with ZnPT [0.25 

% and 1.0 % (w/w); 24 h] in Vanicream™ or Vanicream™ alone, the cream was 

removed, and tissue was harvested as described earlier (233,234). Tissue samples were 

prepared for RNA isolation and RT-PCR profiling following our published procedures 

(197,234,235); mouse Hmox1 (Mm00516005_m1), Hspa1a (Mm01159846_s1), Ddit3 

(Mm01135937_g1), and Gadph (Mm99999915_m1) primer/probes were obtained from 

ABI (Applied Biosystems). Gene-specific product was normalized to Gadph and 

quantified using the comparative (ΔΔCt) Ct method following the ABI Prism 7000 

sequence detection system user manual. For ZnPT-induced cutaneous protein changes 

after ZnPT treatment (24 h continuous exposure), skin tissues were processed for 

standard H&E staining and IHC analysis. IHC was performed using HO-1 (ADI-SPA-

896, Enzo) and Hsp70 (C92F3A-2, Enzo) primary antibodies. Primary antibodies were 

detected employing the Discovery XT Automated Immunostainer technology (Ventana 

Medical Systems, Tucson, AZ) using a biotinylated streptavidin-horseradish peroxidase 

and DAB (30,30–diaminobenzidine tetrahydrochloride) system.  Digital images were 

taken by an Olympus BX50 camera (Olympus, Center Valley, PA). 

 

2.29 Photodynamic treatment of UV-exposed SKH-1 high-risk (tumor-prone) mouse 

skin: Six to eight-week old female SKH-1 EliteTM mice were purchased from Charles 
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River Laboratories (Wilmington, MA) and housed and maintained in accordance with 

The University of Arizona Animal Care and Use Committee standards under an approved 

protocol. To generate the standard UV-exposed SKH-1 'high-risk' (tumor-prone) mouse 

model, SKH-1 mice were subjected to an 18-week UVB regimen [delivering 190 mJ/cm2 

per UV exposure (final dose); three times per week; first six weeks of UV exposure: 

increasing dose regimen (week 1-2: 40 %; week 3-4: 60 %; week 5-6: 80% of final dose 

per exposure) to allow skin photoadaptation] (236-238). An irradiation panel of UVB-313 

lamps (Q-LAB, Westlake, OH) was used, and the spectral output was quantified using a 

dosimeter from International Light Inc. (Newburyport, MA), model IL1700, with an 

SED240 detector for UVB (range 265-310 nm, peak 285 nm) at a distance of 365 mm 

from the source. At the end of the 18-week irradiation period, these mice are tumor free 

but have a high-risk for developing papilloma lesions over the next several weeks. These 

SKH-1 'high-risk' mice were then subjected to three cycles of experimental FICZ-PDT 

(FICZ: 1 mM in DMSO (20 µl); UVA: 6.6 J/cm2 UVA, 3 PDT cycles) followed by 

quantitative determination of tumor multiplicity at the end of the experiment (week 22).  

For comparison, in parallel with the FICZ-PDT regimen, additional mice (n = 3-4 mice 

per group) were exposed to 'UVA only', 'FICZ only', or mock (DMSO only, no UVA) 

treatment [p < 0.05; non-parametric Mann-Whitney test (95% confidence interval)]. 

 

2.30 Topical ZnPT exposure in the UV-exposed SKH-1 high-risk (tumor-prone) 

mouse model: SKH-1 high-risk mice were generated following the same procedure 

describe in section 2.26. Three weeks after the end of the UV regimen pair-matched 

'high-risk' mice (6 mice per group) received either topical ZnPT (1 % in 50 µl 
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Vanicream™ (Pharmaceutical Specialties, Inc. Rochester, MN)] or carrier only 

(Vanicream™), administered 3-times per week over a 3-week period, during which 

papilloma development was monitored. At the end of the topical treatment period (42 

days after last UV exposure), final tumor size (tumor burden), and numbers per animal 

(multiplicity) were determined.  

 

2.31 Statistical analysis: The results are presented as means (± SD) of at least 3 

independent experiments. Selected data sets were analyzed employing either a two-sided 

Student’s t-test or one-way analysis of variance with Tukey’s post hoc test using the 

Prism 4.0 software (Prism Software Corp., Irvine, CA). In all bar graphs, means without a 

common letter differ (p<0.05). Average tumor burden and multiplicity were compared 

between treatment groups employing Mann-Whitney nonparametric statistical analysis 

using the Prism 4.0 software. 
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CHAPTER 3 

 

THE B6-VITAMER PYRIDOXAL IS A SENSITIZER OF UVA-INDUCED 
GENOTOXIC STRESS IN HUMAN PRIMARY KERATINOCYTES AND 
RECONSTRUCTED EPIDERMIS  

This chapter has been adapted from the following publication: 
 

Rebecca Justiniano, Joshua D. Williams, Jessica Perer, Ahn Hua, Jessica Lesson, Sophia 
L. Park, and Georg T. Wondrak (2017) The B6-vitamer pyridoxal is a sensitizer of UVA-
induced genotoxic stress in human primary keratinocytes and reconstructed epidermis. 
Photochemistry and Photobiology DOI: 10.1111/php.12720 [Epub ahead of print]. 

 
 

3.1 Introduction 

Vitamin B6 is a vital nutrient for proper skin health found to occur approximately 100 

nmol per g protein in human skin. Cutaneous vitamin B6 (referred to as B6 vitamers; 

Figure 3.1a) exists as three forms: pyridoxal (PL), pyridoxamine (PM), and pyridoxine 

(PN), which can be phosphorylated to the corresponding 5’-phosphates. Pyridoxal 5’-

phosphate serves as a coenzyme in amino acid catabolism and decarboxylation reactions 

involved in dopamine, serotonin, histamine, g-aminobutyric acid biosynthesis pathways 

(180). In addition to playing a functional role as a class of metabolic coenzymes, 

cumulative evidence suggests that B6-vitamers play an important non-vitamin role as 

potent sacrificial antioxidants and 1O2 quenchers, metal chelators, carbonyl scavengers, 

and UVA-photosensitizers (239). Prior research has identified the 3-hydroxypyridine 

moiety shared among B6-vitamers as the minimal photoactive chromophore conferring 

UV-sensitizer activity (155). Phototoxicity of B6-vitamers has been investigated before in 
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the context of clinical photodermatitis, and molecular evidence obtained from simple 

chemical reaction systems has been presented demonstrating the ability of B6-vitamers to 

potentiate UVA-induced photooxidation of biomolecules including amino acids, peptides, 

and plasmid DNA (162,240,241). It has been demonstrated that incubating unirradiated 

cultured skin cells with pre-irradiated B6-vitamers induced cytotoxicity even in the 

presence of antioxidants, suggesting the formation of an unidentified toxic B6-derived 

photoproduct (242). Interestingly, it has also been observed that vitamin B6 

supplementation (using PN) enhances tumorigenesis in a hairless mouse model of UV-

induced carcinogenesis (243). In continuation of these previous studies we decided to 

explore the specific molecular consequences of B6-vitamer-dependent photosensitization 

in relevant epidermal model systems. Here, we report for the first time that the B6-

vitamer PL is a micromolar sensitizer of UVA-induced genotoxic stress presenting 

experimental evidence derived from comparative gene expression array analysis, alkaline 

single cell gel electrophoresis, and immunohistochemical analysis that demonstrates the 

occurrence of PL-sensitization of UVA-induced photodamage and genotoxicity in 

primary human keratinocytes and reconstructed epidermis.  

 

3.2 Results 

 3.2.1 B6-vitamers are sensitizers of UVA-induced phototoxicity in primary human 

keratinocytes, and PL-sensitization of UVA-induced keratinocyte death that can be 

antagonized by pharmacological caspase inhibition or antioxidant intervention. 

 First, following our earlier experiments on UVA-induced photodynamic effects of B6- 



 

 97 

vitamers on immortalized HaCaT keratinocytes, we examined if B6-vitamer induced 

photodynamic effects might also be observable in primary human keratinocytes (HEKs) 

(162). To this end, the dose-response relationship of UVA-induced anti-proliferative 

effects sensitized by B6-vitamers [pyridoxine (PN), pyridoxamine (PM), and pyridoxal 

(PL; Fig. 3.1a)] was established in HEKs. Cells were irradiated delivering a moderate 

dose of UVA (6.6 J/cm2) using a solar simulator source, and irradiation was performed in 

the presence of increasing concentrations of B6-vitamer (0.1–100 μM). After UVA 

exposure cells were cultured for three days, and proliferation was then determined 

relative to control cells that were UVA-exposed in the absence of sensitizer (Figure 

3.1b). Over the time of proliferative capacity assessment (72 h), UVA exposure in the 

absence of sensitizer test compound induced a moderate inhibition of proliferation by 

12.3 ± 2.3 % versus mock-irradiated cells (data not shown). Among the three B6-

vitamers, photoactivated PL displayed the most potent anti-proliferative activity (IC50 = 

3.8 + 0.5 μM), followed by PM (IC50 = 27.3 ± 2.9 μM) and PN (IC50= 33.6 ± 5.2 μM). At 

higher concentrations (> 100 μM), PL (ED50 = 149.4 ± 5.8 μM) displayed activity as an 

efficient sensitizer of UVA-induced (6.6 J/cm2) cell death observed in HEKs (Figure 

3.1c), whereas PM (ED50 = 741.9 ± 31.7 μM), and PN (ED50 = 1115 ±  88.2 μM) 

displayed diminished photodynamic potency (dose response relationship not shown), a 

differential cytotoxicity that is consistent with earlier studies on phototoxic effects of B6-

vitamers that indicated the superior photodynamic potency of PL (162). Strikingly, rescue 

of HEKs from PL-sensitization of UVA-induced cell death was observed in cells co-

treated with either zVADfmk, a pancaspase inhibitor and antagonist of apoptotic cell 

death, or NAC (N-acetyl-L-cysteine), a thiol-based sacrificial antioxidant (Figure 3.1d). 
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Likewise, UVA-induced photodynamic activity of low micromolar concentrations of PL 

was also observed when human dermal Hs27 fibroblasts were exposed to the combined 

action of PL and UVA (6.6 J/cm2), suggesting that PL photosensitizer activity is not 

confined to HEKs (Figure 3.1e).  
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Figure 3.1. The B6-vitamer pyridoxal as a micromolar sensitizer of UVA-induced 
cytotoxicity in primary human keratinocytes and dermal fibroblasts. (A) Chemical 
structures of B6 vitamers [pyridoxine (PN), pyridoxamine (PM), pyridoxal (PL). (B) Dose 
response relationship of B6 vitamer-induced inhibition of proliferation. Cells were 
exposed to UVA (6.6. J/cm2) in combination with test compound (0.1-100 μM), and 
proliferation was determined by cell counting at 72 h after exposure. Proliferation of cells 
treated exposed to UVA only was used as a control, and proliferation of treatment groups 
was expressed as % relative to control (mean ± SD, n=3; ***p< 0.001; **p< 0.01; PL 
versus PN). (C). Modulation of cell viability in response to combined PL (500 μM)/UVA 
(6.6 J/cm2) exposure was assessed 24 h after treatment using flow cytometric analysis 
[annexin V-PI staining; numbers in quadrants indicate viable (AV-negative, PI-negative) 
in percent of total gated cells (mean ± SD, n=3)]. (D) Modulation of cell viability in 
response to combined PL (250 μM)/UVA (6.6 J/cm2) exposure performed in the absence 
of presence of the pancaspase inhibitor zVADfmk (40 μM) and the antioxidant NAC (10 
mM) was assessed using flow cytometric analysis as in panel C. (E) Modulation of cell 
viability in response to combined PL (500 μM)/UVA (6.6 J/cm2) exposure was assessed 
in Hs27 human dermal fibroblasts using flow cytometric analysis as in panel C. 
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3.2.2 Comparative array analysis identifies PL as a micromolar sensitizer of UVA-

induced heat shock, redox, and genotoxic stress response gene expression in primary 

human keratinocytes. 

Using the Human Stress and Toxicity RT2 ProfilerTM PCR Expression Array technology 

we then explored the possibility that PL treatment may modulate UVA-induced stress 

response gene expression (Figure 3.2). Array analysis compared transcriptional profiles 

elicited in HEKs in response to the combined or isolated exposure to PL (250 μM) and 

solar simulated UVA (6.6 J/cm2). When analysis was performed using cells harvested 6 h 

after exposure, pronounced stress response gene expression was detectable only in the 

treatment group subjected to the combined action of PL and UVA. Genes upregulated in 

response to combined PL/UVA treatment were indicative of induction of heat shock 

[HSPA6 (184 fold), HSPA1A (14 fold), HSPA1L (10 fold), HSPA2 (10 fold)] and 

oxidative/electrophilic [GSTM3 (49 fold), EGR1 (36 fold), MT2A (4 fold), NOS2A (4 

fold), SOD1 (3 fold)] stress responses. In addition, expression of DNA-damage response 

genes including growth arrest and DNA-damage-inducible, alpha [GADD45A (19 fold)], 

DNA-damage-inducible transcript 3 [DDIT3 (16 fold)], cyclin-dependent kinase inhibitor 

1 [CDKN1A (5 fold)] was strongly upregulated (244). A summary of genes that were at 

least threefold up- or downregulated over untreated control is presented in Figure 3.2d. 

In addition, expression changes of selected key target genes were also assessed using 

array-independent primer sets that confirmed a pronounced degree of PL/UVA-induced 

upregulation (HSPA6, DDIT3, GADD45A, CDKN1A), including the oxidative stress 

response gene HMOX1 (hemeoxygenase-1), a gene not contained on our commercial gene 

array (Figure 3.3a). As expected, moderate induction of HSPA6 and HMOX1 expression, 
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fundamental components of the cellular heat shock and oxidative stress response, was 

already observable in response to UVA-exposure performed in the absence of sensitizer, 

an effect further potentiated if UVA exposure occurred in the presence of PL (245). 
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Figure 3.2. PL causes UVA-induced oxidative stress and impairment of genomic 
integrity in primary human keratinocytes. After exposure to the isolated or combined 
action of UVA (6.6 J/cm2) and PL (250 μM), cells were rinsed and then cultured in 
medium (6 h) followed by Stress and Toxicity Pathfinder RT2 ProfilerTM PCR Expression 
array analysis. Scatter blots depict differential gene expression (cut-off lines: threefold 
up- or down-regulation). Arrays were performed in three independent repeats and 
analyzed using the two-sided Student’s t test. (A) PL-induced gene expression (versus 
untreated). (B) UVA-induced gene expression (versus untreated). (C) PL/UVA-induced 
gene expression (versus untreated).  
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Figure 3.2. PL causes UVA-induced oxidative stress and impairment of genomic 
integrity in primary human keratinocytes. (D) Numerical expression changes 
(PL/UVA versus untreated) [n=3, mean ± SD; (p<0.05)]. 
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3.2.3 PL causes UVA-induced oxidative stress and impairment of genomic integrity in 

primary human keratinocytes. 

Next, the occurrence of oxidative stress in HEKs exposed to the isolated or 

combined action of PL and UVA was assessed by flow cytometric analysis of DCFH 

loaded cells (Figure 3.3b). As documented before in HaCaT keratinocytes and other 

target cells exposed to B6-vitamers and UVA (162), an almost four-fold increase in DCF 

fluorescence intensity was observed in HEKs, indicative of the generation of reactive 

species of sufficient longevity, such as protein peroxides (246), capable of oxidizing the 

indicator dye DCFH during cell loading after irradiation (233). Likewise, a significant 

depletion of the cellular reduced glutathione (GSH) pool by almost 20% was detectable 6 

h after exposure, an effect consistent with treatment-induced redox dysregulation 

confined to cells exposed to combined PL/UVA treatment (Figure 3.3c). 
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Figure 3.3. Pyridoxal as a sensitizer of UVA-induced oxidative and genotoxic stress 
in primary human keratinocytes. (A) Modulation of HSPA6, GADD45A, DDIT3, 
CDKN1A, and HMOX1 mRNA levels as determined by independent real time RT-PCR 
analysis as examined 6 h after exposure to the isolated or combined action of UVA (6.6 
J/cm2) and PL (250 μM); [n=3, mean ± SD; means without a common letter differ 
(ANOVA with Tukey’s post hoc test)]. (B) Oxidative stress in cells exposed to PL (250 
μM)/UVA (6.6. J/cm2) as monitored 1 h after treatment by flow cytometric detection of 
DCF fluorescence; [n=3, mean ± SD]. (C) Modulation of intracellular reduced 
glutathione content as monitored 6 h after treatment performed as in panel B, normalized 
to cell number (mean ± SD, n > 3). (D) Immunoblot analysis of phospho-p53 (Ser15) 
versus total p53 was performed 1 h after PL/UVA treatment (upper panel) performed as 
in panel B. PL/UVA exposure was also performed with inclusion of the antioxidant NAC 
(10 mM; middle panel). Expression of p21 was analysed 6 h after treatment using β-actin 
as a loading control (bottom panel). (E) Formation of γ-H2AX as a consequence of 
PL/UVA exposure (performed as in panel B) was examined by flow cytometric analysis 
using an Alexa488-conjugated antibody. One histogram representative of three 
independent repeats is displayed. (F) The Fpg-enhanced comet assay [B6-vitamers (PN, 
PM, PL): 10-250 μM; UVA: 6.6 J/cm2] was performed one hour after exposure to the 
isolated or combined action of UVA and test compound. The upper panel displays 
representative comet images. The bar graph (bottom panel) presents average tail moment 
analysis [n > 100 per group; mean ± S.E.M; ***p < 0.001; **p < 0.01; *p < 0.05; means 
without a common letter differ (ANOVA with Tukey’s post hoc test)]. 

 



 

 106 

In HEKs undergoing PL/UVA cotreatment, genotoxic stress response signaling 

was detectable within 1h after exposure. Immunoblot detection indicated the activational 

phosphorylation of p53 (Ser15), a crucial molecular component of the genotoxic stress 

response in keratinocytes (184). This effect was suppressed if PL/UVA exposure 

occurred in the presence of the antioxidant NAC, suggesting that photooxidative stress 

might occur upstream of p53 activation (Figure 3.3d). In addition, upregulation of 

cellular protein levels of p21 (cyclin- dependent kinase inhibitor 1 encoded by the p53 

target gene CDKN1A) was observable exclusively in response to PL/UVA cotreatment 

(247). Flow cytometric analysis using a g-H2AX-directed Alexa-488 antibody conjugate 

revealed that PL/UVA coexposure increased phosphorylation of g-H2AX by almost five-

fold over control, representing an established hallmark of genotoxic stress associated with 

double strand breaks (and also elicited by UVB exposure), which was not observed in 

response to the isolated exposure to either PL or UVA (Figure 3.3e) (247).  

The genotoxic consequences of PL/UVA exposure were further substantiated in 

HEKs employing alkaline single cell gel electrophoresis (comet assay), enhanced by 

oxidative base damage-specific endonuclease digestion using Fpg [formamidopyrimidine 

DNA glycosylase] (198). Comet analysis was performed at 1 h after exposure to the 

combined or isolated treatment with B6-vitamers (PN, PM, PL; dose range: 10-250 μM; 

Figure 3.3f). Consistent with photodynamic introduction of oxidized DNA base lesions 

downstream of PL/UVA interactions, HEKs exposed to the combined (but not the 

isolated) action of PL and UVA displayed a pronounced increase in comet tail moment 

(up to ten-fold), further enhanced (by almost two-fold) by Fpg-digestion. Remarkably, a 

statistically significant increase in Fpg-enhanced comet tail moment was already 
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detectable at PL concentrations as low as 10 μM. It was also observed that PN and PM 

display inferior sensitizer potency over the low micromolar dose range employed, and 

only PM (250 μM)/UVA combination treatment followed by Fpg digestion was 

associated with a statistically significant increase in average tail moment over untreated 

control. Taken together, these data indicate that PL is a micromolar sensitizer of UVA-

induced genotoxic stress, causing an impairment of genomic integrity in primary 

keratinocyte culture that occurs downstream of photodynamic induction of oxidative 

stress.  

3.2.4 PL is a genotoxic UVA-photosensitizer in reconstructed human epidermis. 

After demonstrating photodynamic effects of PL in primary human epidermal 

keratinocytes, follow up prototype experiments tested the possibility that comparable 

PL/UVA interactions might be observable in reconstructed human epidermis after short 

term culture in growth medium supplemented with PL (Figure 3.4). To this end, 

phototoxic effects of PL supplementation (500 μM; 12 h incubation) followed by UVA 

exposure (6.6 J/cm2) were examined employing IHC analysis of epidermal tissue 

specimens. After UVA exposure, only the tissue reconstructs that had received PL/UVA 

combination treatment displayed pronounced phototoxic effects as evident from detection 

of pycnotic/eosinophilic features (H&E stain; Figure 3.4a). Moreover, basal 

keratinocytes displayed pronounced staining for cleaved caspase 3 and TUNEL-

positivity, characteristic of more than 95% of the cells situated in the basal layer (Figure 

3.4a&c). In addition, staining for nuclear DNA (DAPI) with immunofluorescent 

detection of oxidized DNA lesions (8-oxo-dG) revealed that PL/UVA combination 

treatment caused the introduction of oxidative DNA damage in more than 60% of all 
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epidermal keratinocytes (Figure 3.4b&c). Taken together, these findings demonstrate the 

occurrence of photooxidative stress and genotoxic insult as a consequence of PL/UVA 

photodynamic interactions in reconstructed human epidermis. 
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Figure 3.4. Pyridoxal as a sensitizer of UVA-induced genotoxic stress and 
cytotoxicity in reconstructed human epidermis. Epidermal reconstruct (EpidermTM) 
specimens were cultured in growth medium supplemented with or without PL (500 μM; 
12 h) followed by UVA (6.6 J/cm2) or mock-irradiation. After 6 h, reconstructs were 
processed for IHC. Per treatment group, representative images taken from three repeat 
samples are displayed. (A) H&E and IHC (cleaved caspase 3, TUNEL) analysis revealed 
keratinocyte death in the basal epidermis.  
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Figure 3.4. Pyridoxal as a sensitizer of UVA-induced genotoxic stress and 
cytotoxicity in reconstructed human epidermis. (B) Comparative imaging employing 
differential interference contrast (DIC) microscopy, DAPI staining of nuclei, and 
fluorescence of oxidative base damage (8-oxo-dG). (C) Bar graphs display the 
quantitative analysis of TUNEL positivity (upper panel; basal epidermis), cleaved 
caspase 3 expression (middle panel; basal epidermis), and 8-oxo-dG-positive cells as a 
fraction of all DAPI-stained cells (lower panel; all epidermal layers). [n > 6 specimens 
per group; mean ± S.D.; means without a common letter differ (ANOVA with Tukey’s 
post hoc test)]. 
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3.3 Discussion  

Cumulative chemical and biological evidence suggests a mechanistic role of B6-

vitamers as endogenous UVA-photosensitizers, and the potential importance of B6-

vitamer-induced phototoxicity in human skin, particularly in the context of photosensitive 

dermatitis, has been reported before (162,181,240,248). The photophysical and 

photochemical properties of B6-vitamers have been examined in much detail, and a role 

of UV-driven electron transfer reactions in B6-vitamer sensitized photoxidative 

modification of amino acids and DNA bases has been substantiated (241). Our own 

research has documented the ability of B6-vitamers and other related photoactive 3-

hydroxypyridine chromophores (including the collagen crosslink pyridinoline) to cause 

the UVA-driven photooxidation of macromolecular targets including peptides and 

plasmid DNA (155). In addition, rate constants for singlet quenching of B6-vitamers by 

nucleotides have been established, and it has been shown that GMP (tested versus TMP, 

UMP, and CMP) is the most oxidizable nucleotide, engaged in electron transfer from 

nucleotide to excited B6-vitamer (241).  

Based on this prior experimental evidence, we selected PL as the most phototoxic 

UVA-activated B6-vitamer and explored its potential photodynamic effects on human 

primary keratinocytes and reconstructed epidermis for the first time. Comparative array 

analysis substantiated the efficient induction of genotoxic (GADD45A, DDIT3, 

CDKN1A) stress response gene expression further supported by immunodetection of p53 

(Ser15) phosphorylation and g-H2AX formation, hallmarks of the cellular response to 

genotoxic insult (184,249). Follow up comet analysis indicated the formation of Fpg-
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sensitive DNA lesions, a finding consistent with the established photochemical reactivity 

of B6-vitamers as UV-activated electron transfer reagents involved in DNA base 

oxidation and plasmid cleavage 155,(241). Importantly, the specific photochemical 

mechanism underlying the pronounced cellular phototoxicity of PL (as compare to PN 

and PM) remains to be elucidated, a phenomenon that has been attributed tentatively to 

excited triplet state photochemistry associated with the aldehyde-function of PL [155]. 

Strikingly, our data demonstrate for the first time that UVA-induced PL phototoxicity is 

observable in human reconstructed epidermis pre-incubated with this specific B6-vitamer, 

causing genotoxic stress with oxidative DNA damage and keratinocyte death.  
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CHAPTER 4  
 

 
THE TRYPTOPHAN-DERIVED ENDOGENOUS ARYLHYDROCARBON 
RECEPTOR LIGAND 6-FORMYLINDOLO[3,2-b]CARBAZOLE (FICZ) IS A 
NANOMOLAR UVA-PHOTOSENSITIZER IN EPIDERMAL KERATINOCYTES 
 
This chapter has been adapted from the following publication: 
 
Park S.L1., Justiniano R1., Williams J.D., Cabello C.M., Qiao S., Wondrak G.T. (2015) 
The tryptophan-derived endogenous arylhydrocarbon receptor ligand 6-formylindolo[3,2-
b]carbazole (FICZ) is a nanomolar UVA-photosensitizer in epidermal keratinocytes. 
Journal of Investigative Dermatology. 135(6):1649-1658. 1 1st Co-author.  
 
 
In the first section of this chapter (Chapter 4a) the identification of a novel cutaneous 
photosensitizer is being described. The second part of this chapter (Chapter 4b), a 
potential utility of this photosensitizer for therapeutic intervention targeting skin cancer 
is being examined.  

 
 
 
CHAPTER 4a 
 
 

4a1.1 Introduction 

In addition to a role in the generation of ROS through excitation of endogenous 

preexisting photosensitizers, it has been demonstrated that acute exposure to solar UV 

can also cause the formation of potent photosensitizers in human skin (250). It is well 

known that UVB drives the formation of the free cytosolic tryptophan-derived 

photoproduct 6-formylindolo[3,2-b]carbazole (FICZ) among other photoproducts 

(89,251), already mention in subsection 1.8.3. The mechanism by which FICZ is formed 

from tryptophan is not well understood. However, it is thought to involve photooxidative 

mechanisms and require indole-3-acetaldehyde (I3A) as the precursor to FICZ. Recently, 
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in pursuit to understand the mechanism by which FICZ can be formed from L-

tryptophan, and the dependence on the intermediate formation of I3A, three alternative 

light-independent oxidative pathways has been identified which could shed light on the 

light-driven formation of FICZ (252). The three pathways involve: (1) nonenzymatic 

tryptophan oxidation by the endogenous oxidant H2O2, (2) nonenzymatic oxidative 

conversion of indole-3-pyruvate formed enzymatically from tryptophan through L-amino 

acid oxidase, (3) enzymatic oxidative deamination of tryptamine via mitochondrial 

monoamine oxidase (Figure 4.1). Due to the non-enzymatic nature of the reaction, 

formation of FICZ from tryptophan has the potential to produce a complex mixture of 

indole derivatives, some of which are CYP1A1 inhibitors (e.g. tryptamine and 

melatonin), thereby potentially enhancing FICZ bioavailability through blockade of 

oxidative metabolism (252,253). Indeed, elevated levels of unmetabolized FICZ are 

observable as a result of pharmacological AhR (using 3ʹ- methoxy-4ʹ-nitroflavone) or 

CYP inhibition (156,254). 
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Figure 4.1 Schematic representation of FICZ formation.  L-tryptophan is converted to 
tryptamine and indole-3-pyruvate and indole-3-acetaldehyde through light-driven and 
light independent reactions. Indole-3-acetaldehyde is the final precursor to FICZ. LAAO: 
L-amino acid oxidase; AADC: L-amino acid decarboxylase; MAO: monoamine oxidase; 
-CO2: decarboxylation. As adapted from Smirnova et al., 2016 (252). 
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Among the tryptophan-derived photolytic products, FICZ displays the greatest 

activity as an AhR ligand with almost ten times higher AhR binding affinity than TCDD, 

suggesting a causative role of FICZ-induced AhR activity in the mediation of UV-driven 

effects on skin (89,153,157). FICZ binding initiates the dissociation of the AhR 

multiprotein complex consisting of heat-shock protein 90 (Hsp90), tyrosine kinase c-src, 

and other co-chaperones followed by AhR nuclear translocation and expression of AhR 

target genes including phase I CYP1A1 enzymes and CYP1B1 thought to be involved in 

redox dysregulation and the metabolic activation of polycyclic aromatic hydrocarbons 

including benzo[a]pyrene in skin. LC/MS/MS analysis confirmed UVB-driven FICZ 

formation, followed by AhR nuclear translocation and upregulation of CYP1A1 mRNA 

levels in HaCaT keratinocytes (89), and inhibition of CYP P450-dependent clearance of 

FICZ has been suggested as a physiological mechanism for AhR activation and FICZ 

potentiation (154,156). However, the CYP1B1 enzyme was suggested to not be involved 

in the primary hydroxylation of FICZ but instead in the further metabolism of the di-

hydroxylated metabolites. In contrast to metabolically inert synthetic AhR ligands such as 

2,3,7,8 tetratchlorodibenzo-p-dioxin that cause sustained AhR signaling, FICZ undergoes 

rapid metabolic inactivation by CYP1A1. Rapid FICZ turnover was demonstrated by rat 

liver fractions that metabolized FICZ by 40% in 5 m and 70% after 29 m (154). More 

detailed biochemical analysis revealed that hydroxylated metabolites FICZ serves as an 

exceptionally efficient substrate for the phase II sulfotransferases SULT1A1, SULT1A2, 

SULT1B1, and SULT1E1 (255). In addition to detectable sulfoconjugates of phenolic 

FICZ metabolites found in human urine, a number of studies substantiates the occurrence 

of FICZ in human tissue (88,157,255). 
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In recent years, an increasing number of studies revealed FICZ-dependent AhR 

signaling in immune modulation, circadian rhythm, xenobiotic metabolism, 

melanogenesis, as well as skin barrier function and photocarcinogenesis (256-260). The 

commensal cutaneous yeast (e.g. Malassezia) is a rich source of AhR-directed small 

molecules including indirubin, tryptanthrin, malassezin, FICZ, and ICZ. Although the 

biochemical mechanisms underlying the biosynthesis of these compounds currently 

remain undetermined, it is evident that these AhR ligands have cutaneous functions 

influencing immunoregulation and epidermal barrier quality. FICZ displays various 

biological functions whose AhR-dependent functions include pro- and anti-inflammatory 

effects and skin barrier modulation (156,254-256,261,262). AhR activation via FICZ 

treatment on psoriatic skin biopsies derived from patients revealed transcriptional 

suppression of pro-inflammatory psoriasis-associated genes (including interferon-induced 

genes such as IFIT, RSAD2, IFIT3, CMPK2, MX2), substantiating a new role of AhR in 

the modulation of the psoriasis-associated transcriptome (263). Additionally, FICZ 

treatment prior to imiquimod (immune stimulant) attenuated responsiveness to 

inflammatory stimuli and also reduced epidermal thickness and parakeratosis (retention 

of nuclei in the stratum corneum). It is suggested that the potential immunosuppressive 

capacity of cutaneous microbiome-derived AhR ligands such as FICZ impede Toll-like 

receptor-induced dendritic cell maturation and DC-induction of T-cell proliferation, 

representing an AhR-controlled mechanism of suppressed surveillance of microbial 

infections that might facilitate tolerance towards cutaneous microbial colonization (264). 

Interestingly, it has been suggested that a microbiome-related contribution to skin 

photocarcinogenesis in the context of basal cell carcinoma (BCC) may originate from the 
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commensal generation of AhR-directed metabolites including FICZ, a tempting 

hypothesis envisioning the synergistic overlap between microbiome-derived AhR-

directed metabolites and environmental toxicants (solar UV) in the causation of tissue 

damage to be substantiated by future experimentation (265). 

Recent experimental evidence indicates that FICZ may cause genomic 

reorganization through stimulation of retrotransposition, a remarkable activity that 

impacts genomic integrity without AhR involvement. FICZ-induced retrotransposition of 

the long interspersed nucleotide element-1 (LINE-1) can be observed at picomolar 

concentrations in human HuH-7 and HeLa cells. LINE-1 is a genetic non-LTR 

retrotransposon comprising about 17 % of the human genome, of which 80–100 copies 

are competent as mobile elements. LINE-1 contains an internal polymerase II promoter 

and ORF1 (encoding a 40-kDa basic RNA-binding protein with RNA chaperone activity) 

and ORF2 (encoding a 150-kDa protein with endonuclease and reverse transcriptase 

activities), involved in L1 cDNA genomic integration. LINE-1 retrotransposition depends 

on AhR nuclear translocator-1 (Arnt1), and FICZ is thought to stimulate the interaction of 

the LINE-1-encoded ORF1 and Arnt1, recruiting ORF1 to chromatin downstream of 

activation of mitogen-activated protein kinase. Prior research has demonstrated the 

activation of human LINE-1 retrotransposition by benzo[a]pyrene requiring DNA 

adduction after CYP P450-catalyzed oxidation of the parent hydrocarbon (266).  A 

causative involvement of LINE-1 reverse transcriptase (encoded by ORF-2) has been 

substantiated in UV-induced transformation of cutaneous keratinocytes (267). However, 

the molecular mechanism underlying FICZ-induced LINE-1 retrotransposition and its 

potential role in the modulation of genomic adaptations to UV and other environmental 
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stressors remain to be elucidated in more detail. In the context of genomic rearrangement 

as a result of LINE-1 retrotransposition in response to DNA damage, it is interesting that 

LINE-1 retrotransposition can be induced by oxidative DNA damage in human 

neuroblastoma cells exposed to hydrogen peroxide, and LINE-1 hypomethylation 

induced by ROS is mediated via depletion of S-adenosylmethionine, suggesting a 

mechanistic link between oxidative stress and LINE-1 driven insertional mutagenesis and 

genomic instability that may also be operative in human skin cells under environmental 

oxidative stress (268-270).  

In contrast to prior investigations that have examined AhR- directed activities of 

FICZ detected in keratinocytes and human skin, no research has explored the possibility 

that photoexcitation of this indolo[3,2-b]carbazole chromophore may be associated with 

photobiologically relevant effects that occur independently of AhR-related mechanisms. 

Here we present experi- mental evidence suggesting that FICZ displays nanomolar 

photodynamic activity as a photosensitizer targeting human epidermal keratinocytes 

(HEKs) and reconstructed human epidermis with pronounced potentiation of UVA-

induced oxidative, proteotoxic, and genotoxic stress responses irres- pective of AhR 

ligand activity. 

 

 

4a2.1 Results 

4a2.1 Array analysis identifies FICZ as a sensitizer of UVA-induced stress response 

gene expression in human keratinocytes. 
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First, mass spectrometric, UV–visible, and fluorescence spectroscopic 

characterization of the commercial FICZ preparation used in our experiments was 

performed, indicating that FICZ displays pronounced absorptivity and fluorescence 

throughout the UVA-1 and blue visible portions of the solar spectrum (Figure 4.2a). 

Next, it was demonstrated that FICZ treatment causes rapid and transient nuclear 

translocation of AhR in human HaCaT keratinocytes observable within 15 minutes of 

continuous exposure (Figure 4.2b), together with pronounced upregulation of protein 

levels of CYP1A1, an established major AhR target gene (Figure 4.2c). 

Using the Human Oxidative Stress RT2 Profiler PCR Expression Array 

technology we then explored the possibility that FICZ treatment may modulate UVA-

induced stress response gene expression (Figure 4.2d and 4.2e). Array analysis compared 

transcriptional profiles elicited in human HaCaT keratinocytes in response to the 

combined or isolated exposure to FICZ (100 nM) and solar- simulated UVA (6.6 J/ cm2). 

We observed that only in response to exposure to the combined action of FICZ and UVA 

was pronounced stress response gene expression induced. Genes upregulated in response 

to combined FICZ/ UVA treatment were indicative of induction of oxidative (e.g. 

HMOX1, AKR1C2, SQSTM1, TXNRD1, GPX3) and proteotoxic stress responses (e.g. 

HSPA6, HSPA1A, DDIT3). In contrast to stress response gene expression that was only 

responsive to the combined action of FICZ and UVA, pronounced upregulation of the 

AhR target gene CYP1A1 was observed in all groups exposed to FICZ (FICZ only and 

FICZ/UVA) irrespective of UVA exposure. 
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Figure 4.2. The aryl hydrocarbon receptor (AhR) agonist 6-formylindolo[3,2-
b]carbazole (FICZ) is a sensitizer of UVA-induced stress response gene expression 
in HaCaT keratinocytes. (a) Left: Electrospray MS-MS (tandem mass spectroscopy; 
positive ion mode); molecular ion (m/z=284); Δm 28 u: loss of carbonyl; middle: UV–
visible spectrum; right: fluorescence spectra (excitation spectrum (λem=530 nm); 
emission spectrum (λex =390 nm)). (b) AhR nuclear translocation (FICZ: 100 nM; ≤ 240 
minutes; bar = 10 µ). (c) CYP1A1 western blot analysis (16 h). (d) Oxidative Stress RT2 
Profiler PCR Expression Array analysis. After irradiation (UVA: 6.6 J/cm2) in the 
presence or absence of FICZ (100 nM), cells were rinsed and then cultured in medium (6 
h), followed by analysis; left: FICZ/UVA-induced gene expression (versus untreated); 
cutoff lines: 3-fold up- or downregulation; right: numerical expression changes (UVA 
only; FICZ only; FICZ/UVA versus untreated (n=3, mean±SD; P<0.05)). (f) HO-1 
western blot analysis (6 h) 

e

f
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4a2.2 FICZ causes UVA-induced oxidative stress and impairment of genomic integrity. 

Next, we observed the rapid induction of stress response signaling elicited in 

HaCaT keratinocytes by FICZ/UVA co-treatment within 1 h, including dual activational 

phosphorylation of p38 (Thr180/Tyr182) mitogen-activated protein kinase and inhibitory 

phosphorylation of eIF2a (eukaryotic translation initiation factor), established hallmarks 

of cell stress signaling in skin cells greatly potentiated by FICZ (Figure 4.3a). Likewise, 

upregulation of cellular NAD(P)H-quinone oxidoreductase and heme oxygenase I protein 

levels was also observed in response to FICZ/UVA co-treatment (Figure 4.3b, 4.2f), but 

protein levels of thioredoxin reductase 1, upregulated at the mRNA level (Figure 4.3d), 

remained unchanged. We also observed that FICZ/UVA cotreatment impaired 

mitochondrial transmembrane potential (ΔΨm), observable by JC-1 flow cytometry 

within 1 hour (Figure 4.3c). 

The nature of FICZ/UVA-induced cytotoxicity was further explored by assessing 

photodynamic induction of oxidative stress (Figure 4.3d–l). Flow cytometric analysis of 

FICZ/UVA- treated cells (Figure 4.3d) indicated the generation of reactive species of 

sufficient longevity, such as protein peroxides (246) capable of oxidizing the indicator 

dye 20, 70 -dichlorodihydrofluorescein during cell loading after irradiation, an effect 

suppressed if photodynamic treatment occurred in the presence of the singlet oxygen 

quencher NaN3. Moreover, direct formation of superoxide anions by UVA/FICZ 

photosensitization was demonstrated using the NBT reduction assay performed in the 

absence or presence of superoxide dismutase (Figure 4.3e). UVA-driven formation of the 

NBT reduction product NBF occurred as a function of FICZ concentration and was 
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suppressed when UVA exposure occurred in the presence of superoxide dismutase, 

consistent with NBT photoreduction downstream of FICZ-sensitized formation of 

superoxide anions (232). 

We also observed that FICZ is a sensitizer of UVA-induced photooxidative 

damage targeting isolated macromolecules (peptides and plasmid DNA) as well as 

genomic DNA in HaCaT keratinocytes (Figure 4.3f–l). Sensitization of macro-molecular 

damage by FICZ was studied examining photooxidation of melittin (C131H229N39O31, 

Mw=2,845.80, monoisotopic peak), previously used as a model target in studies on 

peptide oxidation and radiation damage (Figure 4.3f; (230). The peptide melittin 

remained either untreated or underwent UVA irradiation (3.3 J/cm2 in the presence or 

absence of FICZ (100 nM). MALDI-TOF-MS revealed that only UVA exposure in the 

presence of FICZ induced the formation of a reaction product displaying a mass increase 

of 32 u (2,877.74–2,845.76 u, monoisotopic peaks), suggesting the FICZ-sensitized 

introduction of molecular oxygen into the target, a mass increase completely suppressed 

if exposure occurred in the presence of the singlet oxygen quencher NaN3 (230). 

Next, photodynamic introduction of DNA damage was examined using a 

chemical plasmid cleavage assay enhanced by formamidopyrimidine (Fpg)-endonuclease 

digestion visualizing sites of DNA base oxidation including 8-oxo-dG through enzymatic 

generation of strand breaks (Figure 4.3g-i) (232). Indeed, only the combined action of 

UVA and FICZ followed by Fpg digestion was sufficient to cause the formation of 

nicked target DNA. Dose response analysis revealed that low nanomolar concentrations 

of FICZ are sufficient to induce the UVA-driven formation of Fpg-sensitive sites, and 

photodynamic cleavage of plasmid DNA was completely suppressed in the presence of 
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antioxidants known to act as excited state quenchers and singlet oxygen antagonists 

(NaN3, 1,4-diazabicyclo[2.2.2]octane, L-histidine). 

Genotoxic consequences of FICZ/UVA exposure were also observed in HaCaT 

keratinocytes employing the comet assay enhanced by Fpg digestion performed at 

various time points after treatment (0–6 h; Figure 4.3j–l). Consistent with photodynamic 

introduction of oxidized DNA base lesions, HaCaT keratinocytes exposed to the 

combined (but not the isolated) action of FICZ and UVA followed by Fpg digestion 

displayed a NaN3-suppressible increase in comet tail moment. A statistically significant 

increase in comet tail moment was already detectable when analysis was performed 

immediately after exposure (0 h) and increased further over an extended incubation 

period (6 h), an observation consistent with the known amplification of photooxidative 

damage by subsequent free radical chain reactions downstream of the initial oxidative 

insult. 
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Figure 4.3. 6-Formylindolo[3,2-b]carbazole (FICZ) photodynamic activity causes 
oxidative stress and impairs genomic integrity. (a) Western blot analysis after UVA 
(6.6 J/cm2) in the absence or presence of FICZ: phosphorylation of p38 and eIF2a (1 h 
after exposure). (b) Western blot analysis performed as in a: nicotinamide adenine 
dinucleotide phosphate oxidase-quinone oxidoreductase (NQO1), heme oxygenase I 
(HO-1), and thioredoxin reductase 1 (TXNRD1; 6 h after exposure). (c) Mitochondrial 
transmembrane potential (Δψm; 10 nM FICZ; 6.6 J/cm2 UVA; 1 h); numbers: percentage 
of cells inside the circle with intact Δψm (mean±SD, n=3). (d) Intracellular oxidative 
stress by flow cytometry of 2’,7’-dichlorofluoroescein (DCF) fluorescence (UVA (3.3 
J/cm2); FICZ (20 nM); NaN3 (10 mM); 1 h). (e) UVA (3.3 J/cm2)-driven superoxide 
production assessed by NBT reduction with (black) or without (white) superoxide 
dismutase (SOD; 3,000 u ml-1). (f) MS analysis of peptide photooxidation. Monoisotopic 
mass peaks are indicated. (g–i) FICZ/UVA-induced фX-174-plasmid cleavage enhanced 
by formamidopyrimidine (Fpg) digestion (OC: open circular; CC closed circular; FICZ: 
10 nM; UVA: 6.6 J/cm2); (h) with inclusion of chemical antioxidants (10 mM, each); (i) 
dose–response (UVA: 6.6 J/cm2). (j–l) Fpg-enhanced Comet assay (FICZ: 100 nM; UVA: 
6.6 J/cm2; 20 mM NaN3 (analysis post treatment: j: 1 hour; k–l: 0–6 h). (l) Tail moment 
analysis (n=100 per group; mean±SEM).  
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4a2.3 FICZ is a nanomolar photosensitizer of UVA-induced keratinocyte cell death. 

Photodynamic induction of skin cell death by FICZ/UVA co-treatment was 

examined by morphological analysis (transmission electron and light microscopy; Figure 

4.4a) and flow cytometric analysis of AnnexinV/propidium iodide stained cells 

performed 24 h after treatment (Figure 4.4b). We observed that viability of HaCaT 

keratinocytes exposed to the combined action of high concentrations of FICZ (100 nM) 

and UVA (6.6 J/cm2) was completely abolished. Consistent with the induction of 

apoptosis, FICZ/UVA-induced cell death was associated with caspase-3 activation 

(Figure 4.4c) and could be suppressed by co-treatment using zVADfmk, a potent pan-

caspase inhibitor (Figure 4.4d). Moreover, cell viability was preserved if photodynamic 

treatment occurred in the presence of the singlet oxygen quencher NaN3 (10 mM; Figure 

4.4d), and FICZ photodynamic activity was enhanced by depletion of the cellular 

antioxidant glutathione employing the glutathione biosynthesis inhibitor buthionine 

sulfoximine (1 mM, 24 h pretreatment; Figure 4.4e), findings that suggest an oxidative 

mechanism underlying FICZ phototoxicity. 

Next, the dose–response relationship underlying FICZ sensitization of UVA-

induced cell death was explored, indicating that FICZ concentrations as low as 5 nM and 

small doses of UVA (0.33 J/cm2) were sufficient to cause pronounced photodynamic 

effects (Figure 4.4f-g). In contrast, UVA-pre-irradiation of FICZ followed by incubation 

of un-irradiated cells using pre-irradiated FICZ did not mimic the effects of FICZ/UVA 

co-exposure, suggesting that photodynamic induction of HaCaT cell death depends on the 

formation of a short-lived cytotoxic factor (such as singlet oxygen or other ROS) that is 

absent from the pre-irradiated FICZ preparation (Figure 4.4f; ‘pre’). Remarkably, UVA-
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driven photodynamic activity of FICZ surpassed that of established endogenous 

photosensitizers including protoporphyrin IX and riboflavin (vitamin B2) that were active 

only in the upper nano- (100 nM) or lower micromolar (10 mM) range, respectively 

(Figure 4.4f). Next, on the basis of absorbance in the blue light region we employed a 

monochromatic visible photoexcitation source (460 nm, LED) in order to assess the 

feasibility of achieving visible light-driven FICZ-dependent photodynamic effects 

(Figure 4.4h). Indeed, FICZ displayed pronounced blue light–driven photodynamic 

activity that was antagonized by either NaN3 co-treatment or pre-incubation using 

zVADfmk, observations matching the blockade of FICZ/UVA-induced cell death as 

detected above (Figure 4.4h). 
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Figure 4.4. 6-Formylindolo[3,2-b]carbazole (FICZ) is a nanomolar sensitizer of 
UVA- and blue light–induced apoptosis. (a) HaCaT keratinocytes were exposed to the 
isolated or combined action of FICZ (100 nM) and UVA (6.6 J/cm2) or remained 
untreated (control). Transmission electron (upper panels; 2,650-fold magnification; bar = 
2 µ) or light microscopy (bar = 10 µ) after 6 h incubation in medium. (b) Flow cytometric 
analysis of AnnexinV-FITC/propidium iodide (PI)- stained cells (24 h after treatment as 
in a). Numbers indicate viable cells (AV–/PI–) as a percentage of total gated cells (mean 
± SD; n=3). (c) Flow cytometric detection of cleaved procaspase-3. (d) Left: 
cytoprotection against FICZ-induced cell death by zVADfmk (40 mM; 1 h pretreatment) 
or NaN3 (10 mM; coincubation during UVA; FICZ: 20 nM; UVA: 1 J/cm2); right: bar 
graph summarizing viability as assessed by flow cytometry (mean ± SD, n=3). (e) 
Glutathione depletion– enhanced apoptosis (buthionine sulfoximine (BSO): 1 mM, 24 h 
pretreatment; conditions as in d). (f–h) FICZ-induced apoptosis assessed as in b. (f) FICZ 
dose– response relationship (UVA: 6.6 J/cm2). Photodynamic induction of cell death 
(UVA: 6.6 J/cm2) using riboflavin (B2) and protoporphyrin IX (PPIX) is also depicted. (g) 
UVA dose–response relationship (FICZ: 100 nM). (h) Blue light (LED 460 nm; 2.5 
J/cm2)–induced apoptosis (FICZ: 100 nM; zVADfmk/NaN3 as above; mean ± SD, n=3). 
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4a2.4 The deformylated FICZ derivative indolo[3,2-b]carbazole (ICZ) does not display 

photodynamic activity. 

In order to explore the structure activity relationship of FICZ-induced 

photodynamic effects, we also examined the FICZ derivative ICZ, a close structural 

analog and potent AhR agonist devoid of the carbaldehyde function contained in FICZ 

(Figure 4.5a; (255). Consistent with the established AhR ligand activity of ICZ, we 

observed ICZ-induced upregulation of CYP1A1 expression at the protein and mRNA 

level irrespective of UVA exposure (Figure 4.5c and g). In contrast, ICZ was devoid of 

any UVA-driven photodynamic activity as indicated by morphological inspection 

(transmission electron and light microscopy; Figure 4.5b, flow cytometric analysis of 

viability (Figure 4.5d), and oxidative stress induction (Figure 4.5e). Likewise, in 

response to exposure to the combined action of ICZ and UVA, stress response gene 

expression remained unchanged at the mRNA and protein levels (NAD(P)H-quinone 

oxidoreductase and heme oxygenase I; Figure 4.5f and g. 
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Figure 4.5 The deformylated FICZ-derivative and AhR agonist ICZ does not 
display photodynamic activity. (a) ICZ: MALDI-TOF mass spectrum (positive ion 
mode): molecular ion (m/z 256.12). (b-g) HaCaT keratinocytes were exposed to the 
isolated or combined action of ICZ (100 nM) and UVA (6.6 J/cm2) or remained untreated 
(control). (b) TEM (scale bar: 2 μ) and light microscopy (scale bar: 10 μ) as in Figure 
4.4a. (c) CYP1A1 Western blot analysis (16 h). (d) Viability 24 h after treatment as in 
Figure 4.4b. (e) Flow cytometric analysis of DCF-fluorescence as in Figure 4.3d. (f) 
NQO1 and HO-1 Western blot analysis (UVA: 6.6 J/cm2); 6 h after exposure). (g) Gene 
expression changes at the mRNA level after exposure to the isolated or combined action 
of ICZ (100 nM) and UVA [6.6 J/cm2; 6 h after treatment; n=3, mean ± SD; (p<0.05)].  
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4a2.5 Photodynamic activity of FICZ can be observed in dermal fibroblasts, primary 

HEKs, and an organotypic epidermal skin reconstruct. 

UVA-induced photodynamic activity of low nanomolar concentrations of FICZ 

was also observed when human dermal Hs27 fibroblasts were exposed to the combined 

action of FICZ and UVA (6.6 J/cm2; Figure 4.6a), accompanied by changes at the 

mRNA level indicative of stress response gene expression (HMOX1, DDIT3, and HSPA6; 

Figure 4.6b). In accordance with earlier reports that document constitutive attenuation of 

AhR signaling in dermal fibroblasts, we observed that FICZ exposure (FICZ only or 

FICZ/UVA combination) failed to upregulate CYP1A1 mRNA levels, indicating again 

that FICZ photodynamic effects occur in the absence of AhR-mediated signaling. 

Next, photodynamic effects of FICZ were confirmed in primary HEKs (Figure 

4.6c and d) and reconstructed human epidermis undergoing short-term culture in growth 

medium supplemented with FICZ (Figure 4.6e). One day after UVA exposure, only the 

tissue reconstructs that had received FICZ/UVA combination treatment displayed 

pronounced phototoxicity as evident from detection of pycnotic/eosinophilic features and 

caspase-3 positivity, changes consistent with photodynamic induction of cell death that 

affected 100% of keratinocytes situated in the basal layer of the epidermis. Photodynamic 

effects of FICZ were also observed in an acute exposure model in murine skin (Figure 

4.6f). When SKH-1 mice received FICZ topical treatment followed by UVA exposure, 

photodynamic induction of pronounced epidermal necrosis, together with Hsp70 

upregulation, was observed, molecular changes that were not detected in skin exposed to 

the isolated action of either topical FICZ or UVA. Moreover, as early as 48 h after FICZ-
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UVA photodynamic treatment, signs of regenerative re-epithelialization and tissue 

remodeling originating from the hair follicles were observable. 
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Figure 4.6. UVA-induced photodynamic activity of 6-formylindolo[3,2-b]carbazole 
(FICZ) is observable in primary human epidermal keratinocytes, reconstructed 
epidermis, and mouse skin. (a) Human dermal Hs27 fibroblasts were exposed to the 
isolated or combined action of FICZ (100 nM) and UVA (6.6 J/cm2) or remained 
untreated (control). After 24 h, viability was assessed as in Figure 3b; bar graph: FICZ 
dose–response relationship of UVA-induced phototoxicity (UVA=6.6 J/cm2). (b) Gene 
expression changes at the mRNA level after exposure to the isolated or combined action 
of FICZ (100 nM) and UVA (6.6 J/cm2; 6 h after treatment; n = 3, mean ± SD; (P<0.05)). 
Expression changes were normalized relative to ACTB (actin-ß)). (c) Primary human 
epidermal keratinocytes (HEKs) exposed and analyzed as described in a. Right: bar graph 
summarizing viability as assessed by flow cytometry (mean ± SD, n=3) b. (e) Epidermal 
reconstruct (EpiDerm) specimens were cultured in growth medium supplemented with or 
without FICZ (100 nM; 6 h). After culture, UVA (6.6 J/cm2) or mock irradiation 
occurred. After 24 h, reconstructs were processed for immunohistochemistry (IHC); 
arrowheads: localization of apoptotic basal keratinocytes (hematoxylin and eosin (H&E): 
pycnotic/eosinophilic features, IHC: cleaved procaspase-3). (f) SKH-1 hairless mice (n= 
3 pretreatment group) were exposed to the isolated or combined action of topical FICZ (1 
mM) and UVA (6.6 J/cm2) radiation. At 48 h after treatment, H&E and IHC (Hsp70) 
analysis revealed photodynamic effects including epidermal necrosis (‘n’) and re-
epithelialization (‘re’). Per treatment group, representative images taken from three repeat 
samples are displayed (bars=25 µm; right inset, f: 50 µm). 
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4a3.1 Discussion 

UVA sensitization by specific cutaneous chromophores is an important 

mechanism of skin cell photooxidative stress that contributes to photoaging and 

carcinogenesis (67). Here we demonstrate that the L-tryptophan-derived photoproduct 

and AhR ligand FICZ display nanomolar UVA-driven photodynamic activity as 

substantiated by (i) photooxidation of isolated macromolecules (Figure 4.3f-i), (ii) 

photooxidative stress and cytotoxicity in cultured human skin cells (Figures 4.3a–d, j–l, 

and 4.5a–d), and (iii) tissue damage observable in human reconstructed epidermis 

(Figure 4.5e) as well as murine skin (Figure 4.5f). 

Remarkably, FICZ photosensitization is observable in the low nanomolar 

concentration range, suggesting that FICZ exhibits extraordinary photodynamic potency 

(Figure 4.4f). Comparative sensitization experiments demonstrated that the UVA-

induced photodynamic potency of FICZ surpasses that of established endogenous 

photosensitizers including riboflavin and protoporphyrin IX, an observation that to the 

best of our knowledge supports the conclusion that FICZ is the most potent endogenous 

UVA photosensitizer identified as of today. We also observed that FICZ photodynamic 

activity could be elicited by either UVA or blue light photoexcitation, a finding consistent 

with its UV–visible absorption characteristics (Figure 4.2a). 

Prior investigations have demonstrated the UV-driven photochemical 

transformation of L-tryptophan leading to the formation of specific photoproducts, some 

of which display activity as endogenous photosensitizers, such as N-formylkynurenine 

known to be a micromolar sensitizer of photooxidative stress during aging of the human 

lens (177). However, in spite of an extensive body of evidence that explores the emerging 
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role of the tryptophan photoproduct FICZ in AhR-dependent modulation of skin barrier 

function and photocarcinogenesis, no research has focused on the direct photochemical 

and photobiological reactivity of this UVA–visible chromophore. FICZ photodynamic 

potency surpasses that of other tryptophan-derived micromolar sensitizers including N-

formylkynurenine and xanthurenic acid by more than 1,000-fold, but the specific 

mechanistic involvement of FICZ versus other tryptophan- derived metabolites and 

photoproducts in mediating skin photooxidative stress remains to be elucidated. In this 

context, it should be emphasized that independent of its solar UV- driven origin FICZ has 

now been identified as a common metabolite of commensal Malassezia yeasts involved 

in the causation of cutaneous inflammatory pathologies such as seborrheic dermatitis, and 

detailed liquid chromatography–mass spectrometry analysis has demonstrated 

unambiguously that a microbiome-derived pool of FICZ (and other tryptophan 

metabolites with unexplored phototoxicity) exists constitutively in human skin (257). 

Importantly, photodynamic activity of FICZ observed by us in skin cells and 

tissue does not depend on AhR signaling, as supported by the fact that (i) FICZ 

photoreactivity associated with ROS formation and substrate oxidation can be observed 

in cell-free chemical systems, (ii) FICZ-induced stress response signaling, introduction of 

photooxidative DNA damage, and loss of mitochondrial transmembrane potential can be 

observed within minutes of FICZ/UVA exposure, and (iii) FICZ-sensitized UVA 

photodamage occurs in fibroblasts displaying strongly attenuated or absent AhR 

signaling. Finally, (iv) the deformylated FICZ derivative ICZ, an established AhR agonist 

of comparable potency, was completely devoid of UVA-driven photodynamic activity 

(Figure 4.5). The differential photodynamic activity of FICZ and ICZ suggests that it is 
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the excited state chemistry associated with the carbaldehyde moiety (attached to the 

common indolocarbazole UVA chromophore) that allows efficient intersystem crossing 

and triplet state formation underlying phototoxicity, a reactivity documented with 

numerous carbonyl group-containing UVA photosensitizers such as benzo- phenone-

related chromophores. However, the complex UVA-driven photochemistry of FICZ that 

may involve the combined mode of type I and type II photosensitization awaits further 

photochemical investigations. 

In summary, our experimental data suggest that two molecular pathways may 

operate simultaneously mediating FICZ-dependent effects in human skin downstream of 

its formation as a cutaneous microbial metabolite or solar UVB-induced tryptophan 

photooxidation product (Figure 4.7). First, as demonstrated earlier, FICZ may modulate 

skin cell function through an AhR-dependent pathway (257), a mechanism that may 

contribute to inflammatory dysregulation and carcinogenesis as suggested before 

(228,258,265,271). In addition, as demonstrated in this prototype study, photoexcitation 

of FICZ by solar UVA (and potentially visible) photons causes photodynamic effects 

leading to the induction of cutaneous oxidative stress that may potentially exacerbate 

AhR-dependent cutaneous pathologies. 

 
 
 
 
 
 
 
 
 
 
 
 



 

 137 

 
 
 
 

 
 
 
Figure 4.7. Molecular pathways mediating FICZ-dependent effects in human skin 
downstream of its formation as a cutaneous microbial metabolite or solar UVB-
induced tryptophan photooxidation product. Pathway 1: FICZ as an AhR-ligand 
causing AhR/Arnt-dependent upregulation of target gene expression including CYP1A1; 
Pathway 2: UVA-induced formation of FICZ photoexcited states (FICZ*) followed by 
generation of reactive oxygen species (ROS) through type I and II photosensitization 
reactions causing cutaneous photooxidative stress.  
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Interestingly, the role of endogenous photosensitizers has been referred to as that 

of a ‘double-edged sword’, causing phototoxic effects that might damage healthy skin 

cells yet at the same time inactivate malignant cells. Indeed, light-driven cytotoxicity 

mediated by endogenous photosensitizers has been exploited for therapeutic interventions 

targeting specific skin conditions including psoriasis, pre-malignancies such as actinic 

keratosis, and malignant skin cancers. Consequently, as described in the following 

Chapter 4b, we have explored feasibility of photodynamic therapeutic intervention 

targeting skin cancer cells using FICZ.  
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 CHAPTER 4b 
  

PHOTODYNAMIC ELIMINATION OF SKIN CANCER CELLS USING THE 
ENDOGENOUS TRYPTOPHAN-DERIVED PHOTOPRODUCT 6-
FORMYLINDOLO[3,2-b]CARBAZOLE (FICZ) AS A NANOMOLAR UVA- AND 
VISIBLE LIGHT-ACTIVATED PHOTOSENSITIZER  
 
 
 
4b1.1 Introduction 

Endogenous skin chromophores may act not only as sensitizers of photooxidative 

stress and formation of reactive oxygen species (ROS) underlying cutaneous photoaging 

and photocarcinogenesis but can serve as therapeutic agents for the photodynamic 

elimination of malignant cells, a photomedical intervention strategy referred to as 

'photodynamic therapy' (PDT)(272,273).  PDT involves the therapeutic induction of cell 

death downstream of photoexcitation of a sensitizer drug that (through electron and 

energy transfer reactions in the presence of oxygen) generates cytotoxic ROS including 

singlet oxygen. PDT can be harnessed for diverse dermatological applications targeting 

microbial infection, acne, psoriasis, precancerous lesions (actinic keratosis), and various 

malignancies including BCC and SCC (135,137). Photodynamic therapy has become 

widely recognized as an important treatment modality in skin cancer patients, given its 

non-invasiveness, high response rate, and superior cosmetic outcome (137,139,274,275). 

Moreover, based on technological advances enabling targeted intracorporeal delivery of 

photons, PDT has found broad application in other areas such as ophthalmology (e.g. wet 

age-related macular degeneration) and non-cutaneous oncology (e.g. mesothelioma and 

lung cancer) (276,277). 

 Shortly after Raab’s, Jodlbauer’s, Jesionek’s and von Tappeiner’s seminal 
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observations of the oxygen-dependent lethal effects of sunlight and fluorescent dyes on 

protozoa and skin carcinoma cells that was referred to as ‘photodynamic’, Meyer-Betz in 

1913 noticed prolonged severe phototoxicity upon self-injection of sulfuric acid-extracted 

human blood and thereby established the potential photodynamic action of chromophores 

derived from human tissue, i.e., hematoporphyrin, on human skin (273). The potential 

utility of endogenous photosensitizers as therapeutic agents for the clinically-relevant 

elimination of cancer cells became apparent by the demonstration that coexposure of 

hematoporphyrin-derivative (HpD) and light caused mammary tumor eradication in mice 

(278),  followed by a seminal clinical trial (examining HpD-based PDT for 

locally recurrent breast carcinoma following mastectomy) and FDA approval in 1995 

(279). 

 Our data presented in Chapter 4a demonstrated that FICZ displays activity as a 

nanomolar photosensitizer potentiating UVA- and visible light-induced oxidative stress 

in human HaCaT, primary epidermal keratinocytes, and skin reconstructs. In addition to 

being the most potent cutaneous photosensitizer ever identified, this indolocarbazole-

based chromophore displays a number of other unique molecular features not shared with 

other endogenous photosensitizers.  Specifically, a rapid cellular turnover of FICZ occurs 

as a result of FICZ-driven AhR-dependent induction of CYP1A1 expression, representing 

a negative feedback loop minimizing skin residence time of this photosensitizer 

(156,255). Moreover, other cutaneous effects of FICZ downstream of AhR activation 

include the attenuation of inflammation and autoimmunity, and a potential utility of 

topical FICZ in the therapeutic control of atopic dermatitis and psoriasis is now the 

subject of investigation (264). Likewise, AhR-directed ligand activity of FICZ might 
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attenuate collateral photodynamic damage through AhR-dependent barrier restoration and 

wound healing, protecting healthy skin situated in close vicinity to the target area of 

photodynamic intervention. Given the unexplored photodynamic utility of this novel 

endogenous photosensitizer, we therefore embarked on pilot experimentation examining 

feasibility of FICZ-based PDT using cultured malignant skin cells, epidermal human 

reconstructs, and chronic UV-induced tumor-prone 'high risk' SKH-1 mouse skin.        

 

 
 
4b2.1 Results and Discussion 
 
 
4b.2.1 FICZ/UVA-dependent photodynamic inactivation of cultured human skin 

cancer cells lines.  

 First, following our previous studies demonstrating FICZ phototoxicity in 

cultured primary keratinocytes, feasibility of harnessing FICZ photodynamic activity for 

the light driven elimination of malignant cells was examined in vitro. To this end, a panel 

of cultured human malignant skin cell lines (A375 malignant melanoma, LOX metastatic 

melanoma, G361 metastatic melanoma; SCC-25 squamous cell carcinoma and HaCaT-

ras II-4 malignant keratinocytes) was exposed to the isolated or combined action of FICZ 

(10-100 nM) and UVA (3.3 J/ cm2), whereas control cells remained untreated. Cell 

viability was then determined by flow cytometric analysis of annexinV (AV)-

FITC/propidium iodide (PI)-stained cells, performed 24 h after photodynamic treatment.  

In all cell lines, significant loss of viability of the cell population was observed (Figure 

5.1), an effect not achieved in response to the isolated exposure to either FICZ or UVA. 

LOX malignant melanoma and SCC-25 carcinoma cells displayed the most pronounced 



 

 142 

sensitivity to photodynamic induction of cell death observable at FICZ concentrations as 

low as 10 nM (eliminating almost 75% of live cells), whereas HaCaT-ras II-4 cells 

displayed a more resistant phenotype (with less than 20 % cells eliminated at 10 nM 

FICZ).   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 143 

 

 
 
 
 
 
Figure 5.1. Photodynamic elimination of cultured human skin cancer cells exposed 
to the combined action of UVA and FICZ. A panel of cultured human malignant skin 
cell lines (A375 melanoma, LOX melanoma, G361 melanoma, SCC-25 and HaCaT-ras 
II-4 keratinocytes) was exposed to the isolated or combined action of FICZ (10-100 nM) 
and UVA (3.3 J/ cm2). Control cells remained untreated. After 24 h, cell viability was 
determined by flow cytometric analysis of annexinV (AV)-FITC/propidium iodide (PI)-
stained cells. Numbers indicate viable cells (AV–/PI–) as a percentage of total gated cells 
[n =3; mean ± SEM].  
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4b2.2 FICZ/UVA-dependent induction of stress response gene expression and 

signaling in SCC-25 keratinocytes. 

 Given the high sensitivity of SCC-25 to photodynamic elimination by FICZ/UVA 

treatment, we focused our pilot follow up studies on these cells (Figure 5.2-5.3), 

complemented by data on malignant melanoma cells (Figure 5.4).  

 First, since our previous research has demonstrated that FICZ displays 

pronounced absorptivity and fluorescence throughout the UVA-1 and blue visible 

portions of the solar spectrum, we tested feasibility of photodynamic elimination of SCC-

25 keratinocytes harnessing FICZ activation using a visible light source (LED; 460 nm) 

(Figure 5.2a). As observed with UVA photoexcitation, visible photoexcitation of FICZ 

(10 nM) displayed pronounced photodynamic activity (eliminating more than 60% of live 

cells SCC-25 keratinocytes by 24 h after treatment).  

 Next, the photodynamic mechanism of FICZ-dependent cytotoxicity targeting 

SCC-25 cells was explored in more detail (Figure 5.2b-f). It was observed that FICZ 

photodynamic potency was attenuated if UVA exposure was performed in the presence of 

the singlet oxygen quencher NaN3; in contrast, no cytoprotection was achieved when 

FICZ/UVA exposure occurred in the presence of the pan-caspase inhibitor z-VADfmk, 

consistent with a mode of cell death that involves formation of singlet oxygen upstream 

of caspase-independent cell death, an observation reported by us earlier in primary 

human keratinocytes (Figure 5.2b-c). Likewise, cellular glutathione depletion 

[employing buthionine sulfoximine (BSO) pretreatment] caused further potentiation of 

FICZ photodynamic activity, an observation corroborating the involvement of 

photooxidative stress in FICZ/UVA cytotoxicity (Figure 5.2c).  
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 To gain further mechanistic insights on molecular mechanisms underlying 

FICZ/UVA-induced cytotoxicity elicited in SCC-25 cells, stress response signaling and 

target gene expression were examined at the mRNA and proteins levels, employing real 

time RT-PCR and immunoblot analysis, respectively (Figure 5.2d-e). Indeed, 

UVA/FICZ photodynamic treatment caused pronounced transcriptional upregulation of 

stress response target gene expression comprising (i) the oxidative stress response gene 

HMOX1 ( 3-fold), (ii) the heat shock response gene HSPA6 [43-fold], and (iii) the XRE-

controlled AhR response gene CYP1A1 [20-fold) detectable within 6 h after exposure. 

Interestingly, only FICZ/UVA combination treatment efficiently upregulated HMOX1 

and HSPA6 expression, whereas CYP1A1 expression was elevated in response to FICZ 

treatment even in the absence of UVA exposure, an observation consistent with the AhR-

directed ligand activity of FICZ that occurs independent of photon exposure as reported 

previously in HaCaT keratinocytes. 

 Immunoblot analysis then confirmed FICZ/UVA-induced gene expression at the 

protein level (Figure 5.2e). Strikingly, within 1 h exposure time, FICZ/UVA treatment 

stimulated activational phosphorylation (Thr180/Tyr182) of the stress-activated 

MAPkinase p38 with concomitant inhibitory phosphorylation of eIF2α (eukaryotic 

translation initiation factor). Furthermore, consistent with early induction of FICZ/UVA-

imposed cell stress, pronounced upregulation of protein expression (Hsp70, HO-1) was 

detected in accordance with changes detected at the mRNA level (HSPA6, HMOX1; 

Figure 5.2d-e).  
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Figure 5.2. FICZ-dependent photodynamic induction of stress response gene 
expression and signaling in SCC-25 keratinocytes. (a) Cells were exposed to the 
combined or isolated action of FICZ (10 nM) and blue light [LED 460 nm; 2.5 J/cm2]. 
After 24 h, cell viability was determined by flow cytometry as described in Fig.1 [mean ± 
SD, n = 3]. (b) Cells were exposed to FICZ-PDT [FICZ 100 nM; UVA 3.3 J cm2] with or 
without the inclusion of NaN3 (10 mM) or zVADfmk (40 µM; 1 hr before and until 24 h 
after PDT). After 24 h, viability was determined as in Fig. 1. (c) Effects of FICZ/UVA on 
cell viability were examined after pharmacological glutathione depletion [buthionine 
sulfoximine (BSO): 1 mM, 24 h pretreatment; conditions as in Fig.1]. (d-e) Stress 
response gene expression after FICZ-UVA [FICZ 10 nM; UVA 3.3 J/cm2; < 6 h] 
treatment was determined at the mRNA [fold induction versus ACTB; n =3; mean + SD] 
and protein levels (immunoblot analysis; loading control: β-actin). (f) Loss of 
mitochondrial transmembrane potential (Δψm) was assessed by flow cytometric analysis 
of JC-1 stained cells, 1 h after FICZ (10 nM)/UVA treatment. Numbers indicate 
percentage of cells inside the circle displaying intact Δψm [n=3, mean ± SD; (p<0.05)].  
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4b2.3 FICZ/UVA-dependent impairment of mitochondrial, lysosomal, and nuclear 

integrity in SCC-25 keratinocytes 

 Next, flow cytometric analysis using the potentiometric probe JC-1 revealed the 

photodynamic induction of mitochondrial transmembrane potential loss in response to 

UVA/FICZ combination treatment, an effect not observed in response to isolated FICZ or 

UVA exposure (Figure 5.2f).  To further substantiate the occurrence of mitochondrial 

disturbance in SCC-25 cells, we employed live cell fluorescence image analysis using the 

mitochondria-directed superoxide probe MitoSOX RedTM (Figure 5.3a). Indeed, a 

pronounced almost 20-fold increase in MitoSOX RedTM fluorescence intensity (indicative 

of mitochondrial superoxide production) was detectable 60 min after FICZ/UVA 

photodynamic exposure.    

 In addition, following our earlier studies in cultured HaCaT and primary 

keratinocytes (198), photodynamic impairment of genomic integrity and induction of 

oxidative DNA damage was examined in malignant keratinocytes using alkaline single 

cell gel electrophoresis performed with or without formamidopyrimidine DNA-

glycosylase (Fpg)-digestion (Fpg-modified comet assay; Figure 5.3b). Indeed, 

FICZ/UVA exposure induced genotoxic stress in SCC-25 cells as evident from a 

pronounced increase in average comet tail moment (more than 6-fold over untreated 

control) observable within 1 h exposure time. Interestingly, without Fpg-digestion no 

comets were detectable in response to FICZ/UVA treatment, an observation suggesting 

that FICZ/UVA-induced impairment of genomic integrity depends on photodynamic 

induction of oxidative stress upstream of oxidative DNA base modification.  



 

 148 

 Since it has been shown earlier that lysosomal impairment is an important 

consequence of photodynamic exposure, we also examined the functional status of 

lysosomes in SCC-25 cells exposed to FICZ/UVA. Using the lysosomotropic pH 

indicator and functional probe LysoSensor GreenTM in live cells, it was observed that 

photodynamic exposure caused rapid lysosomal inactivation as evident from loss of 

LysoSensor™ fluorescence, observed only response to FICZ/UVA combination 

treatment. 

 Taken together, these data indicate that FICZ/UVA combination treatment of 

SCC-25 malignant keratinocytes is associated with rapid induction of mitochondrial 

superoxide generation and transmembrane potential loss, nuclear oxidative DNA damage, 

and lysosomal dysfunction, all of which are well established target organelles displaying 

functional changes that are hallmarks of photodynamic damage. 
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Figure 5.3. Photodynamic impairment of mitochondrial, lysosomal, and nuclear 
genomic integrity in SCC-25 keratinocytes exposed to the combined action of UVA 
and FICZ. (a) Mitochondrial superoxide generation by FICZ-PDT [FICZ 100 nM; UVA 
3.3 J/cm2; 1 h] was detected using MitoSOX RedTM fluorescence microscopy. Bar graph 
displays quantitative analysis of relative fluorescence intensity [scale bar: 200 µm (left 
and middle panels); 40 µm (overlay), n=85, mean ± SEM; bar graph displays quantitative 
analysis]. (b) Genomic integrity was assessed using the Fpg-enhanced comet assay 
[FICZ: 100 nM; UVA: 3.3 J/cm2; 1 h]. Bar graph displays quantitative analysis of relative 
comet moment [n=50 per group, mean ± SEM]. (c) FICZ-PDT-induced lysosomal 
impairment [FICZ 100 nM; UVA 3.3 J/cm2; 1 h] as analyzed using LysoSensor™ green 
fluorescence microscopy [scale bar: 200 µm, 40 µm (overlay); n=85, mean ± SEM]. Bar 
graph displays quantitative analysis of LysoSensor™ fluorescence intensity [n=85, mean 
± SEM].  
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4b2.4. FICZ/UVA-dependent induction of oxidative stress and impairment of 

mitochondrial, lysosomal, and nuclear genomic integrity in A375 malignant melanoma 

cells.  

 After demonstrating photodynamic effects of FICZ/UVA exposure in SCC-25 

malignant keratinocytes, we also assessed the cellular stress response elicited by this 

treatment in A375 malignant melanoma cells that displayed sensitivity to FICZ-

dependent photodynamic elimination (Figure 5.1).  In analogy to cellular changes 

observed before, transmission electron microscopy performed 6 h after FICZ-PDT (FICZ 

100 nM; UVA 3.3 J/cm2) revealed pronounced morphological changes including plasma 

membrane disintegration, cytosolic vacuolization, loss of organelles including 

mitochondria, and nuclear condensation (Figure 5.4a). We also confirmed that FICZ-

dependent photodynamic elimination of A375 malignant melanoma cells can be achieved 

using a visible light source (LED; 460 nm) as observed before with SCC-25 cells (Figure 

5.4b). Moreover, analogous stress response signaling (as detected before by immunoblot 

analysis in SCC-25 cells) with rapid phosphorylation of p38 MAPK and eIF2a 

phosphorylation, together with upregulation of HSP70 and HO-1, occurred in A375 cells. 

Likewise, FICZ/UVA combination treatment induced cellular oxidative stress (Figure 

5.4d), loss of mitochondrial membrane potential (Figure 5.4e), oxidative DNA damage 

(Figure 5.4f), and lysosomal impairment (Figure 5.4g). Taken together, these data 

demonstrate that the photodynamic activity of FICZ can be harnessed for the elimination 

of malignant melanoma cells.  
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Figure 5.4. Photodynamic induction of stress response gene expression in A375 
malignant melanoma cells exposed to the combined action of UVA and FICZ. (a) 
Transmission electron microscopy (fold magnification: x2,650) 6 h after FICZ-PDT 
(FICZ 100 nM; UVA 3.3 J/cm2). (b) Cells were exposed to FICZ [10 nM] and blue light 
[LED 460 nm, 2.5 J/cm2]; n=3, mean ± SD]. Flow cytometric analysis of AnnexinV-
FITC/propidium iodide (PI)-stained cells [24 h; n=3, mean ± SEM]. (c) Stress response 
protein expression in response to FICZ-PDT [FICZ 10 nM; UVA 3.3 J/cm2; < 6 h] was 
determined using immunoblot analysis (loading control: β-actin). (d) Induction oxidative 
stress was examined 1 h after FICZ-PDT (conditions as in A) using flow cytometric 
analysis of DCFH-DA stained cells.  (e) Loss of mitochondrial transmembrane potential 
(Δψm) was assessed by flow cytometric analysis of JC-1 stained cells, 1 h after FICZ (10 
nM)/UVA treatment. Numbers indicate percentage of cells inside the circle displaying 
intact Δψm [n=3, mean ± SD; (p<0.05)].  (f) Fpg-enhanced comet assay [FICZ: 100 nM; 
UVA: 3.3 J /cm2; 1 h] as performed in Fig. 3b. Bar graph displays relative comet tail 
moment [n=50 per group; mean ± SEM]. (g) FICZ-PDT-induced lysosomal impairment 
[FICZ 100 nM; UVA 3.3 J/cm2; 1 h] as analyzed using LysoSensor™ green fluorescence 
microscopy [scale bar: 200 µm, 40 µm (overlay); n=85, mean ± SEM]. Bar graph 
displays quantitative analysis of LysoSensor™ fluorescence intensity [n=85, mean ± 
SEM].  
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4b2.5. Photodynamic induction of cell death in reconstructed human epidermis and 

murine SKH-1 'high risk' mouse skin exposed to the combined action of UVA and 

FICZ.   

 After demonstrating FICZ-dependent UVA- and VIS-driven elimination of 

malignant skin cancer cells, we explored feasibility of achieving photodynamic induction 

of cell death in human reconstructed epidermis and mouse skin. To this end, following 

our previously published research, we first employed human reconstructed epidermis 

incubated in growth medium supplemented with or without FICZ (100 nM; 6 h) followed 

by photon exposure. After FICZ treatment, specimens were exposed to UVA [6.6 J/cm2; 

panel (a)] or VIS photons (LED 460 nm, 2.5 J/cm2; images not shown), and 24 h later 

specimens were analyzed for activational cleavage of procaspase 3 as a quantitative 

measure of cell death in response to photodynamic treatment (Figure 5.5a). Indeed, basal 

keratinocytes stained positive for cleaved procaspase 3, an effect observed only in the 

most basal layer of those reconstructs that had received FICZ/UVA or FICZ/VIS 

combination treatment.  Similar photodynamic effects were achieved in SKH-1 hairless 

mouse skin as a result of topical application of FICZ (dissolved in DMSO carrier) 

followed by UVA exposure, a treatment causing pronounced epidermal cellular damage 

as obvious from H&E staining and immunohistochemical detection of cleaved procaspase 

3, effects observed throughout the entirety of the murine epidermis (Figure 5.5b-c). We 

also obtained pilot data that suggest feasibility of inducing FICZ-dependent 

photodynamic effects in 'high risk' tumor-prone mouse skin, a model of UV-induced 

tumor prone sun damaged skin. Specifically, after implementation of a chronic UVB 
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exposure regimen over an 18-week period, SKH-1 'high risk' mice were subjected to 

three cycles of experimental FICZ-PDT [employing pre-application of topical FICZ (in 

DMSO as a carrier) combined with cutaneous UVA exposure] followed by examination 

of tumor multiplicity at the end of the experiment (at the end of week 22).  For 

comparison, in parallel with high risk mice receiving the FICZ-PDT regimen, mice were 

also exposed to 'UVA only', 'FICZ only', or mock treatment (DMSO only; no UVA). In 

the FICZ-PDT group, the number of cutaneous tumorous lesions per mouse (multiplicity) 

detectable at the end of the experiment was reduced by almost 35 % [(average 

multiplicity) control: 13.0; FICZ only: 12.8; UVA only: 13.3; FICZ/UVA: 8.7; p < 0.05], 

an effect that may be attributed to FICZ-dependent photodynamic suppression of 

tumorigenic progression (Figure 5.5d).   

 Taken together, these data obtained in reconstructed human epidermis and SKH-1 

mouse skin suggest that photodynamic effects of FICZ can be achieved in live skin and 

that the cytotoxic effects achieved by FICZ-PDT in vivo may be harnessed for future 

photomedical interventions targeting cutaneous malignancies.  
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Figure 5.5. FICZ-PDT suppresses murine cutaneous photocarcinogenesis in a 
topical post-UV regimen (a) Epidermal reconstruct (EpidermTM) specimens were 
cultured in growth medium supplemented with or without FICZ (100 nM; 6 h). After 
culture, reconstructs were placed in PBS followed by UVA [6.6 J/cm2; panel (a)] or VIS 
exposure (LED 460 nm, 2.5 J/cm2; images not shown). After 24 h, reconstructs were then 
processed for IHC, and localization of apoptotic basal keratinocytes occurred by 
detection of cleaved procaspase 3. Bar graph displays quantitative summary analysis 
[percentage of basal keratinocytes staining positive for cleaved procaspase 3 (n=3, mean 
± SD)].  (b-c) SKH-1 hairless mice (n=3 per treatment group) were exposed to the 
isolated or combined action of topical FICZ (1 mM in DMSO) and UVA (6.6 J/cm2) 
radiation. 48 h after treatment, H&E (panel b) and IHC [cleaved (active) procaspase 3; 
panel c] analysis revealed photodynamic effects including epidermal necrosis. Per 
treatment group, representative images taken from three repeat samples are displayed 
(scale bars = 25 µm).  (d) After implementation of a chronic UVB exposure regimen [< 
190 mJ/cm2; 3- times per week; 18 weeks], these tumor-prone SKH-1 'high risk' mice 
were subjected to experimental FICZ-PDT [10 mM; 6.6 J/cm2 UVA, 3 PDT cycles; n = 
3-4 mice per group] followed by examination of tumor multiplicity [number of lesions 
per mouse; p < 0.05; non-parametric Mann-Whitney test (95% confidence interval)]. For 
comparison, additional mice were exposed to 'UVA only' or 'FICZ only' treatment. 
Representative images taken at the end of the treatment regimen (week 22) are displayed: 
red circles mark the area of topical FICZ application.  
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CHAPTER 5 

 

A TOPICAL ZINC IONOPHORE BLOCKS TUMORIGENIC PROGRESSION IN 
UV-EXPOSED SKH-1 HIGH RISK MOUSE SKIN 
 
 
 
This chapter has been adapted from the following publication: 
 

Justiniano R., Perer J., Hua A., Fazel M., Krajisnik A., Cabello C.M., and Wondrak G.T. 
(2017) A topical zinc ionophore blocks tumorigenic progression in UV-exposed SKH-1 
high risk mouse skin. Photochemistry and Photobiology, DOI: 10.1111/php.12794 [Epub 
ahead of print] PMID: 28503778. 
 

 

5.1 Introduction 

5.1.1 Nonmelanoma skin cancer: Nonmelanoma skin cancer (NMSC) comprising of 

basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) is the most common 

malignancy in the United States. NMSC incidences are increasing rapidly, presenting a 

public health burden of considerable magnitude  (280,281). Various causative factors 

involved in NMSC have been identified including solar ultraviolet light (UV) exposure, 

inflammatory dysregulation, immunosuppression, human papilloma virus infection, and 

genetic aberrations causing tumor suppressor inactivation and oncogene activation 

involved in malignant progression to NMSC (282-284). High incidence of NMSC 

combined with poor prognosis associated with metastatic stages of SCC, demand the 

development of novel strategies targeting the disease, particularly at early stages 

(280,285,286).  Topical chemoprevention strategies that involve pharmacological 

suppression of skin photocarcinogenesis have shown promise in preclinical and clinical 
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studies, but more efficacious agents that target tumorigenesis are still needed  (223,285-

289).  

 

5.1.2 Zinc in skin: The divalent metal ion zinc is a ubiquitous cofactor serving as an 

important regulator of skin structure and function owing to its critical role in the 

biological activity of approximately 2,000 transcription factors and over 300 enzymes 

(290). As a second messenger signaling molecule, zinc plays an essential role in gene 

expression, and enzyme activity involved in keratinocyte differentiation and barrier 

function, Langerhans cell innate and adaptive immune signaling, melanogenesis, and 

tissue regeneration relevant to sunburn and wound healing (208,291-294). Remarkably, 

six percent of the total body zinc content is contained in the skin, with 50-70 μg/g (dry 

weight) contained in the epidermis and 5-10 μg/g contained in the dermis (295). Given 

the important role of zinc in the vast array of biochemical and cellular processes 

including cell survival and death, cytoplasmic free zinc levels are tightly regulated and 

maintained in the picomolar to low nanomolar concentration range under normal 

conditions (290). Zinc homeostasis is regulated by metallothioneins (MT), zinc storage 

organelles, the zinc transporter (ZnT) proteins, and the zinc-regulated transporters/iron-

regulated transporter-like proteins (ZIP). The ZnT transporters efflux zinc out of cells or 

into vesicles reducing intracellular labile zinc, whereas ZIP transporters uptake zinc 

extracellularly and from vesicles increasing intracellular labile zinc. After zinc uptake, 

zinc is primarily disseminated in the cytoplasm (50%), followed by the nucleus (30 – 

40%), and the membrane (10%) (296-298) (Figure 6.1).  
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Figure 6.1 Schematic representation of intracellular zinc homeostasis. Zinc 
homeostasis is critical for proper cellular functions. Intracellular zinc levels are 
maintained by metallothionein, ZIP (zinc importer), ZnT (zinc exporter) and zinc storing 
endosomes. Reactive oxygen species [superoxide (O2

-)] cause the release of zinc ions 
from metallothioneins.  
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 Some human diseases are associated with zinc dyshomeostasis. Zinc deficiency 

has been shown to contribute to dermatological abnormalities including perioral 

dermatitis (rash around the mouth), nail dystrophy, cutaneous infections, and impaired 

wound healing as seen in patients with acrodermatitis enteropathica, a zinc malabsorption 

disorder (203,299). Zinc-based therapy has been investigated in the treatment of these 

conditions including topically treating herpes simplex labialis (ClinicalTrials.gov 

identifier: NCT00809809).  

 

5.1.3. Zinc pyrithione as an OTC consumer product: Zinc pyrithione (ZnPT) is a FDA-

approved 2:1 coordination complex of the lipophilic ionophore pyrithione (N-hydroxy-2-

pyridinethione) and one central zinc cation, used worldwide in over-the-counter (OTC) 

topical antimicrobial consumer products. ZnPT was modeled after the natural anti-

microbicide aspergillic acid contributing to its broad antimicrobial action against fungi, 

gram-positive and -negative bacteria. Percutaneous absorption studies demonstrated long 

cutaneous persistence of ZnPT, however, topical safety of ZnPT [1% (w/v)] has been 

established for human use with low potential for causing contact hypersensitivity (300). 

 Given the prolonged epidermal retention and antimicrobial potency, ZnPT has 

been successfully used as a preservative for cosmetics and to treat dandruff and seborrhea 

of the scalp and skin. The anti-dandruff activity of this ionophore, if used as a rinse-off 

product, has been attributed to pharmacological membrane depolarization of cutaneous 

commensal microbes such as Malassezia (301-303). Malassezia yeast are also implicated 

in other inflammatory skin pathologies including pityriasis versicolor, atopic dermatitis, 

and psoriasis. Clinical studies revealed that topical ZnPT completely reversed or 
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improved localized psoriasis and pityriasis versicolor, a cutaneous fungal infection 

characterized by hypopigmented plaques (203,304). 

 

5.1.4 Zinc pyrithione as an ionophore: Ionophores are a subclass of lipophilic metal 

chelators that are capable of transporting specific metals across cellular membranes 

(extracellularly and intracellularly), bypassing metal transporters Figure 6.2a. Two key 

features distinguish ionophores from metal chelators: 1) ionophores have only low to 

moderate affinity to specific metals, allowing them to bind to metal ions in regions of 

high metal concentration and release them in regions where metal ion concentration is 

lower; 2) ionophores are protonated upon entry into a cell compartment, inducing the 

release of metal ions from the complex as a function of compartmental pH and ionophore 

pKa. Consequently, the pH characteristic of  different cellular compartments (cytoplasm 

pH ≈ 7.2; lysosomal pH ≈ 4.5) will dictate the ionophore’s metal cargo (305). 

Acting as an ionophore carrying its zinc cargo (Kd=1x10-6), ZnPT transports the 

metal across cellular membranes with subsequent release into the cytoplasm causing 

cytosolic zinc overload and dissipation of transmembrane zinc gradients (306). 

Interestingly, isolated treatment with only the ionophore (pyrithione) equally causes zinc 

to diffuse out of intracellular storage sites (e.g. endosomes, mitochondria, endoplasmic 

reticulum, Golgi apparatus) into the cytoplasm and the extracellular space (307). 
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Figure 6.2. Zinc ionophores an emerging class of experimental chemotherapeutics. 
a) Zinc ionophores are small molecules that disrupt metal homeostasis by carrying zinc 
ions across cellular membranes. b) Zinc ionophores that have been explored for 
anticancer activity include clioquinol, pyrrolidine dithiocarbamate (PDTC), and zinc 
pyrithione (ZnPT). 
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5.1.5 Metal ionophores as novel experimental chemotherapeutics: Importantly, zinc 

homeostasis is disrupted in cancer cells, with a marked decrease in zinc levels 

documented in breast, prostate, and skin tumor tissue (203,231,308-310) Figure 6.2b. 

Therefore, developmental interest has focused on chemotherapeutic intervention targeting 

redox and metal homeostasis in cancer cells, which tight regulations are functionally inter 

connected. Importantly, cumulative evidence suggests that pharmacological disruption of 

zinc homeostasis employing nanoparticle- and ionophore-based approaches might 

represent a valid therapeutic strategy (304,309,311,312). Systemic delivery of the zinc 

ionophore clioquinol has been shown to suppress tumorigenesis in murine xenograft 

models (e.g. human B-cell lymphoma, human ovarian, prostate) without causing off-

target toxicity (313). Zinc elevation by clioquinol was demonstrated to result in 

lysosomal disruption, inhibition of proteasome activity, and apoptosis (274,312). 

Likewise, the zinc ionophore pyrrolidine dithiocarbamate (PDTC) has been reported to 

exhibit cytotoxicity in pancreatic cancer cells and small-cell lung cancer cells via zinc-

mediated ROS production (314). 

Anticancer effects of ZnPT have also been shown in leukemia and oral cancer 

cells [17, 22], but the specific mechanism underlying its biological activity was not 

elucidated. Recently, it was shown that intraperitoneal injections of ZnPT suppressed 

tumor growth of lung adenocarcinoma cancer cell xenografts in mice, and selectively 

eliminated bone marrow cells from acute myleiod leukemia patients ex vivo (315).  

We have previously demonstrated that prolonged topical application of ZnPT can 

cause zinc overload in keratinocytes of reconstructed human epidermis (197,198). 

Moreover, we have reported that in cultured human primary keratinocytes and 
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reconstructed epidermis ZnPT-induced gene expression is characterized by massive 

upregulation of metal- (MT2A), heat shock- (HSPA1A, HSPA6), and redox-directed 

(HMOX1) stress response target genes (197,198). 

Based on that ZnPT induces cytotoxicity in various cultured cancer cell lines, and 

murine xenograft models of non-cutaneous malignancies (304,312,316,317), we tested 

for the first time the feasibility of using ZnPT as a topical zinc ionophore for 

experimental skin cancer photochemoprevention. First, the cytotoxic stress response 

elicited by this agent was profiled in cultured malignant human keratinocytes, and 

feasibility of blocking tumorigenic progression was then established in UV-exposed 

SKH-1 'high risk' mouse skin using a topical ZnPT treatment regimen. 

 

5.2 Results 

5.2.1 ZnPT causes intracellular zinc overload in malignant HaCaT-ras II-4 and SCC-

25 keratinocytes. 

First, in order to test feasibility of pharmacological modulation of intracellular zinc 

concentrations in malignant HaCaT-ras II-4 (c-Harvey-ras-oncogene transfected HaCaT 

and SCC-25 (squamous cell carcinoma) keratinocytes exposed to low micromolar 

concentrations of ZnPT, the occurrence of intracellular zinc overload was examined 

employing membrane permeable fluorescent probes (Figure 6.3). In both cell lines, flow 

cytometric detection using the zinc-specific fluorophore FluoZin-3AM revealed the rapid 

onset of intracellular zinc overload that was detectable within 30 s incubation time and 

sustained over the 60 m observation time (Figure 6.3a).  Over the length of the 

observation period an almost 50-fold increase in FluoZin-3AM fluorescence intensity 
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was observed in SCC-25 cells (Figure 6.3a, upper panel), and an almost 80-fold increase 

in FluoZin-3AM fluorescence intensity was observed in HaCaT-ras II-4 cells (Figure 6.3 

a, lower panel), indicative of a rapid increase in intracellular labile zinc consistent with 

ZnPT-ionophoric activity.  

 The occurrence of ZnPT-induced intracellular zinc overload in malignant 

keratinocytes was also substantiated by independent fluorescence imaging, employing the 

zinc-specific fluorophore Zinquin in HaCaT-ras II-4 (data not shown) and SCC-25 cells 

(Figure 6.3b). Quantitative image analysis revealed a more than 50-fold enhancement of 

intracellular fluorescence intensity in ZnPT-exposed over untreated control cells 

sustained over the length of the observation period.  
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Figure 6.3.  ZnPT-induced zinc overload in malignant human keratinocytes. (a) 
Time course analysis of ZnPT-induced (10 µM) intracellular free zinc elevation, 
monitored by flow cytometric detection of FluoZin-3AM (n=3; upper panel: SCC-25; 
lower panel: HaCaT-ras II-4). (b) Time course analysis of ZnPT-induced (10 µM; SCC-
25) increase of intracellular free zinc as seen by Zinquin-based fluorescence microscopy 
(upper panel). Bar graph (lower panel) displays quantitative analysis of Zinquin relative 
fluorescence intensity (n > 85; mean ± SD). 
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5.2.2 ZnPT causes cytotoxicity in a panel of cultured malignant skin cell lines (HaCaT-

ras II-4, SCC-25, A375). 

ZnPT-induced cytotoxicity has been documented in various non-cutaneous cancer 

cell lines including prostate cancer (204), cervical carcinoma (318), acute myeloid 

leukemia (315) and lung cancer cells (319), but no studies have reported ZnPT activity 

against skin cancer cell lines.  Using a panel of cultured malignant skin cell lines 

including HaCaT-ras II-4, A375, and SCC-25 cells, we therefore determined the dose 

response relationship of ZnPT-induced cytotoxicity employing flow cytometric analysis 

of cell viability (Figure 6.4a-b).  In all cell lines, significant loss of viability in more than 

50% of the cell population was observed at low micromolar ZnPT concentrations (> 5 

µM, 24 h; Figure 6.4a-b). SCC-25 cells displayed the most pronounced sensitivity to 

ZnPT-induced cell death, and significant induction of cell death was observable at 

concentrations as low as 100 nM (Figure 6.4b).  

 Given the high sensitivity of SCC-25 to ZnPT cytotoxicity, we focused our pilot 

follow up studies on these cells (Figure 6.4b-d; Figure 6.5-6.6), complemented by data 

on malignant HaCaT-ras II-4 keratinocytes (Figure 6.7). In SCC-25 keratinocytes, time 

course analysis of ZnPT-induced cell death revealed rapid loss of plasma membrane 

integrity as indicated by increased PI staining already observable at early time points (1 

h), suggesting a non-apoptotic mode of cell death involved in ZnPT-induced cytotoxicity 

(Figure 6.4c). Consistent with a non-apoptotic mode of cell death, no cytoprotection was 

achieved when ZnPT exposure occurred in the presence of the pan-caspase inhibitor z-

VAD-fmk (data not shown), an observation reported by us earlier in primary human 

keratinocytes (197). 
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 Transmission electron microscopy (TEM) revealed an early impairment of plasma 

membrane integrity, combined with extensive vacuolization, nuclear condensation, and 

ER and mitochondrial disintegration detectable within 6 h exposure time (Figure 6.4c). 

In contrast, cells undergoing isolated exposure to either zinc acetate (25 μM; 24 h) or 

pyrithione (5 μM; 24 h) remained largely viable, whereas pronounced loss of cell 

viability resulted from combined exposure to zinc acetate and pyrithione (Figure 6.4d), 

consistent with pyrithione ionophore activity causing intracellular zinc accumulation. A 

moderate toxicity observed in cells treated with pyrithione only may occur due to 

interactions with free zinc in medium, undergoing pyrithione-facilitated intracellular 

accumulation, or disruption of intracellular zinc gradients, a hypothesis to be 

substantiated by future experiments. Co-treatment with diethylenetriaminepentaacetic 

acid (DTPA), a cell membrane impermeable zinc chelator, protected from ZnPT-induced 

cell death, consistent with extracellular protective scavenging of zinc ions by the chelator 

as observed by us before (data not shown) (198). Taken together, these observations 

strongly suggest that the cytotoxic effects of ZnPT observable in cultured malignant cell 

lines result from ionophore-dependent zinc overload.  
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Figure 6.4. ZnPT-induced cytotoxicity in malignant human skin cell lines. Dose 
response of ZnPT-induced cell death. Cells were exposed to ZnPT (< 20 µM; 24 h) or left 
untreated, and viability was assessed by flow cytometry [annexin V-PI staining; numbers 
in quadrants indicate viable (AV-negative, PI-negative) in percent of total gated cells. (a) 
A375; HaCaT-ras II-4.  (b) SCC-25 cells: ZnPT dose response (upper panel), time course 
analysis (lower panel; ZnPT; 10 µM).  (c) Transmission electron microscopy (fold 
magnification as indicated) using SCC-25 cells to ZnPT (10 µM; 6 h).  (d) SCC-25 cells 
were exposed to the isolated or combined treatment of zinc acetate (25 µM) and 
pyrithione (5 µM). Cell viability was then assessed as in panel (a). 
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Identification of ZnPT-induced stress response target gene expression in SCC-25 

cells. To gain further mechanistic insights on molecular mechanisms underlying ZnPT-

induced cytotoxicity elicited in SCC-25 cells, stress response signaling and target gene 

expression were examined at the mRNA and proteins levels, employing real time RT-

PCR and immunoblot analysis, respectively (Figure 6.5). Indeed, short term exposure to 

ZnPT (1 μM; 6 h) caused pronounced transcriptional upregulation of stress response 

target gene expression comprising (i) the metal stress response gene MT2A 

(metallothionein 2A; 23-fold), (ii) the heat shock response genes HSPA6 [heat shock 

protein family A (Hsp70) member 6; 2760-fold] and HSP1A1 [heat shock protein family 

A (Hsp70) member 1A; 129-fold], and (iii) the oxidative stress response gene HMOX1 

(heme oxygenase 1; 94-fold; Figure 6.5a).  Moreover, upregulation of (iv) unfolded 

protein response (UPR) [DDIT3 (DNA damage-inducible transcript 3; 8-fold)] and (v) 

genotoxic stress response gene expression [GADD45A (growth arrest and DNA damage 

inducible alpha; 4-fold); XRCC2 (X-ray repair cross complementing 2; 9-fold)] was 

observed in response to ZnPT.  

 Immunoblot analysis confirmed ZnPT-induced gene expression at the protein 

level (Figure 6.5b). Strikingly, within 1 h exposure time, ZnPT stimulated activational 

phosphorylation (Thr180/Tyr182) of the stress-activated MAPkinase p38 with 

concomitant inhibitory phosphorylation of eIF2α (eukaryotic translation initiation factor). 

Furthermore, consistent with early induction of ZnPT-imposed proteotoxic and genotoxic 

stress responses, pronounced upregulation of protein expression involved in ER 

stress/UPR signaling (Hsp70, Bip/GRP78, HO-1, GRP78, XBP1s, ATF4) and DNA 

damage repair by homologous recombination (XRCC2) was detected. 
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Figure 6.5.  ZnPT-induced stress response target gene expression in malignant 
SCC-25 keratinocytes. (a) ZnPT-induced (1 µM; 6 h) upregulation of stress response 
gene expression monitored at the mRNA level involving redox, heat shock, genotoxic 
and ER stress [n =3; mean ± SD; means without a common letter differ (ANOVA with 
Tukey’s post hoc test)].  (b) ZnPT- (1 µM; 1-6 h) modulates the cellular levels of stress 
response proteins involved in redox, heat shock, genotoxic and ER stress in a time 
dependent manner; loading control: β-actin. 
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5.2.3 ZnPT induces mitochondrial redox dysregulation and impairment of genomic 

integrity in malignant SCC-25 keratinocytes. 

Zinc is an established inducer of mitochondrial oxidative stress causing further 

zinc release from redox-sensitive intracellular stores including metallothioneins, thereby 

fueling a vicious cycle thought to underlie zinc overload-induced cellular redox 

dysregulation (84,208,320). In order to explore the occurrence of redox dysregulation 

downstream of ZnPT-induced zinc overload, we first employed 2’,7’-dichlorofluorescein 

diacetate (DCF-DA)-based flow cytometric detection of intracellular oxidative stress 

(Figure 6.7a). Indeed, as opposed to an almost immediate occurrence of ZnPT-induced 

intracellular zinc overload (Figure 6.3), a significant increase in DCF fluorescence 

intensity indicative of oxidative stress occurred only with significant delay, detectable 

after 10 m continuous exposure with further increase detectable over the 60 m 

observation time (Figure 6.6a). To identify a likely source of intracellular redox 

dysregulation downstream of zinc overload, we employed live cell fluorescence image 

analysis using the mitochondria-directed superoxide probe MitoSOX RedTM (Figure 6.6b 

and e). As observed with DCF fluorescence intensity, increased MitoSOX RedTM 

fluorescence intensity (indicative of mitochondrial superoxide production) was detectable 

within 10 m exposure time, and flow cytometric analysis of mitochondrial 

transmembrane potential loss using the potentiometric probe JC-1 further indicated that 

ZnPT exposure causes mitochondrial disturbance and superoxide production (Figure 

6.6c).  

 
 
 
 



 

 171 

 
 
In addition, following our earlier studies on impairment of genomic integrity by ZnPT 

exposure (198), the occurrence of ZnPT-induced impairment of genomic integrity and 

induction of oxidative DNA damage was assessed in malignant keratinocytes using 

alkaline single cell gel electrophoresis performed with or without formamidopyrimidine 

DNA-glycosylase (Fpg)-digestion (Fpg-modified comet assay; Figure 6.7d-e). Indeed, 

ZnPT treatment (10 μM) induced genotoxic stress in SCC-25 cells as evident from a 

pronounced increase in average comet tail moment (2.6-fold over untreated control) 

observable within 1 h exposure time.  Similar results were observed in HaCaT-ras II-4 

cells (data not shown). In SCC-25 cells, average comet tail moment determined after 6 h 

continuous exposure to ZnPT was further elevated by more than 5-fold over untreated 

control, and Fpg-digestion resulted in an additional increase by almost 30 %, an 

observation suggesting that ZnPT-induced impairment of genomic integrity that may 

occur through molecular pathways independent of oxidative stress but may be enhanced 

though zinc overload-associated oxidative stress causing DNA base modification.  
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Figure 6.6. ZnPT-induced mitochondrial redox dysregulation and impairment of 
genomic integrity in malignant SCC-25 keratinocytes. Cultured SCC-25 keratinocytes 
were exposed to ZnPT. (a) Time course analysis of ZnPT (5 µM) induced oxidative 
stress, monitored by flow cytometric detection of DCF fluorescence intensity. (b) Time 
course analysis of mitochondrial superoxide production in response to ZnPT (5 µM) 
exposure using MitoSOX RedTM fluorescence microscopy. (c)Mitochondrial 
transmembrane depolarization was assessed by flow cytometric analysis of JC-1 stained 
cells performed upon 1 h continuous exposure to ZnPT [Numbers indicate percentage of 
cells inside the circle displaying intact Δψm [n=3, mean ± SD (p<0.05)].  (d) Time course 
analysis of ZnPT-induced (10 µM) impairment of genomic integrity using the comet 
assay with or without additional Fpg-digest for the visualization of oxidative DNA base 
damage.  (e) Quantitative image analysis. Upper panel: MitoSOX RedTM fluorescence 
intensity (from panel b); lower panel: Average comet tail moment (from panel d).  
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5.2.4 ZnPT-induced stress responses and target gene expression in malignant HaCaT-

ras II-4 keratinocytes.   

 To complement our data obtained in malignant SCC-25 keratinocytes, we also 

performed an analogous analysis of ZnPT-induced stress responses in malignant HaCaT-

ras II-4 epidermal keratinocytes, capable of forming tumors and undergoing metastasis in 

SCID mice (287,321). After demonstrating ZnPT-induced zinc-overload and cytotoxicity 

in these cultured malignant cutaneous keratinocytes (Figure 6.3a and 6.4a), we also 

observed the analogous occurrence of mitochondrial superoxide production (as indicated 

by a more than 15-fold increase in MitoSOX RedTM fluorescence intensity; Figure 6.7a) 

and massive loss of mitochondrial transmembrane potential (Figure 6.7b) as observed 

before with SCC-25 keratinocytes (Figure 6.6b-c).  

 In addition, ZnPT-induced stress response signaling and target gene expression 

were examined at the mRNA and proteins levels, employing real time RT-PCR and 

immunoblot analysis, respectively (Figure 6.7c-d) as performed before for SCC-25 

keratinocytes (Figure 6.5). In analogy to our prior data obtained using SCC-25 

keratinocytes, we observed that short term exposure to ZnPT (1 μM; 6 h) caused 

pronounced transcriptional upregulation of stress response target gene expression 

comprising (i) the metal stress response gene MT2A (6-fold), (ii) the heat shock response 

genes HSPA6 (3126-fold) and HSP1A1 (106-fold), and (iii) the oxidative stress response 

gene HMOX1 (560-fold; Figure 6.7c).  Moreover, upregulation of (iv) unfolded protein 

response (UPR; DDIT3; 9-fold) and (v) genotoxic stress response gene expression 

(GADD45A 3-fold) was observed in response to ZnPT exposure. Immunoblot analysis 

confirmed ZnPT-induced gene expression at the protein level (Figure 6.7d) as observed 
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before in malignant SCC-25 keratinocytes. Within 1 h exposure time, ZnPT stimulated 

activational phosphorylation (Thr180/Tyr182) of the stress-activated MAPkinase p38 

with concomitant inhibitory phosphorylation of eIF2α. Furthermore, consistent with early 

induction of ZnPT-imposed proteotoxic and genotoxic stress responses, pronounced 

upregulation of protein expression involved in ER stress/UPR signaling (Hsp70, 

Bip/GRP78, HO-1, GRP78, XBP1s, ATF4) and DNA damage repair by homologous 

recombination (XRCC2) was detected. Taken together, these data indicate that ZnPT 

exposure elicits a stress response in malignant HaCaT-ras II-4 keratinocytes similar to 

that observed in SCC-25 keratinocytes. 
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Figure 6.7.  ZnPT-induced mitochondrial redox dysregulation and stress response 
target gene expression in malignant HaCaT-ras II-4 keratinocytes.  Cultured HaCaT-
ras II-4 keratinocytes were exposed to ZnPT. (a) Time course of mitochondrial 
superoxide production in response to ZnPT (5 µM) as detected by MitoSOX RedTM 
fluorescence microscopy. Bar graph displays quantitative analysis of relative 
fluorescence intensity [scale bar: 200 µm (upper panels); 40 µm (overlay)].  (b) 
Mitochondrial transmembrane depolarization was assessed by JC-1 flow cytometric 
analysis 1 h after ZnPT (5 µM) treatment; numbers indicate percentage of cells inside the 
circle displaying intact Δψm [n=3, mean ± SD; (p<0.05)]. (c-d) Stress response gene 
expression in response to ZnPT exposure (1 µM; < 6 h) was determined at the mRNA 
(fold induction versus ACTB; n =3; mean + SD) and protein levels using immunoblot 
analysis (loading control: β-actin). 
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5.2.5 Topical ZnPT blocks tumorigenic progression in UV-exposed SKH-1 high risk 

mouse skin. 

Next, we explored feasibility of using ZnPT delivered in a post-UV topical 

regimen for the suppression of cutaneous photocarcinogenesis in an established murine 

model (UV-exposed SKH-1 'high risk' mouse skin) (Figure 6.8) (236,238). First, 

following our published data obtained in human reconstructed epidermis we selected 

topical ZnPT formulations [0.25 and 1% (w/w) in VanicreamTM carrier; 24 continuous 

exposure] to test feasibility of pharmacological upregulation of cutaneous zinc levels and 

activation of stress response pathways in murine SKH-1 skin (Figure 6.8a-c).  We 

observed that ZnPT (1%) treatment was associated with significant upregulation of stress 

response gene expression at the protein (HO-1, Hsp70; detectable as increased staining in 

the basal epidermal layer) and mRNA [Hspa1a (7.6-fold), Hmox1 (3.6-fold), Ddit3 (4.9-

fold)] levels as compared to SKH-1 mouse control skin exposed to VanicreamTM alone 

(Figure 6.8a and c).  ICP-MS analysis of total skin samples confirmed a treatment-

induced increase in zinc content as a function of ZnPT percentage in base formulation 

[almost 2-fold (0.25 % formulation) and 4-fold (1 % formulation; Figure 6.8b) over 

carrier only], data that are consistent with our prior observations in ZnPT-exposed human 

reconstructed epidermis (197). Based on pronounced elevation of cutaneous zinc content 

and stress response gene expression in ZnPT-exposed versus control skin, we selected the 

1% ZnPT formulation for further efficacy testing in a murine solar UV 

photochemoprevention experiment. 

 Next, following a standard exposure regimen of UVB-induced tumorigenesis, 

SKH-1 'high risk' mice were generated by subjecting mice to an 18-week UV-exposure 
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regimen followed by a three-week gap period, after which topical treatment was initiated 

in these tumorigenesis-prone 'high risk' mice (238).  At the beginning of week 21 (3 

weeks after cessation of the chronic UV exposure regimen) 'high risk' mice received 

either compound in carrier (1% ZnPT in VanicreamTM) or carrier only (VanicreamTM; 

three times per week; over a three-week period). At the end of the treatment period, total 

tumor burden (tumor area per mouse) and tumor multiplicity (number of lesions per 

mouse) were compared between treatment groups. At the end of the treatment regimen a 

significant reduction in average tumor burden and tumor multiplicity was observed in 

response to ZnPT exposure. In ZnPT-treated versus control SKH-1 'high risk' mice, 

average tumor burden (mm3) was suppressed by more than 60 % [86.8 ± 19.6 (untreated) 

versus 32.5 ± 8.6 (ZnPT); p < 0.05] and multiplicity (average number of lesions per 

mouse) was diminished by almost 40 % [17.0 ± 4.3 (untreated) versus 10.5 ± 2.6 (ZnPT); 

p < 0.05]. Taken together, these pilot data suggest efficacy of topical ZnPT to suppress 

UVB-induced tumorigenesis in a post-irradiation treatment regimen.  
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Figure 6.8 ZnPT suppresses murine cutaneous photocarcinogenesis in a topical post-
UV regimen.  (a) SKH-1 mice (three per group) were treated with either topical ZnPT 
[0.25 % or 1 % (w/w in carrier); 24 h continuous exposure] or vehicle (VanicreamTM; 
control). Paraformaldehyde-fixed, paraffin-embedded 3 µm sections were then analyzed 
by immunohistochemical detection of Hsp70 and HO-1 with hematoxylin 
counterstaining. Arrow heads: basal epidermal layer displaying ZnPT-induced 
Hsp70/HO-1 upregulation.  (b) After treatment as specified in (a), total cutaneous zinc 
content was determined by ICP-MS [Zn (ng/mg tissue)].  (c) After treatment as specified 
in (a), cutaneous Hmox1, Hspa1a, Ddit3 mRNA levels were determined by real time RT-
PCR analysis (p < 0.001).  (d) After implementation of a chronic UVB exposure regimen 
[< 190 mJ/cm2; three times per week; 18 weeks] followed by a 3-week gap period, tumor-
prone 'high risk' mice were subjected to topical treatment [1 % ZnPT in VanicreamTM 
versus vehicle only (control), three times per week for 3 weeks; n=6 per group]. ZnPT 
treatment caused a significant decrease in average tumor burden of UV-exposed 
papilloma-bearing SKH-1 mice (p < 0.05; assessed as total papilloma volume).  (e) 
Reduction of lesions per mouse as a consequence of ZnPT topical treatment (p < 0.01; 
Mann-Whitney nonparametric statistical analysis). Representative images taken at the 
end of the topical treatment regimen are displayed. 
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5.3 Discussion 

 Cutaneous exposure to solar UV radiation is a key causative factor driving 

increased incidence rates and severity of skin cancer, and in addition to the 

implementation of behavioral measures that limit excessive, avoidable, or unnecessary 

solar UV exposure more efficacious molecular strategies for photochemoprevention are 

needed (281,286). 

 Recently, small molecule ionophores that cause cytotoxic disruption of 

intracellular metal homeostasis have shown promise as an emerging class of 

chemotherapeutics targeting a variety of malignant cell lines in vitro and in vivo (305). 

Following our previous research has explored the cellular stress response induced in 

epidermal keratinocytes by the FDA-approved topical antimicrobial zinc ionophore ZnPT 

(197, 198), we now demonstrate efficacy of ZnPT-dependent suppression of tumorigenic 

progression in a SKH-1 mouse model of solar UV-induced skin carcinogenesis.  

 First, we observed the acute occurrence of pronounced ZnPT-induced zinc 

overload in malignant human keratinocytes and murine skin (Figure 6.3, 6.8), data 

consistent with earlier findings that have demonstrated feasibility of achieving ZnPT-

induced cellular zinc overload in various cultured cancer cell lines of non-cutaneous 

origin employing fluorescence-, ICP-MS- and AAS (atomic absorption spectrometry)-

based analytical methodologies. We then confirmed feasibility of achieving ZnPT-

induced cell death in malignant keratinocytes eliciting a pronounced metal, proteotoxic, 

redox, and genotoxic stress response that occurs at early time points of ZnPT exposure, 

observable in cultured malignant SCC-25 and HaCaT-ras II-4 keratinocytes at low nano- 

or micromolar concentrations, respectively (Figure 6.4-6.7). Importantly, ZnPT-induced 
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cytotoxicity has been demonstrated before in various non-cutaneous cultured cancer cell 

lines (305,312,313). Earlier, we have investigated mechanisms of ZnPT-induced cell 

death in primary human keratinocytes and epidermal skin reconstructs, and zinc 

overload-induced cell death has been attributed to cell-type specific diverse pathways 

including apoptosis, PARP-dependent NAD-depletion, and energy crisis, and necrosis 

(197,198). Remarkably, systemic administration of ZnPT has also shown 

chemotherapeutic efficacy in various murine tumor xenograft models with minimal 

systemic off target toxicity  (315,319). 

 Based on this body of novel experimental evidence obtained in vitro combined 

with the current FDA-approved use of ZnPT as a topical cutaneous therapeutic for 

antimicrobial dandruff-directed intervention, we then employed an established murine 

SKH-1 skin model, predisposed to subsequent tumorigenesis after chronic UV-exposure, 

in order to test feasibility of repurposing this topical therapeutic for cutaneous 

photochemoprevention. As expected based on our prior studies in human epidermal skin 

reconstructs (197) topical application of ZnPT in SKH-1 mouse skin caused cutaneous 

zinc overload (Figure 6.8b), and oxidative and proteotoxic stress response gene 

expression (affecting expression of Hmox1, Hspa1a, Ddit3; Figure 6.8a,c). 

Subsequently, it was observed that a topical ZnPT regimen initiated after termination of 

the implementation of a chronic tumorigenic UV-exposure regimen caused a pronounced 

suppression of tumorigenesis in post-UV 'high risk' SKH-1 mouse skin (Figure 6.8d,e).  

 The role of zinc homeostasis in human carcinogenesis remains poorly understood. 

Dysregulation of intracellular labile zinc pools by UV-exposure has been observed in 

skin cell culture (84,322), and human cutaneous zinc depletion during carcinogenic 
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progression has been reported earlier (308,323). Cumulative evidence indicates that 

expression of Zn transporters, zinc ion channels, and zinc-sequestering metallothioneins 

(i.e. ZnT, ZIP, MT family members) is dysregulated during tumorigenesis, playing a key 

role in malignant progression, relevant to various malignancies including breast, prostate, 

and pancreatic cancer (207,323,324). For example, human squamous cell carcinoma 

contains significantly less (70 %) zinc content than that of healthy epidermis (308), 

possibly associated with the observed expression differences in MT levels. Patients with 

actinic keratosis display higher protein expression of MT-1, MT-2, and MT-3 with 

squamous cell carcinoma exhibiting the highest expression levels (206,207). It is 

important to note that elevated expression level of MT-1 and MT-2 are correlated to 

tumor progression and poor prognosis (325). Although zinc deficiency has been 

associated with malignant skin lesions, the relationship between metallothionein and zinc 

homeostasis in the role of skin carcinogenesis progression is not fully understood. 

Interestingly, dietary zinc supplementation has shown efficacy in a murine model of 

chemical induced cutaneous SCC, and cumulative evidence suggests the efficacy of 

topical or dietary supplemental zinc administration in skin environmental stress 

protection, wound healing, and cancer prevention (203,326-328).  In the context of ZnPT-

based skin cancer photochemoprevention as reported here for the first time, it should also 

be mentioned that earlier research has reported ZnPT-induced suppression of UVB-

induced murine epidermal hyperplasia, an effect that was attributed to stabilization of 

HIF-1a, but the obvious role of ZnPT-induced modulation of cellular zinc homeostasis 

was not addressed experimentally in these studies (329,330).  
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 Taken together, even though the specific role of zinc dysregulation in 

photobiological response and carcinogenesis of human skin remains to be explored by 

future experimentation, the pronounced suppression of UV-induced tumorigenesis, as 

achieved in this study by topical administration of ZnPT in SKH-1 'high risk' mouse skin 

after cumulative UV exposure has already occurred, suggests feasibility of repurposing 

this FDA-approved zinc-directed antimicrobial for topical skin cancer 

photochemoprevention, potentially benefiting human patient skin that already has 

accumulated significant skin photodamage.  
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CHAPTER 6 
 
SUMMARY OF STUDIES AND FUTURE DIRECTIONS 

 
  

It is widely accepted that photosensitizers mediate UV-photooxidative stress 

underlying skin photodamage. This is exemplified by the occurrence of hyper-

photosensitivity seen in patients with porphyria, certain clinical drugs and 

hypervitaminosis (B6), and the accumulation of oxidized dermal constituents exclusive to 

sun exposed skin (46,115,243,250). Identification of endogenous photosensitizers is 

important to understand how UVA mediates skin photooxidative stress thought to 

underlie photoaging and photocarcinogenesis. To this end, we explored the photodynamic 

activity and molecular mechanisms of endogenous chromophores, B6-vitamer pyridoxal 

and the tryptophan photoproduct FICZ in models of human skin.   

These data provided evidence that FICZ and pyridoxal exhibit photodynamic 

activity representing a molecular mechanism of UVA-induced photooxidative stress 

potentially operative in human skin. It may be hypothesized that these chromophores can 

serve as endogenous photosensitizers, a role similar to that attributed before to other 

endogenous chromophores such as riboflavin (vitamin B2) and protoporphyrin IX, but the 

precise mechanism and photobiological relevance of B6- and FICZ-induced 

photooxidative stress operative in solar UV-exposed human skin remains to be 

elucidated. Further it remains to be seen whether these photosensitizers are of 

pathomechanistic relevance to human skin photodermatology, either in the context of 

photosensitivity or photocarcinogenesis. 
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 Remarkably, the high affinity AhR ligand FICZ known to form in human skin 

cells upon UVB exposure, displays nanomolar UVA/visible light photodynamic activity 

in models of human skin which surpasses that of any known endogenous photosensitizers 

including protoporphyrin IX. It would be interesting to investigate whether in human skin 

exposed to full spectrum solar UV, the initial UVB-driven formation of the AhR agonist 

FICZ from tryptophan in human skin is followed by UVA-dependent photosensitization 

reactions. This emerging mechanism of skin phototoxicity integrates photosensitizer 

generation driven by one spectral fraction of solar UV (UVB) with photosensitizer 

activation driven by another fraction (UVA). Future studies will also investigate whether 

FICZ-induced photooxidative stress facilitates its generation from tryptophan. This 

represents an autocatalytic mechanism that would be consistent with recent observations 

on FICZ excited state chemistry and non-enzymatic, non-photochemical FICZ formation 

originating from hydrogen peroxide-induced oxidation of tryptophan (233,252). 

Another route of future investigation should address the occurrence of skin 

microbiome-derived FICZ formation and its relevance to cutaneous AhR signaling, 

photosensitization, and carcinogenesis. Interestingly, patients with Malassezia-related 

skin conditions such as seborrheic dermatitis and psoriasis have a higher incidence of 

basal cell carcinoma (265). It may be therefore hypothesized that epidermal FICZ from 

cutaneous Malassezia could potentiate the photocarcinogenic effects that result from AhR 

activation and AhR-independent photosensitization, potentially playing a multifaceted 

role in initiation, promotion and progression (Figure X). Future experimentations will 

aim at determining the relative importance of UV-driven versus microbial FICZ 
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formation and its mechanistic involvement in AhR-dependent and -independent human 

skin photobiology. 
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Figure 7.1 FICZ: a chemical link between solar UV and skin carcinogenesis.  
The production of FICZ is driven by multiple pathways including UVB photolysis 
and dimerization, and skin commensal yeast Malassezia. Through both AhR 
activation and UVA-photosensitization, FICZ might play a multifaceted role in 
skin carcinogenesis, which could be enhanced in Malassezia-associated cutaneous 
diseases.  
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Given the extraordinary photodynamic potency of FICZ, we tested the feasibility 

of using FICZ for the photodynamic elimination of malignant skin cancer cells in vitro 

and in vivo. Indeed, light-driven photoactivation of FICZ caused phototoxidative damage 

and cytotoxicity in a panel of cultured human malignant skin cells without cytotoxicity in 

the dark. Characteristic of photodynamic therapeutic (PDT) agents, light-activated FICZ 

induced impairment of multiple organelle (e.g. mitochondria, lysosomes) ultrastructure 

and function and genomic impairment. Furthermore, our preliminary pilot studies suggest 

that FICZ/UVA induces photodynamic damage in murine SKH-1 skin potentially 

suppressing post UVB-tumorigenesis in high risk SKH-1 mice. Follow up studies will 

need to include optimized treatment regimens and formulation, and the detection of skin 

tumors recurrence. Future experiments will also investigate whether the coexposure of 

visible light and FICZ also suppresses UVB-induced skin tumors. Future studies should 

also assess the specific malignancies (e.g. actinic keratosis, early stage BCC, SCC) where 

FICZ-PDT may be applicable. Using FICZ may be beneficial in treatment for 

autoimmune skin conditions (e.g. psoriasis, seborrheic dermatitis) given the emerging 

role of AhR pharmacological modulation for immunosuppressive effects.    

Consistent with an interventional strategy based on pharmacological modulation 

of cellular stress responses targeting solar photocarcinogenesis, we further explored the 

zinc overload induced cytotoxicity in cultured skin cancer cells using the zinc ionophore 

ZnPT. Based on these promising prototype data, our current research efforts aim at 

optimizing ZnPT-dependent suppression of photocarcinogenesis comparing 

photochemopreventive efficacy between early (-administration during UV-exposure 

regimen-) and late (-administration after UV exposure is completed as performed in this 
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pilot study-) intervention regimens. Moreover, development of an improved topical 

delivery system for ZnPT should be pursued since the VanicreamTM carrier, selected in 

this study based on favorable ZnPT solubility and efficient delivery of ZnPT into the 

living epidermis as employed by us before, has been associated with controversial 

concerns regarding the enhancement of tumorigenesis in mouse skin (197,331). It also 

remains to be seen if ZnPT-based photochemopreventive interventions as envisioned in 

this study (that would require an extended cutaneous delivery regimen) is associated with 

adverse skin reactions and toxicity since current FDA-approved OTC use of ZnPT occurs 

mostly in rinse-off products such as shampoos, a concern that has been raised earlier 

given ZnPT-induced effects on primary skin keratinocytes, reconstructed epidermis, and 

fibroblasts (197,198). On a mechanistic basis, it remains to be explored if malignant skin 

cells display a specific vulnerability based on an increased sensitivity to impairment of 

zinc ion homeostasis.  
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