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Abstract

In recent decades, the emerge of tyrosine kinase inhibitors (TKIs) as a new
class of targeted therapy has substantially enhanced the quality of life and
survival rates for cancer patients. However, associated adverse effects, such
as dermatological reactions, remain a challenge to sustained therapy. In light
of our research group established insights into the photophysical and
photobiological aspects of some TKIs, this thesis follows a similar
multidisciplinary approach to investigate other photoactive drugs within the
TKI family. In the initial stage, four TKIs, gefitinib, axitinib, dasatinib, and
avapritinib, were selected based on their ability to absorb in the UVA region
of the solar spectrum and their phototoxic potential. Consequently,

photophysical and photobiological studies were conducted on these TKIs.

Gefitinib (GFT) is a TKI with a quinazoline moiety, in which modifications
resulting from metabolism significantly alter the phototoxicity potential.
Dealkylation of the propoxy-morpholine side chain (DMOR-GFT) exhibited
the highest photoirritant value (PIF), reaching approximately 48, while the
demethylated metabolite (DMT-GFT) displayed much lower phototoxicity
(PIF ~7), nearly half the PIF value of the parent drug (ca. 13). In contrast,
replacing the fluorine substituent with OH (DF-GFT) resulted in the absence
of phototoxic activity. Surprisingly, only DMOR-GFT was confirmed to
induce lipid photoperoxidation which occurred through a Type I oxidative
mechanism, based on the weak singlet oxygen production and the efficient
quenching of the triplet excited state by a lipid model. Furthermore, protein
photooxidation was evident for GFT and, to a lesser extent, for DMOR-GFT,
but negligible for DMT-GFT. However, unlike the parent drug, DNA
photodamage induced by the demethylated metabolite exhibited limited

repair even after several hours.



Axitinib (AXT), commercially available as (E)-AXT, showed a tendency for
photoisomerization to (Z)-AXT, particularly within proteins. Thus, two
phototoxicity mechanisms were unveiled. Firstly, the transformation of the
initially non-cytotoxic (E)-AXT into the cytotoxic (Z)-AXT upon radiation.
Secondly, the intrinsic phototoxicity exhibited by (Z)-AXT. Moreover,
protein photooxidation was unequivocally attributed to the (Z)-isomer due to
the similarity in carbonyl content between E/Z-isomers and the high protein
affinity of the (Z)-isomer. Finally, the photogenotoxicity was only revealed
through the detection of y-H2AX histone foci.

Dasatinib (DAS) is a TKI suggested for topical treatment of dermatological
diseases. Given this context and having determined a PIF value ca. 5, an
evaluation of DAS phototoxicity in reconstructed human epidermis (RhE)
was conducted. DAS formulated in an oil-in-water emulsion exhibited high
phototoxicity, which was substantially reduced upon incorporating a broad-
spectrum sunscreen. DAS, capable to generate both singlet oxygen and
radicals, triggered photooxidation in both lipids and proteins. Similarly, DNA

photodamage was evidenced by comet assay and y-H2AX foci detection.

Avapritinib (AVP), a newly approved TKI, was proven to be a phototoxic
drug with a PIF value ca. 11, which was highly photooxidative toward
proteins and capable to induce DNA photodamage.

All in all, the study of skin toxicity of TKIs in combination with sunlight was
achieved through a comprehensive evaluation of their photobehavior both in
solution and within skin cells. The aim is to provide healthcare professionals
with updated information on photo(geno)toxicity and encourage them to
assess and implement photoprotection strategies for patients undergoing TKI-

based therapy.



Resumen

En las ultimas décadas, la aprobacion de los inhibidores de la tirosina quinasa
(del inglés TKI) como una nueva clase de terapia dirigida ha mejorado la
calidad de vida y las tasas de supervivencia de los pacientes con cancer. Sin
embargo, los efectos adversos asociados a éstos, como son las reacciones
cutaneas, siguen siendo un desafio para la terapia controlada. De acuerdo con
anteriores estudios fotofisicos y fotobioldgicos de TKI realizados por el grupo
de investigacion, esta tesis sigue un enfoque multidisciplinar para investigar
nuevos farmacos fotoactivos dentro de esta familia. En la etapa inicial, se
seleccionaron cuatro TKI, gefitinib, axitinib, dasatinib y avapritinib, por su
capacidad para absorber luz UV A y por su potencial fototoxico. Los estudios,

tanto fotofisicos como fotobioldgicos, se llevaron a cabo en estos farmacos.

Gefitinib (GFT), un TKI con un croméforo quinazolina, reveld cambios
significativos en la fototoxicidad debido a modificaciones metabdlicas en su
estructura. Asi, la desalquilacion de la cadena lateral propoxi-morfolina
(DMOR-GFT) presentd el valor mas alto de factor de fotoirritacién (PIF),
aprox. 48, mientras que el metabolito desmetilado (DMT-GFT) mostré un
valor de PIF mucho menor (~7), casi la mitad del valor de PIF del farmaco
inalterado (~13). Por el contrario, el metabolito que presenta un grupo
hidroxilo en lugar de fltor (DF-GFT) result6 no ser fototoxico. Notablemente,
solo se confirm6 que DMOR-GFT induce fotoperoxidacion lipidica mediante
un mecanismo oxidativo de Tipo I, basado en la escasa produccion de oxigeno
singlete y la eficiente desactivacion del estado excitado triplete por un modelo
lipidico. La fotooxidacion de proteinas se evidenci6 en el caso de GFT y, en
menor medida, en DMOR-GFT, pero result6 insignificante para DMT-GFT.
Sin embargo, a diferencia de GFT, el dafio al ADN inducido por el metabolito

desmetilado no se repar6 incluso después de varias horas.



Axitinib (AXT), comercialmente disponible como el isémero (E)-AXT,
tiende a fotoisomerizar a (Z)-AXT, especialmente en presencia de proteinas.
Asi, se revelaron dos mecanismos de fototoxicidad. En primer lugar, la
conversion del (E)-AXT (no citotoxico) en el (Z)-AXT (citotoxico) tras
irradiacion. En segundo lugar, la fototoxicidad intrinseca exhibida por (Z)-
AXT. Ademas, la fotooxidacion de proteinas se atribuyo6 al isomero Z debido
a la similitud en el contenido de carbonilo entre ambos isémeros y la alta
afinidad del isomero Z por las proteinas. Finalmente, la fotogenotoxicidad

solo se reveld mediante la deteccion de histonas y-H2AX.

Dasatinib (DAS) es un TKI propuesto para el uso tdpico en enfermedades
cutaneas. Tras establecer un PIF inicial de 5, se confirmo la fototoxicidad de
DAS en una emulsion oleo-acuosa en epidermis humana reconstruida (RhE),
la cual se redujo sustancialmente al incorporar un filtro solar de amplio
espectro. DAS presenta capacidad de generar tanto oxigeno singlete como
radicales, desencadenando fotooxidacion tanto en lipidos como en proteinas.
Asimismo, se evidencid dafio fotoinducido al ADN mediante el ensayo

cometa y la deteccion de histonas y-H2AX.

Avapritinib (AVP), un TKI de nueva aprobacion, demostro ser un farmaco
fototoxico con un valor de PIF de aproximadamente 11. Ademas, fue capaz

de inducir tanto fotooxidacion a las proteinas como dafio en el ADN.

En definitiva, el estudio de la toxicidad cutanea de los TKI en combinacion
con la luz solar se llevo a cabo mediante una exhaustiva evaluacion de su
fotocomportamiento tanto en disolucion como en células de piel. El objetivo
es proporcionar a los profesionales de la salud informacion actualizada sobre
la foto(geno)toxicidad y alentarlos a evaluar e implementar estrategias de

fotoproteccion para los pacientes sometidos a la terapia basada en TKI.



Resum

En les ultimes décades, 1'aparici6 d'inhibidors de la tirosina cinasa (de 1I’anglés
TKI) com una nova classe de terapia dirigida ha millorat la qualitat de vida 1
les taxes de supervivéncia dels pacients amb cancer. No obstant aixo, els
efectes adversos associats a aquests, com les reaccions cutanies, continuen
sent un desafiament per a la terapia controlada. D'acord amb estudis fotofisics
1 fotobiologics previs de TKI realitzats pel grup de recerca, esta tesi segueix
un enfocament multidisciplinari per a investigar nous farmacs fotoactius dins
d’aquesta familia. En I'etapa inicial, es van seleccionar quatre TKI, gefitinib,
axitinib, dasatinib 1 avapritinib, per la seua capacitat per absorbir llum en la

regi6 UVA i el seu potencial fototoxic.

Gefitinib (GFT), un TKI amb un cromofor quinazolina, va experimentar
canvis significatius en la fototoxicitat a causa de modificacions metaboliques
en la seua estructura. La desalquilaci6 de la cadena lateral propoxi-morfolina
(DMOR-GFT) va presentar el valor més alt de factor de fotoirritacid (PIF),
aprox. 48, mentre que el metabolit desmetilat (DMT-GFT) va mostrar un
valor de PIF molt menor (~7), quasi la meitat del valor de PIF del farmac
inalterat (aprox. 13). Al contrari, el metabolit que presenta un grup hidroxil
en lloc de fluor (DF-GFT) va resultar no ser fototoxic. Notablement, només
es va confirmar que DMOR-GFT induix fotoperoxidacié lipidica mitjancant
un mecanisme oxidatiu de Tipus I, basat en 1'escassa produccié d'oxigen
singlet 1 I'eficient desactivacio de 1'estat excitat triplet per un model lipidic.
La fotooxidacio de proteines va ser evident per a GFT i, en menor mesura,
per a DMOR-GFT, pero va resultar insignificant per a DMT-GFT. No obstant
aixo, a diferéncia de GFT, el dany a I'ADN induit pel metabolit desmetilat no

es va reparar fins 1 tot després de diverses hores.



Axitinib (AXT), comercialment disponible com a (E)-AXT, tendeix a
fotoisomeritzar a (Z)-AXT, especialment en preseéncia de proteines. Aixi, es
van revelar dos mecanismes de fototoxicitat. En primer lloc, la conversio de
I'(E)-AXT (no citotoxic) en el (Z)-AXT (citotoxic) després d'irradiacid. En
segon lloc, la fototoxicitat intrinseca exhibida per (Z)-AXT. A més, la
fotooxidacid de proteines es va atribuir a I'isomer Z a causa de la similitud en
el contingut de carbonil entre ambdoés isomers 1 1'alta afinitat de 1'isomer Z per
les proteines. Finalment, la fotogenotoxicitat només es va revelar mitjancant

la deteccio de histones y-H2AX.

Dasatinib (DAS) és un TKI proposat per a l'is topic en malalties cutanies.
Després d'establir un PIF inicial de 5, es va confirmar la fototoxicitat de DAS
en una emulsio oli-aquosa en epidermis humana reconstituida (RhE), la qual
es va reduir substancialment en incorporar un filtre solar d'ample espectre.
DAS presenta capacitat de generar tant oxigen singlet com radicals,
desencadenant la fotooxidacié tant en lipids com en proteines. Aixi mateix,
es va evidenciar mitjancant I'assaig cometa i la deteccid de histones y-H2AX

dany fotoinduit a ' ADN.

Avapritinib (AVP), un TKI de segona generacio, va demostrar ser un farmac
fototoxic amb un valor PIF d'aproximadament 11. A més, va ser capag

d'induir tant la fotooxidacio a les proteines com dany en I'ADN.

En definitiva, I'estudi de la toxicitat cutania dels TKI en combinacié amb la
radiaci6 solar es va dur a terme mitjangant una exhaustiva avaluacié del seu
fotocomportament tant en dissolucié como en cel-lules de pell. L'objectiu és
proporcionar als professionals de la salut informacié actualitzada sobre
foto(geno)toxicitat i fomentar I’avaluaci6 e implementacié d’estratégies de

fotoprotecciod per als pacients sotmesos a la terapia basada en TKI.



Abbreviatures and acronyms

'Ag Singlet Oxygen
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Abs Antibodies
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AdvSM Advanced systemic mastocytosis
AFT Afatinib

AK Actinic keratosis

ALK Anaplastic lymphoma kinase
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ATP Adenosine triphosphate

ATR Ataxia telangiectasia and Rad3 related
AVP Avapritinib

AXT Axitinib

BCL-2 B-cell lymphoma 2 protein

BCR Breakpoint cluster region protein
BHT Butylated hydroxytoluene

BRG Brigatinib



Cl
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COVID-19
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ctDNA
CYP

DAS

DCM
DF-GFT
DHR
DMBA
DMEM
DMOR-GFT
DMT-GFT
DNA
DNA-PK
DNPH
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DSB

DX

EDTA
EGF
EGFR
EMUL
EtOH
ExM

Class

Chronic myelogenous leukemia
Coronavirus disease 2019
Cyclobutane pyrimidine dimers
Chlorpromazine

Calf thymus DNA

Cytochrome P450

Dasatinib

Dichloromethane
4-defluoro-4-hydroxy Gefitinib
Delayed hypersensitivity
1,4-dihydro-1,2-dimethylbenzoic
Dulbecco's Modified Eagle Medium
O-demorpholinopropyl Gefitinib
O-demethyl Gefitinib
Deoxyribonucleic acid
DNA-dependent protein kinase
2,4-dinitrophenylhydrazine
Dulbecco's phosphate buffered saline
Double strand break

1,4-dioxane
Ethylenediaminetetraacetic acid
Epidermal growth factor
Epidermal growth factor receptor
Emulsion

Ethanol

Expansion microscopy



Ea

Er

F
FapyG
FDA
FGF
FGFR
FIR
GFT
GIST
Guo
GLOBOCAN
H&E
HCl
HSA
h

HR

Singlet oxygen energy

Triplet excited state energy
Fluorescence
2,6-diamino-4-o0xo-5-formamidopyrimidine
Food and Drug Administration
Fibroblast growth factor
Fibroblast growth factor receptor
Fluorescence intensity ratio
Gefitinib

Gastrointestinal stromal tumor
Guanosine

Global Cancer Observatory
Hematoxylin and eosin
Hydrochloric acid

Human serum albumin

Planck constant

Homologous recombination
Fluorescence intensity

Internal conversion

Half maximal inhibitory concentration
Inner filter fluorescence
International nonproprietary name
Insulin receptor gene

Intersystem crossing

Ketoprofen

Quenching rate constant

Singlet oxygen decay rate constant



LA
LAP
LDH
LDL
LFP
LOOH
mAbs
MDA
MDR
MeCN
MEK
MeOH
MiliQ
MKIs
ML
MTT
n
Na;EDTA
NaCl
NaOH
NH4Cl
NHEJ
NIR
NLT
NRTK
NRU
NSAIDs

Linoleic acid

Lapatinib

Lactate dehydrogenase

Low-density lipoprotein

Laser flash photolysis

Lipid hydroperoxides

Monoclonal antibodies

Malondialdehyde

Multi-drug resistance

Acetonitrile

Mitogen-activated protein kinase
Methanol

Ultrapure water by Millipore MilliQ system
Multikinase inhibitors

Methyl linoleate
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Refractive index
Ethylenediaminetetraacetic disodium salt
Sodium chloride

Sodium hydroxide

Ammonium chloride

Non-homologous end joining

Near infrared

Nilotinib

Non-receptor tyrosine kinase

Neutral red uptake

Non-steroidal anti-inflammatory drugs



NSCLC Non-small-cell lung cancer

N-LAP N-dealkylated lapatinib

O/W Oil-in-water emulsion

O-LAP O-dealkylated lapatinib

P Phosphorescence

PARP Poly (ADP-ribose) polymerase
PBS Phosphate buffered saline

PDGF Platelet-derived growth factor
PDGFR Platelet-derived growth factor receptor
PDI Photodynamic inactivation

PDT Photodynamic therapy

PFA Paraformaldehyde

PI3K Phosphoinositide 3-kinase

PIF Photoirritant factor

PIKK Phosphatidylinositol 3-kinase-related kinase
PKC Protein kinase C

PLCy Phosphoinositide phospholipase C
PN 1H-phenalen-1-one

PS Photosensitizer

PTK Protein tyrosine kinase

RCC Renal cell carcinoma

RhE Reconstructed human epidermis
ROS Reactive oxygen species

RTK Receptor tyrosine kinase

So Singlet ground state

S First singlet excited state

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2



SCCIS Cutaneous squamous cell carcinoma in situ

SD Standard deviation

SDS Sodium dodecyl sulfate

Ser139 Serine 139

Sn Singlet excited state

SOR Sorafenib

SSB Single strand break

SUN Sunitinib

T First triplet excited state

TBA Thiobarbituric acid

TBARS Thiobarbituric acid reactive substances
TCA Trichloroacetic acid

Temed Tetramethyl ethylenediamine

TEMPO 2,2,6,6-tetramethylpiperidinyloxy

TEP 1,1,3,3-Tetracthoxypropane

TK Tyrosine kinase

TKI Tyrosine kinase inhibitor

Tn Triplet excited state

Tox Toxicity

TRAEs Treatment-related adverse events

UGT Uridine diphosphate glucuronosyltransferase
uv Ultraviolet

) Frequency

VC Vehicle control

VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor

VIR Vibrational relaxation



Vis Visible

Molar absorption coefficient

A Wavelength

TF Fluorescence lifetime

TT Triplet excited state lifetime
TA Singlet oxygen lifetime

OF Fluorescence quantum yield

da Singlet oxygen quantum yield
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CHAPTER 1 | Introduction

1.1 Insights into cancer disease

Cancer is a broad term comprising a diverse range of diseases that have the
potential to impact any region of the body. It is a non-infectious disease,
which is characterized by the emergence of cells undergoing extensive and
unregulated proliferation. This, except in hematological cancers, leads to the
formation of an anomalous tissue mass, known as a tumor or neoplasm, that
can extend to distant organs, commonly referred to as metastasis. Overall, the

main factor leading to fatality is the widespread metastases'-?.

Cancer continues to represent a major public health problem. In 2020, cancer
ranked as the leading cause of mortality worldwide, responsible for nearly 10
million fatalities. Published data on recent global cancer incidence and
mortality trends are limited, partially due to the delays in the diagnosis and
treatment caused by the coronavirus disease 2019 (COVID-19) pandemic. In
fact, the emergence of SARS-CoV-2 has been directly associated with an
increase in cancer-related deaths, potentially slowing or even reversing the
declining trend in mortality observed over the last few years. According to
the Global Cancer Observatory (GLOBOCAN), in 2020, there were an
estimated 20 million newly diagnosed cancer cases worldwide. Among these,
female breast cancer, currently, takes the lead as the most frequently
diagnosed cancer, surpassing lung cancer. Notably, the estimated incidence
of new cases stands at 2.3 million, representing 11.7% of the total, while lung
cancer follows closely at 11.4%. Other prevalent cancers include colorectal

at 10%, prostate at 7.3%, and stomach at 5.6% (Figure 1)°.

The anticipated global cancer burden for the year 2040 is projected to reach

28.4 million cases, reflecting a substantial 47% increase compared to the
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statistics recorded in 2020. This alarming surge underscores the persistent and
escalating challenges posed by cancer on a global scale*. In this context, there
is a critical need to emphasize the awareness, early detection methods, and

advancements in medical interventions.

Breast
Colorectum

Prostate )
Stomach
Liver 4,7%
Cervix uteri 3,1%
Other cancers 46,0%

Figure 1 | Global cancer burden in 2020. Estimated incidence rates of new cancer cases in
2020 categorized by type of cancer. Figure adapted from GLOBOCAN?,

In the conventional paradigm, treatment methods such as surgical procedures,
chemotherapy, and radiation therapy have been employed. However, in recent
years, several novel approaches have been achieved, for instance, targeted
therapy, hormone therapy, stem cell therapy, immunotherapy, photodynamic

therapy and various others (Figure 2)>°.

Although chemotherapy has indeed represented one of the major medical
breakthroughs for cancer, the emergence of multi-drug resistance (MDR) and

the undesirable reactions stand as prominent issues. In fact, chemotherapy
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drugs display a narrow therapeutic index, and often, the responses produced
are only palliative and unpredictable’. In contrast, targeted therapy, which has
been introduced more recently, interferes with a specific molecular target,
usually a protein with a critical role in tumor growth or progression, and

therefore has a more limited profile of non-specific toxicity®”’.

SURGERY

-

CHEMOTHERAPY

=]
RADIATION
THERAPY
HORMONE TARGETED
THERAPY THERAPY

IMMUNOTHERAPY

Figure 2 | Cancer therapy current approaches. Figure adapted from reference!®.

1.2 Protein tyrosine kinases

Protein tyrosine kinases (PTKs) represent a significant class of intracellular
and membrane-associated enzymes, including approximately 90 different
types, which have significant regulatory roles in various signaling cascades,
including those associated with inflammatory responses. They catalyze the

phosphorylation of specific tyrosine residues within target proteins through
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ATP. This covalent modification is essential in normal cellular
communication and the maintenance of the homeostasis. Thus, PTKs are
implicated at various stages in the development and progression of cancer.
Normally, these signaling pathways controlled by PTKs either prevent
uncontrolled cell growth or enhance the cellular sensitivity to signals that
trigger cell death (apoptosis). However, in cancer cells, these signaling
pathways are frequently altered at the genetic or epigenetic level, providing a
selective advantage to the tumoral cells. Consequently, it is not surprising that
the abnormal and heightened signaling originating from PTKs elevates their
status to that of dominant oncoproteins, ultimately leading to the disruption

of the signaling network'!!2,

1.2.1 Classification of protein tyrosine kinases

The identification of the SRC proto-oncogene with non-receptor PTK
activity, along with the discovery of EGFR as the pioneer receptor PTK,
illuminated the understanding of the importance and function of these kinases
in the context of cancer. In this setting, PTKs can be classified in 2 categories,
the transmembrane receptor PTKs (RTKs) and the non-receptor PTKs
(NRTKs)!314,

Receptor tyrosine kinases

More than 15 receptor tyrosine kinases (RTKs) have been identified which
are involved in several key steps of tumor progression, such as cell
proliferation, cell cycle, migration, metabolism, programmed cell death,

survival, and differentiation'>.

The RTKs encompass various members, including the epidermal growth

factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR),
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vascular endothelial growth factor receptor (VEGFR), insulin receptor (InsR)
family, among others. Typically, these receptors feature an extracellular
domain responsible for binding to specific ligands, a transmembrane region,
and an intracellular kinase domain that specifically phosphorylates substrates
(Figure 3). Moreover, RTKs have the capability to bind to ligands,
phosphorylate tyrosine residues on target proteins, and transmit information
through  various  signaling  pathways like = PI3K/AKT/mTOR,
RAS/RAF/MEK/ERK, PLCy/PKC, and others. This activation initiates a
cascade of biochemical reactions or integrates different signals to trigger a

specific cellular response, such as cell proliferation

EGF ) ¢ 0.0
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Non-Receptor Tyrosine Kinase (JAK)

Figure 3 | Protein tyrosine kinases (PTKs). Signal transduction differences between
receptor tyrosine kinase (RTK) and non-receptor tyrosine kinase (NRTK).
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Non-receptor tyrosine kinases

Although non-receptor tyrosine kinases (NRTKs) represent a minority in the
human kinome they display a wide-ranging role in cell signaling, providing
an extra target for anticancer drugs. This group of proteins can be further
subclassified in 9 families, Abl, FES, JAK, ACK, SYK, TEC, FAK, Src, and
CSK kinases. The most frequent signaling pathway involves JAK-STAT
proteins. While RTKs are activated by ligand binding, the activation of
NRTKs follows a more intricate mechanism, involving specific protein-

protein interactions that triggers transphosphorylation (Figure 3)!".

1.2.2 Protein tyrosine kinases as targets in cancer therapy

Considering the significance of PTKSs in the signaling pathways leading to
cell growth, it is expected that a multitude of RTKs and NRTKs would be
involved as potential targets for inhibitors capable of interfering with their
catalytic activity!!. For example, when agonists like EGF bind to their
extracellular domains, it triggers dimerization and subsequent activation
(Figure 4). Activated forms of these enzymes can enhance tumor cell
proliferation, facilitate growth, prevent apoptosis, and promote processes
such as angiogenesis and metastasis through signaling pathways like RAS or

phosphoinositide 3-kinase (P13-K)!!!8,
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EGF

AR
I

Migration
Adhesion
Metastasis

Survival

Proliferation . Angiogenesis
Apoptosis

Figure 4 | Receptor tyrosine kinases (RTKs). The structure, function, and mechanism of
activation of EGFR and its inhibition by tyrosine kinase inhibitor (TKI).

1.3 Tyrosine kinase inhibitors (TKIs)

Recent clinical outcomes revealed the crucial role played by growth factor
receptors, consisting of transmembrane and cytoplasmic TK domains, in the
key hallmarks of cancer progression!®. Despite their activity is regulated in
normal cells, overexpression can lead to malignancy. Thereby, using a
specific TK inhibitor (TKI) can block the oncogenic activation in cancer cells,

making it a potential and innovative strategy in cancer treatment'>,

A significant number of TKIs have the ability to inhibit multiple PTKs and
they have demonstrated clinical success across a plethora of cancers since

2001. Typically, TKIs exert their effects by targeting the active site of the
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kinase, thereby preventing the phosphorylation of intracellular targets often

associated with cell proliferation and angiogenesis'>.

In the last two decades, there has been significant progress in the development
of several effective and well-tolerated targeted TKIs. These inhibitors,
designed to act on specific single or multiple targets such as EGFR, ALK,
ROS1, HER2, NTRK, VEGFR, RET, MET, MEK, FGFR, PDGFR, and kit,
have played a crucial role in advancing the clinical field of precision cancer
medicine. By tailoring treatment based on the unique genetic alterations of
individual patients and disease, TKIs have not only greatly enhanced survival
rates and quality of life but also reshaped the approach to treating multiple

solid tumors?.

1.3.1 Classification of TKIs

The two main strategies in TKIs therapy are the monoclonal antibodies
(mAbs) and the small-molecule inhibitors. Certainly, there is a significantly
larger quantity of small-molecule TKIs compared to mAbs targeting PTKs?!.
According to the latest available data, the Food and Drug Administration
(FDA) has approved approximately 43 TKIs for oncological applications
(Table 1 and Figure 5). These are characterized by their small size (<900
Daltons), oral administration, high affinity for ATP binding pocket of the
TKs, and well-established safety profiles, rendering them amenable to
combination therapy with other chemotherapy or radiotherapy modalities?.
Moreover, the nomenclature of this family of anticancer drugs commonly end

with the suffix -nib%3.
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Table 1 | Documentation on FDA-Approved tyrosine kinase inhibitors.

| Introduction

Class Target ‘ Indication TKI (INN)  Brand name
Receptor Breast cancer Lapatinib Tyverb
Tyrosine Kinase HER2/  Lung cancer Gefitinib Iressa
EGFR Lung cancer, Erlotinib Tarceva
pancreas cancer
C-kit, Kidney cancer Pazopanib Votrient
PDGFR, Medullary cancer Cabozantinib Cometriq
VEGFR  Kidney cancer Sunitinib Sutent
and hepatoma Sorafenib Nexavar
Non-Receptor Imatinib Glivec
Tyrosine Kinase BERI CML Dasatinib Sprycel
ABL
Nilotinib Tasigna
EML4-  Kidney cancer Brigatinib Alunbrig
ALK Lung cancer Crizotinib Xalkori
BRAF Metastatic Vemurafenib Zelboraf
melanoma Dabrafenib Tafinlar

Summary of the most frequently used and approved tyrosine kinase inhibitors (TKIs). Table
adapted from reference??.
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1.3.2 Side effects of TKIs
Adverse effects are a significant concern during the drug development phase.
Furthermore, they are of interest because, in certain cases, side effects can be
linked to treatment responses®*. In fact, targeted therapy has a unique toxicity
profile that can be classified into 5 different categories:
I.  Hypersensitivity and immunological reactions.
II.  On-target events (mechanism-associated toxicity).
III.  Off-target events (toxicity related to the type of agent, e.g., mAbs
vs. TKIs).

IV.  Toxic metabolite activation.

V. Idiosyncratic toxicities.
In this context, despite the specificity typical of targeted therapy, patients
undergoing TKI treatment face several side effects. Skin rash manifestations
are the most common events, expressed in the form of papulopustular
eruption on the scalp, hands, neck, and face?. Nearly, all patients treated with
EGFR or MEK TKI experienced skin toxicity. Diarrhea is considered the
second most common event in patients treated with small TKIs. In the
majority of cases, these adverse effects are related to the mechanism of action

of the inhibitor drug (Table 2)** %,

Although the greater part of these adverse effects is almost never lethal, they
represent the first cause of therapy discontinuation. In certain cases, serious
adverse reactions demand the early termination of life-saving cancer
treatment. For instance, cardiotoxicity associated with nilotinib in preclinical
safety studies led the FDA to issue a black boxed warning, recognizing it as

a possible life-threatening drug?®?’.
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As stated above, skin-related adverse effects are frequently observed with
targeted therapies, particularly with TKIs. Notably, a higher incidence rate of
skin toxicity was reported immediately after initiating EGFR inhibitor
therapy. In most cases, these skin-associated effects improved after dose
reductions, demonstrating a significant correlation between the severity of the
reactions and the dosage of EGFR-TKI?®. It is worth noting that cutaneous
toxicity appears to be mostly unlinked to the specific EGFR-TKI employed,
and while these effects are typically moderate, they tend to be persistent and

can negatively impact the quality of life of cancer patients?’.

The underlying mechanism of this side effect remains unclear. However, it is
well known that EGFR plays a pivotal role in the normal functioning of the
epidermis and is expressed mainly in undifferentiated, actively dividing
keratinocytes located in the basal and suprabasal layers of the epidermis,
sebocytes and the outer layers of hair?® !, Despite these adverse effects being
typical after treatment with EGFR-TKI they were also manifested with
BRAF, MEK and mTOR inhibitors?'.

1.3.3 Skin anatomy

Skin is the largest organ of the body, which functions as a highly metabolic
and multifaceted organ characterized by intricate structural complexity. The
main role is to serve as a protective barrier against external microorganisms
and environmental factors. In adults, the average mass is about 4 kg and the

surface area ranges from 1.5 to 2.0 square meters>>3>,

The main functions of the skin are32>*3>:

- Thermoregulation: The presence of hair and sweat glands contributes

to the regulation of body temperature.

14
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- Protection: The skin acts as a barrier preventing loss of vital body
fluids, and infiltration of toxic agents.

- Photoprotection: Reduces the damage from the sunlight (especially
from UVB light) and infection diseases.

- Clearence: Elimination of toxic substances through sweat.

- Immunological function: Innate and adaptive immune responses.

- Hormone synthesis: Serotonin, melatonin, etc.

- Mechanical support.

- Sensory organ.

- Storage of fat, water, and vitamin D.

From a structural standpoint, the skin is a dynamic, multifaceted entity with
its biological and mechanical attributes changing across the various stages of
life and in response to socio-environmental factors. At a larger scale, the skin
is commonly categorized into three well-defined structures: the epidermis,

dermis, and hypodermis®*3,

The outermost layer of the skin, also known as the epidermis, is continuously
renewing and lacks blood vessels. It primarily consists of squamous cells rich
in filaggrin and keratin. This layer is further subdivided into four strata. The
basement membrane, also called as the basal layer, is composed of rapidly
proliferating cells, some of which differentiate to form the second layer,
known as the stratum spinosum. The stratum granulosum is the last layer
containing living cells, whereas the stratum corneum is the superficial layer
containing only dead cells. Each of these layers has distinct functions and
compositions that are closely tied to the cell cycle of keratinocytes, which

make up the majority (90-95%) of the epidermal cells. In addition to

15
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keratinocytes, smaller populations of other cell types exist, including

melanocytes (3%), Langerhans cells (2%), and Merkel cells (0.5%)3*,

The dermis, situated in the middle layer of the skin, is primarily made up of
a dense extracellular matrix. This matrix provides support to vascular tissue,
sensory nerve cells, and various structures like sweat glands and hair follicles.
The main contributors to this extracellular matrix are fibroblasts, responsible
for producing primarily elastin and collagen. These elements give the skin its

unique properties of resilience and elasticity> .

The hypodermis, also known as subcutaneous tissue, is the innermost layer of
the skin. It consists of a network of fat (adipocytes) and connective tissue that
serves various functions, including insulation, energy storage, and protection
of underlying structures. In addition to adipose tissue, the hypodermis
contains blood vessels, nerves, and connective tissue fibers. These tissues are
organized into lobes, which are further divided by partitions through which

the microvascular network flows, supplying oxygen and nutrients*>

Giving this background, the predominant cell types within skin tissue are

keratinocytes and fibroblasts.

Keratinocytes

Keratinocytes are the predominant cells in the epidermis. They can be
distinguished from melanocytes and Langerhans cells within the epidermis
due to their larger size, intercellular connections, and abundant cytoplasm
(Figure 6). They originate from the ectoderm and can be found in all four
layers of the epidermis. In normal conditions, keratinocytes start to replicate
from the basal layer and, over 30 to 50 days, migrate through the epidermis

to the superficial layer, stratum corneum. Throughout this process, these cells

16
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undergo significant functional and morphological transformations,

accumulating keratin along the way. Ultimately, they shed or rub off %37,
Briefly, keratinocyte cells display the following characteristics>*:

- They produce keratin, which is the most crucial structural protein that
forms the basis of skin, hair, and nails.

- They release minimal extracellular matrix, which results in proximity
between the cell membranes of adjacent keratinocytes, promoting the
cohesion and integrity of the epidermis.

- Their rate of replication can change in response to an injury>®.

- They possess the highest skin biotransformation capability, thanks to

their substantial reservoir of skin cytochrome P450 activity>.

Keratinocytes also can release cytokines and are increasingly acknowledged
as a significant component of the immune system. They secrete substances
like interleukins, colony-stimulating factors, tumor necrosis factors, and
growth factors. Various stimuli, including chemicals, ultraviolet (UV) light,
and injury, can trigger the production of these cytokines by keratinocytes.
This cytokine production potentially positions keratinocytes as intermediates
in proinflammatory signaling, with a notable role in guiding and activating
lymphocytes. It is important to highlight that keratinocytes contribute as
barrier against UV radiation. They trigger melanocytes to produce melanin, a
protective pigment that can absorb and dissipate harmful UV radiation as

heat35,40
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Figure 6 | Keratinocyte and fibroblast cells. Top: Bright field microscope images of human
keratinocytes, HaCaT cells (A) and human fibroblasts, Bj-hTERT cells (B). Bottom:
Confocal microscopy images of living HaCaT keratinocytes (C), and fixed Bj-hTERT
fibroblasts (D). HaCaT cells were stained with CellMask™ Orange Plasma membrane and
RedDot™ Far-Red nuclear stains. Bj-hTERT cells were immunostained with anti-a-tubulin
and the nuclei was stained with Dapi.

Fibroblasts

Fibroblasts play an essential role in maintaining the structural integrity of
tissues and organs. They are responsible for producing collagen (type I and/or
type II collagen) and other components (elastin, glycoproteins,
proteoglycans, etc.), giving them the role of arbiters in extracellular matrix

remodeling (Figure 6). These cells originate from the mesoderm and are
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distributed throughout the dermis. Fibroblasts have a spindle-shaped

appearance with elongated, oval nuclei®®.

Within the dermis, fibroblasts are organized into three subpopulations: one in
the papillary dermis, one in the reticular dermis, and one associated with hair
follicles. These subpopulations exhibit subtle variations in collagen and
extracellular matrix component production, which correspond to local
structural differences*®. Fibroblasts also play a significant role in wound
healing. When an injury occurs, growth factors and cytokines, including
platelet-derived growth factor, attract fibroblasts to the wound site. These
fibroblasts have the ability to transform into myofibroblasts that aid in wound

closure**2,

In summary, the primary cellular components of human skin are keratinocytes
and fibroblasts. As the predominant cell types, their roles are pivotal in
comprehending the intricate mechanisms that lead to skin reactions.
Moreover, the interplay between keratinocytes and fibroblasts is essential in
orchestrating skin responses to external factors, such as chemicals and/or UV

radiation.

1.4 Drug-induced photosensitivity

The benefits from sunlight are widely acknowledged; from vitamin D
production to the treatment of certain skin conditions, such as psoriasis,
eczema, and vitiligo. However, the same light exposure can be potentially
harmful leading to skin damage, cataracts, carcinoma and immune
suppression®’. Thus, different scenarios have been proposed in order to
explain the molecular bases of photosensitivity, however, drug-induced

photosensitized reactions are not completely determined.
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The mechanisms behind drug-induced photosensitivity are intricate and can
be detected at cellular, molecular, and biochemical levels. Usually, chemicals
triggering photosensitized reaction are light-absorbing molecules. Therefore,
photosensitivity is dependent on the ability of a drug to efficiently absorb
light, typically in the UV or visible range. The electromagnetic spectrum of
sunlight covers 3 components: UV light (180-400 nm), visible light (400-700
nm), and infrared (IR) rays (700 nm-3 um)*. Approximately 10% of sunlight
output is UV radiation and about 40% is visible light. In this context, UV
spectrum can be further subdivided into 3 regions: UVC (100-280 nm), UVB
(280-315 nm), and UVA (315-400 nm)**. The UV radiation that reaches the
surface of the skin is composed of roughly 5% UVB and 95% UVA. In
contrast, UVC, which is the highest-energy component of UV light, does not
impact the skin since it is absorbed by the ozone layer (Figure 7).
Interestingly, while UVB radiation is capable of directly reacting with
biomolecules and causing direct damage, UVA radiation is the primary
contributor to the development of photosensitivity reactions*. This is
attributed to the fact that shorter UVB wavelengths only reaches the
epidermis layer, while UVA radiation can penetrate into the papillary dermis,

mediating damage to both the epidermis and dermis layers*>S.

Furthermore, it is important to acknowledge that the photosensitivity potential
of a drug is not exclusively contingent upon its capacity to absorb light.
Additional determinants, including the concentration of the drug within the
skin, the duration of light exposure, and individual variances in skin
sensitivity, significantly contribute to the overall risk and appearance of

photosensitivity reactions*’.
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Figure 7 | Ultraviolet (UV) spectrum-dependent penetration into the skin layers.

Currently, there are more than 300 photosensitizing drugs belonging to 13
different pharmacological groups*’. The FDA has not only provided a list of
agents that may increase sensitivity to light exposure (Table 3) but also issued
guidance for the evaluation of the photosafety of these pharmaceuticals

toward the industry*®.
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Regarding TKIs, photosensitivity is the most reported reaction associated
with BRAF inhibitors; between 22 to 67% of patients undergoing
vemurafenib therapy expressed cutaneous eruption in sun-exposed areas
within a few minutes of UV radiation. Previous case reports of
photosensitivity reactions have been observed in multikinase inhibitors
(MKIs) that have overlapping receptors, specifically pazopanib, sunitinib and
vandetanib. Recently, a case of phototoxicity was reported in a patient who
underwent sunlight exposure two years after enduring pazopanib treatment®.
Moreover, retrospective studies and multiple clinical trials have documented
phototoxicity events from sunitinib therapy®°. Similarly, vandetanib has been
conclusively linked to photosensitivity, with up to 37% of patients
experiencing reactions characterized by skin eruptions ranging from

heightened sunburn to severe, photodistributed erythematous eruption®' >,

Interestingly, brigatinib photosensitive side effects were identified as
phototoxic rather than a photoallergic reaction based on clinical
manifestations resembling an intensified sunburn with the dermatosis

localized to sun-exposed areas>>>.

Finally, multiple case reports have been registered regarding photosensitive
reactions induced by EGFRs inhibitors, such as gefitinib, erlotinib, imatinib,

lapatinib and vandetanib®!.

1.4.1 Mechanisms of drug-induced photosensitivity
Photosensitivity represents a broad term, which describes various skin
responses to light exposure, capturing both immune-mediated (photoallergy)

and non-immune-mediated reactions (phototoxicity). This category also
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includes idiopathic photodermatoses, such as porphyria, which contribute to

the phototoxic reactions in specific pathologies.

Porphyrin-induced phototoxicity

Porphyrins constitute natural metabolites, serving as intermediates in the
biosynthesis of haem within mammalian organisms. Haem, the final product
of this pathway, is a tetrapyrrole in which ferrous iron is chelated with
protoporphyrin IX. Due to its capability to bind and release oxygen, haem
plays a crucial role in various metabolic pathways across living organisms.
Disorders within the porphyric group arise from enzymatic abnormalities in
haem synthesis, whether inherited or acquired. The interaction between
excited porphyrins and oxygen results in the generation of ROS, ultimately
causing tissue damage, as observed in patients affected by porphyria.
Individuals diagnosed with erythropoietic protoporphyria experience skin
burning, followed by erythema and edema, when exposed to sunlight.
Protoporphyrin IX, with an intense UV absorption occurring between 400 and
410 nm, abnormally accumulates in this particular disorder, triggering
photosensitized damage reactions that culminate in the well-known condition
referred to as photodermatoses”’-®. Interestingly, certain drugs are recognized
for inducing pseudoporphyria; for instance, voriconazole has been linked to
the onset of phototoxicity and the manifestation of bullous photodermatoses,
which clinically and histologically mimics porphyria cutanea tarda®.
Furthermore, numerous drugs, including phenobarbital, valproic acid,
rifampicin, and others, are acknowledged for their potential to precipitate an
acute porphyria attack (drug porphyrogenicity). Ergo, acute porphyrias are

also regarded as pharmacogenetic or toxogenetic diseases®’.
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Photoallergy

Drug-induced photoallergic reactions are less frequent compared to
phototoxic reactions and typically require minimal exposure to
photosensitizing drugs along with prior sensitization. It is an immunological
process where a photosensitizing product acts as either a hapten or complete
antigen, leading to a delayed hypersensitivity reaction (Type IV or DHR).
Thus, a lower amount of energy is needed to trigger a photoallergic reaction
compared to a phototoxic reaction®. Clinically, the onset of photoallergy
occurs 24 h or more after the initial exposure and presents as an eczematous
dermatitis that can extend beyond sun-exposed skin areas. Upon
discontinuation of the photosensitizing drug, the photoallergic reaction
typically resolves, although in rare instances, it may persist and progress into
chronic dermatitis. Additionally, in some cases, prior exposure to the drug
may not be necessary if the patient has previously been sensitized through

contact with a similar molecule®' %+,

Phototoxicity

Phototoxic reactions, in addition to being more frequent, are dose-dependent
reactions that take place upon the interaction with light and the absorption of
a photon by the photosensitizer. Thus, producing a highly reactive excited
intermediate capable of inducing oxidative damage to key cellular structures.
In clinical context, these reactions can be identified by erythema and edema
that begins several hours after the exposure and is subsequently followed by
skin peeling and increased pigmentation®®**. The action spectra of drug
photosensitizers typically involve, at the very least, UVA radiation, while in
some molecules, the activating light include or is limited to visible

wavelengths®>3, Unlike photoallergies, which may take time to develop,
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phototoxic reactions often occur rapidly after exposure to light, sometimes
within minutes to hours. Apart from the concentration of the photosensitizer,
the severity of the reaction may vary depending on other factors such as the

duration of light exposure and individual differences in skin sensitivity®'.

In summary, photosensitive adverse events are typically classified into either
phototoxic or photoallergic reactions. The categorization is based on distinct
pathophysiological mechanisms, and several features highlight the contrasts
between them. Understanding these distinctions is crucial for accurate
diagnosis and appropriate management of photosensitive reactions. For
instance, photoallergic reactions, since they involve immune responses,
require a specific treatment such as antihistamines or corticosteroids. In
contrast, phototoxic reactions are not immune-mediated, and their
management typically entails discontinuation of the photosensitizing agent or
photoprotection guidelines, coupled with measures aimed at providing

symptomatic relief.

Thus, while differentiating between photoallergic and phototoxic reactions
can be challenging, certain guiding principles have been outlined in order to
identify the specific type of photosensitivity reaction (Table 4)%!. This
contributes to a better understanding of drugs safety profile and is crucial for

tailored treatment, effective prevention, and overall improved patient care.
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Table 4 | Main differences between phototoxicity and photoallergy.

Characteristics Phototoxicity Photoallergy

Frequency High Low

Latency period/sensitization ~ No yes

Doses of UV/photosensitizer ~High Low

Cross-reactions No Yes

Morphology of lesions Sunburn polymorphic Eczema, erythema
multiforme

Sharp limits Yes No

Covered areas Not involved Possibly involved

Resolution Quick May recur, persistent
reactors

Residual hyperpigmentation ~ Yes No

Histology Sunburn cells Eczema

Pathomechanism DNA/cell damage Type IV hypersensitivity

ROS/inflammation Photoproduct

1.4.2 Sunlight-mediated damage to biomolecules

Photosensitized oxidation reactions involving key biomolecules such as
unsaturated lipids, proteins, and nucleic acids, which initiate the referred to
“photodynamic effects”, have been demonstrated to be responsible for the
harmful biological consequences of UV A radiation. In these photodynamic
reactions, the photosensitizer drug interacts with molecular oxygen, either

directly (Type II oxidative mechanism), or indirectly (Type I oxidative
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mechanism)®’. Frequently, Type 1 photoinduced reactions are radical-
mediated reactions whereas Type II photooxidations are oxygen-mediated
reactions (Scheme 1)%. In Type I oxidative reactions, the generation of
reactive oxygen species (ROS) arises from the formation of free radicals
through processes like electron transfer or hydrogen abstraction in the
presence of oxygen. Contrary, in Type II reactions, there is a transfer of
energy to molecular oxygen, resulting in the generation of another ROS
species, singlet oxygen (10,). Hence, ROS display a high potential to inflict
damage to biomolecules such as lipids, proteins, and DNA, ultimately causing

cell death (Table 5)%7:%8,

All in all, photodynamic reactions are primarily responsible for most damage
to biological structures, mainly by the generation of 'O or free radicals
through the absorption of light by a photosensitizer. Nevertheless, these types
of reactions have broad utility, especially in photodynamic therapy (PDT) for
cancer treatment®®. For instance, porfimer sodium (Photofrin) exhibits well-
demonstrated phototoxicity activated by red light and has received FDA
approval for treating patients with certain types of esophagus and lung
cancers’’. Currently, Photofrin-mediated photodynamic therapy is under
investigation for its potential in treating other cancer types. Furthermore,
photosensitizers with the capability to induce photodynamic reactions against

microorganisms are also being used in photodynamic inactivation (PDI)%’.
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Scheme 1 | Photodynamic reactions. Type I and Type II photosensitized oxidative
mechanisms. PS (photosensitizer). Figure adapted from reference’'.
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Table 5 | Guideline for Type I/Type II oxidation mechanisms.

Characteristics of oxidative reactions

Type 11

Requirement of molecular oxygen as a reagent (photodynamic reactions)

Photosensitized reactions initiate with one-electron oxidation and 'O, reactions

that trigger biomolecule degradation

Photochemical chain reaction that Process of energy transfer to oxygen
begins with electron or hydrogen atom | by the sensitizer

abstraction as the initial oxidative step

Formation of free radical Sensitized production of 'O,

Photosensitized oxidations are relevant to both molecules and living organisms

Certainly, all biomolecules within the biological system, including lipids,
proteins, and nucleic acids, are susceptible to oxidation. The specific
chemical nature of the initiating agent, such as free radicals and 'O,
determines the composition of primary and secondary oxidation products.
Although cells generate ROS as a regulated physiological process, increasing
levels of these species are capable of inducing cellular damage. This
decompensation becomes evident during pathological events, such as
infections or chemical attacks, which result in several alterations in
macromolecules, including DNA mutations, alterations in transduction

signals, and subsequently, cell death through apoptosis or necrosis’>’*.

In this context, xenobiotics, when exposed to UV-visible light, possess the
ability to generate ROS, which can, subsequently, cause damage to lipids,
proteins, and/or DNA within cells, ultimately leading to carcinogenesis or cell

death’.
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Damage to biomolecules by ROS

Lipid peroxidation

Cell membranes are constituted by a diverse set of lipids, usually, by
phospholipids, cholesterol, and glycolipids. The presence of polyunsaturated
fatty acids makes the cell membranes vulnerable to oxidizing agents. Thus,
one of the main consequences of ROS is lipid peroxidation (also called lipid
peroxidation), leading to modifications in the membrane structure, which
impact its flexibility and compromise its integrity (Scheme 2). This
lipoperoxidation process is believed to be implicated in atherosclerosis
because it results in the oxidation of LDL transporters that can no longer be
recognized by scavenger receptors, consequently allowing these molecules to

re-enter circulation”> 7>,

Protein carbonylation

Another essential component within cellular structures is proteins,
macromolecules constituted by amino acid residues connected by peptide
bonds. In contrast to lipids, proteins are susceptible to oxidative stress through
carbonylation reactions, which can compromise their structural integrity,
leading to the loss of catalytic activity in various enzymes and disruption of

the regulation of metabolic pathways.

Chemically, protein carbonylation involves the oxidation of the side chains to
introduce ketones and aldehyde groups (Scheme 2). The amino acid residues

typically affected are:

- Prolyl to pyrrolidone
- Glutamyl to glutamic semialdehyde

- Lysyl to aminoadipic acid semialdehyde
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- Threonyl to amino ketobutyric acid
Usually, oxidative stress resulting in ROS attacking protein side chains leads
to carbonylation events. Numerous diseases, including Alzheimer's disease,
rheumatoid arthritis, and others, have been associated with the presence of

oxidized proteins’>"47¢,

DNA damage

DNA consists of a double-stranded helical structure constituted by nucleotide
units. It is the macromolecule responsible for carrying genetic information
essential to the development and functioning of organisms. Various
exogenous and endogenous stresses induce different forms of molecular
modifications. Independently of the source of stress, DNA damage has been
a significant breakthrough in carcinogenesis research over the past two

decades.

Oxidative reactions toward DNA structures (nitrogenous bases and
deoxyribose), such as guanine oxidation (8-0xoG) (Scheme 2), can result in
mutations, carcinogenesis, apoptosis, necrosis, and hereditary diseases>®*.
The major oxidative impact occurs upon DNA fragmentation, driven by the
disruption of nucleosomes (fundamental structures involved in DNA
organization within chromosomes), thus affecting DNA compaction and
coiling within chromatin. Chromatin plays a crucial role in the regulation of
gene transcription, and any alterations in its functional properties can lead to

errors that contribute to mutagenesis’>""78,

32



CHAPTER 1 | Introduction

ROS

LIPID - DNA
PROTEIN

v v
Lipid peroxidation h DNA base oxidation
Protein carbonylation

Malondialdehyde 8-0x0G

AR -

Hydroxy amino feid

O
)K{ l N
! H/Y
o}

Oxidized
biomolecular
products

Scheme 2 | Oxidation products upon ROS action. Peroxidation of lipids, carbonylation of
proteins, and oxidation of DNA bases. *Unpaired electron. Figure adapted from reference’.

1.5 DNA damage repair

DNA damage represents a notable threat to the structural and functional
integrity of an organism. While cells have developed intricate systems for
identifying and rectifying these lesions, extensive or inadequately repaired
DNA damage can result in mutations, carcinogenesis, and ultimately, cell

death”*®,

In light of the previous information, it is evident that DNA damage is

primarily induced by UV light, particularly by longer-wavelength radiation
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such as UVB and UVA. As stated previously, UVC radiation is regarded as
benign since it is effectively absorbed by the ozone layer of the Earth.
Notably, while UVA radiation is less energetic and therefore less injurious
than UVC, it can initiate photosensitized reactions in response to various

xenobiotics.

In this context, two primary processes can be discerned concerning UV light-
induced DNA damage: direct damage, and photosensitized damage (Figure
8). Direct damage occurs as a result of the direct interaction of UV radiation
with DNA molecules. DNA possesses the capability of absorbing light from
the UVB region of the spectrum, thereby initiating various chemical reactions
without requiring additional molecules or sensitizers. Contrary,
photosensitized damage takes place when UV radiation is absorbed by a
photosensitizer molecule, which triggers chemical reactions usually ROS-
mediated. Thus, compounds capable of absorbing light in the UVA region

and generate excited species are potential photosensitizers®!%2,

Generally, direct DNA damage is dominated by pyrimidine dimers such as
cyclobutane pyrimidine dimers (CPDs) and thymine dimers (T-T), which
constitute 75% of alterations. However, although less frequent, DNA
photoproducts with (6-4) pyrimidine-pyrimidone adducts are more mutagenic
than CPDs®. (Figure 8). However, the yield of these products is significantly

lower when compared to the formation of CPDs®,

In terms of indirect damage, 8-0x0G is the main photoproduct oxidatively
generated by 'O, and is well-known to be mediated by drug
photosensitization®. In contrast, 2,6-diamino-4-oxo-5-formamidopyrimidine

(FapyG), another oxidatively damaged product of guanine, is mainly
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triggered by the highly oxidative hydroxyl radical®. A similar mechanism has
been described for the generation of 5°,8-cyclo-2’-deoxynucleoside
photoproducts (5°,8-cPu)®”%® (Figure 8). Interestingly, it was demonstrated
that the generation of CPDs can also be triggered through photosensitized
triplet-triplet energy transfer’®®. Overall, these photosensitized DNA
damage products are directly linked to the cytotoxic, carcinogenic, and
mutagenic effects of combining sunlight exposure, specifically UVA

radiation, with photosensitizing drugs.
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Figure 8 | Photoinduced DNA damage. Direct and photosensitized DNA damage induced
by UV Light.
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As for both damage mechanisms, double-strand breaks (DSBs) are regarded
as one of the most destructive types of DNA damage, significantly
compromising the stability of the genome. The DNA damage response
involves decisions such as whether to engage in DNA repair, initiate terminal
differentiation via senescence, or, in the case of severe damage, undergo
apoptosis. The primary mediators of this pathway are proteins belonging to
the phosphatidylinositol 3-kinase-like protein kinase (PIKKs) family,
specifically ATM, ATR, and DNA-PK, along with members of the poly
(ADP-ribose) polymerase (PARP) family. Ataxia Telangiectasia Mutated
(ATM) and DNA-dependent protein kinase (DNA-PK) are activated in

response to DSBs!.

The recruitment of ATM is likely to contribute to the activation of y-H2AX
complexes and the stabilization of DNA damage response factors at DNA
damage sites (Figure 9). The phosphorylated form of y-H2AX establishes a
positive feedback loop that spreads y-H2AX over large genomic regions
around the DSBs. These initial signaling events activate one of the two
pathways for repairing DNA DSBs; nonhomologous end joining (NHEJ) is
the primary pathway, whereas homologous recombination (HR) is limited to
the S or G2 phases after DNA replication has concluded. Consistently, v-
H2AX phosphorylation event is recognized as one of the most firmly
established chromatin modifications associated with DNA damage and repair

processes’ .
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Figure 9 | Histone H2AX in DNA damage repair. Phosphorylation pathway of histone
H2AX upon UV-induced DNA damage. Figure adapted from reference®.
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1.6 Cell death

Historically, cell death has been considered as the ultimate cellular decision
achieved through complex signaling and communication, representing a
critical process for maintaining the homeostasis of organisms. Typically, the
hallmarks of cell death are categorized based on their reliance on specific
signaling pathways in two different modes: programmed cell death

(apoptosis) or non-programmed cell death (necrosis)’>.

Apoptosis, often referred to colloquially as “cellular suicide”, is a

meticulously regulated process in which cells cease their cycle of growth and
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division, entering a process toward programmed cell death, guided by
precisely controlled intracellular signaling pathways. Unlike non-
programmed cell death, this process is characterized by the absence of cellular
content leakage into the surrounding environment. The activation of the
widely recognized caspase enzymes starts from their precursor forms, also
known as zymogens. Upon detecting a signal of cellular damage, initiator
caspases (caspases 8 and 9) are triggered from their inactive procaspase forms
and proceed to activate the executioner caspases (caspases 3, 6, and 7). These
activated caspases initiate a sequence of processes leading to DNA
fragmentation, degradation of nuclear proteins and the cytoskeleton, protein
crosslinking, the generation of ligands recognized by phagocytic cells, and
the creation of apoptotic bodies. These apoptotic bodies are effectively
engulfed by neighboring cells exhibiting phagocytic capabilities and
subsequently degraded within lysosomes (Figure 10). Moreover, caspases 1
and 4 possess proinflammatory characteristics, and they have the capability

to activate pyroptosis in reaction to various stimuli®”%.
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Figure 10 | Necrosis vs Apoptosis. Main differences between apoptosis and necrosis
pathways. Figure adapted from reference®®.

Three signaling pathways can be triggered in apoptotic cells. The extrinsic
pathway, also known as the death receptors pathway, is activated when cell-
surface death receptors such as Fas are bound by their ligands. The
mitochondrial pathway is initiated when pro-apoptotic proteins from the
BCL-2 family induce the permeabilization of the outer mitochondrial
membrane. Lastly, the perforin/granzyme pathway is employed by cytotoxic

lymphocytes to eliminate virus-infected or transformed cells®*!%°,

Necrosis, for an extended period, has been considered as an outcome of
physical and chemical stress, typically seen as accidental and unregulated.
Nowadays, there is a growing understanding that necrotic cell death is also
meticulously regulated and programmed, similar to caspase-dependent

apoptosis. Furthermore, the findings suggest that necrotic cell death may
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serve as an alternative cell death pathway when caspases are inhibited or

when the caspase-dependent pathways cannot be effectively engaged.

Necrosis is characterized by cytoplasmic expansion, irreparable damage to
the cell membrane, and disintegration of organelles. Cellular components
escape into the extracellular surroundings, potentially functioning as a
“danger signal”. Consequently, necrosis is typically linked with an
inflammatory response (Figure 10). Thus, biochemical hallmarks of
apoptosis, like the activation of specific proteases (caspases) and the

fragmentation of DNA, are generally not present in necrotic cells®”-101:102,

The permeabilization of the plasma membrane is a common indicator of
necrotic cells. Therefore, a widely used approach to monitor this phenomenon
is by measuring the release of lactate dehydrogenase (LDH) enzyme. When
combined with other techniques, the measurement of LDH release proves to

be a valuable method for detecting necrosis'®.

1.7 Molecular photochemistry

Photochemistry is the field of chemistry that examines chemical reactions,
isomerizations, and physical phenomena that occur when specific molecules
are exposed to UV light and/or visible. The absorption of UV-visible radiation
(200-800 nm) results from the interaction between a molecule and a photon,
transferring the energy from this latter to the molecule, inducing a change in
its electronic configuration. This energy is not randomly distributed within
the molecule; instead, it is selectively absorbed by chromophore groups
(unsaturated groups with electrons in n or « orbitals that can absorb energy
and be excited at different wavelengths, such as dienes, carbonyl groups,

aromatic rings, etc.)'%.
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Based on Planck equation, E = ho = hc / A, visible light with longer
wavelengths (ranging from 400 to 800 nm) possesses lower energy levels
(290 to 170 kJ/mol) compared to light in the shorter wavelength range (200
to 400 nm) found in the near-UV region (630 to 290 kJ/mol). Therefore, UV
light is the primary radiation source for initiating photochemical

transformations' %103,

Drugs with photoreactive activity exhibit specific physicochemical
properties, aside from their capability to absorb UV-visible light. Typically,
these molecules are resonance structures with a cyclic or tricyclic

configuration, featuring halogen substituents and heteroatoms!%,

The study and quantification of the absorbed energy distribution through
molecular absorption and emission spectroscopy provide information about
the structure, energy, and dynamics of excited electronic states, facilitating
the understanding and interpretation of the photophysical properties and

photochemical reactivity of compounds!®.

1.7.1 Photophysical processes

Photophysics is a branch of physical chemistry that focuses on the quantum
changes in the excited molecules that result from the impact of photons
without altering their chemical structure. These interactions lead to various
phenomena and outcomes. For instance, the three major types of transitions
are absorption, emission, and non-radiative processes. Typically, a graphical
representation that illustrates the energy-level transitions that molecules
undergo when they absorb and emit light is used in the field of photophysics,
namely, Jablonski energy diagram (Figure 11). This visual framework

showcases the energy transitions between the different electronic states of a
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molecule, where the energy states are grouped vertically according to their
energy and horizontally based on spin multiplicity. At the same time,
radiative transitions are indicated by solid arrows, while non-radiative
transitions are represented by dashed arrows. Moreover, when an electron
within the molecule is raised to a higher energy level, it has the option to stay
coupled with the electron in the ground state (with opposite spins), resulting
in the creation of an excited singlet state (Sn). Alternatively, it may alter its

multiplicity by uncoupling from the ground state electron, leading to the

formation of an excited triplet state (Tn)!°71%8,
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Figure 11 | Jablonski diagram. Illustration of different energy states and transitions in a
molecule upon photon interaction. A: absorption, F: fluorescence, P: phosphorescence, IC:
internal conversion, ISC: intersystem crossing and VR: vibrational relaxation. Figure adapted
from reference'”.
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Absorption (A)

Absorption is a photophysical property in which a molecule absorbs the
energy of a photon and is promoted to a higher energy state than the initial
one (excited state). Absorption is associated with electronic transitions
between different energy levels within the molecule, which can be either
permitted transitions, with high probability of occurring (singlet-singlet, So +
ho — Sn) or forbidden transitions, having little to no chance of occurring

(singlet-triplet, So + ho — Tn) according to the spin rule.

In order to absorb light, a compound must present a chromophore which
contains both © electrons and n (non-bonding) electrons capable of capturing
photons. Moreover, when a chromophore absorbs light, it selectively absorbs
photons at particular wavelengths or energy levels. This distinctive absorption
pattern at different wavelengths is referred to as an absorption spectrum.
Interestingly, each molecule possesses a distinct absorption spectrum that can

be used for identification or the examination of its characteristics.

In absorption spectroscopy, the Beer-Lambert law, also known as Beer's law
or Beer-Lambert-Bouguer law, establishes a relationship between the
absorption of light and the properties of the material through which the light
travels (Equation 1). Beer's law asserts that the absorbance of a beam of
focused monochromatic radiation in a uniform, isotropic medium is directly
proportional to the absorption path length, 1 (cm), and the concentration, c
(mol/L), of the substance or in the case of gas-phase analysis, to the pressure

of the absorbing species.
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A=log , (ITO) =¢lc

Equation 1 | Beer-Lamber law. A represents the absorbance, Ip and I the intensities of
incident and transmitted light, respectively, 1 is the absorption path length, c is the
concentration and ¢ is referred to as the molar absorption coefficient.

This linear correlation between absorbance and concentration is only valid
when absorbance values are low, because at higher values, this linearity tends

to suffer from deviations, and absorbance exhibits asymptotic growth!1%112,

Fluorescence (F)

Fluorescence is another photophysical property resulting from the interaction
between radiation and a molecule. In this process, a molecule, previously
excited, emits a photon from the excited singlet state of lower energy (S1) to
the ground state (So) (S1 — So + ho). This transition is permitted by the spin

rule because it involves states with the same spin multiplicity.

Usually, the substance absorbs light higher in energy (shorter wavelengths),
like in the UV or visible spectrum, and then re-emits light at a longer
wavelength (lower energy), often in the visible spectrum. This occurs because
some of the energy absorbed by the substance is often lost as heat or other

non-radiative processes before the emission of light.

During fluorescence spectroscopy, an undesirable phenomenon can occur
known as inner filter fluorescence (IFF). This occurs when both the excitation
light and the emitted fluorescence light are absorbed by the same sample or
medium, leading to distortion or quenching of the fluorescence signal.
Typically, diluting the sample is an effective way to minimize this effect.
Additionally, optical filters can be used to selectively remove either the

excitation or emitted light, further mitigating this issue.
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All substances capable to emit fluorescence when exposed to specific
wavelengths of light are called fluorochromes. On the other hand, all
fluorochromes have a fluorophore in their structure. It is the specific group
within the molecule responsible for its fluorescence, which absorbs and then
emits light at a different wavelength, giving rise to the fluorescence signal (in

the nanosecond range).

The fluorescence exhibited by a compound is influenced by various factors,
including the type of electronic transition (whether it is nt* or nn*), the
molecular structure, the properties of the solvent used, concentration,

temperature, pH levels, the presence of dissolved oxygen, and more.

Fluorescence parameters encompass the following aspects: the fluorescence
spectrum, which illustrates the emitted light wavelengths; the fluorescence
quantum yield (®f), quantifying emission efficiency; the fluorescence
lifetime (tr), characterizing the duration of fluorescence after excitation; and
fluorescence intensity, a measure of signal strength affected by factors like

concentration and photobleaching!!3!13,

Phosphorescence (P)

Phosphorescence is a luminescent process where an excited molecule emits
light through a transition from the lowest energy triplet excited state (T1) to
the ground state (So) (T1 — So + ho). Therefore, unlike fluorescence, which
originates from the vibrational ground state of the lowest excited singlet level,
S1, phosphorescence will originate from the vibrational ground state of the
lowest excited triplet level, T, regardless of the initial excited level of the
molecule (Kasha's rule). Moreover, in contrast to fluorescence,

phosphorescent emission persists over an extended period after the excitation
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source is removed. This effect occurs since it involves a transition between
states with different spin multiplicities, making the electrons relatively stable
and resistant to rapid relaxation to the ground state. In other words, this
transition has a low chance of occurring because it is prohibited by the spin
rule. Therefore, the emission of light from this state is delayed, resulting in a
persistent glow. Giving this fact, to detect this emission, measurements
should be carried out under conditions of reduced temperature, within highly

viscous surroundings, or by attaching the substance to solid surfaces!!¢.

Ultimately, the more common non-radiative processes include vibrational

relaxation, internal conversion, and intersystem crossing.

Vibrational relaxation (VR)

Vibrational relaxation (VR) is a process in which an excited molecule
transfers energy from an excited vibrational level to a lower-energy
vibrational level within the same electronic state. This excess energy from the
excited state is gradually dissipated or transferred through collisions with
surrounding molecules, particularly solvent molecules, resulting in a nearly

negligible rise in the medium temperature! 6118,

Internal conversion (IC)

Internal conversion (IC) is a process in which an excited molecule transitions
from higher energy state to a lower electronic energy state without the
emission of a photon. Thus, it involves permitted transitions between two
electronic states of identical spin multiplicity. The efficiency of IC depends
on the energy difference between the initial and final states. If this energy
difference is small, internal conversion becomes a more probable pathway for

the relaxation of the excited molecule!'®!18:119,
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Intersystem crossing (ISC)

Intersystem crossing is a process in which an electronically excited molecule
transitions from one electronic spin state to another. Specifically, it involves
the crossing between electronic states with different spin multiplicities.
Therefore, ISC refers to prohibited transitions between two isoenergetic
vibrational levels of different spin multiplicities. The probability of ISC
depends on several factors, such as the strength of spin-orbit coupling and the
extent of overlap between the wavefunctions of the initial and final electronic
states. ISC is typically promoted by the presence of heavy atoms, including

elements like P or Br!!6-118.120,

1.7.2 Photochemical processes

Photochemistry is also referred as the branch of chemistry that focuses on the
study of light-induced chemical processes. These reactions initiate by the
absorption of light, typically in the UV or visible regions of the
electromagnetic spectrum. As stated above, when a compound absorbs
photons of specific energy, they can undergo changes in electronic
configurations, leading to intramolecular or/and intermolecular interactions,
and resulting in a variety of photochemical reactions. In this state, molecules

tend to create a novel structure through different processes:

- Photodissociation: AB + hy — A" + B”

- Photoinduced rearrangements, isomerization: A + hv — B
- Photoaddition: A + B +hv — AB

- Photosubstitution: A+ BC+hv — AB + C

- Photoredox reactions: A + B+hv — A~ +B*
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In brief, photosensitization refers to a process in which a chemical
transformation takes place in one compound, the substrate or target, due to
the initial electronic absorption of UV-visible radiation by the photosensitizer

in its ground state (Figure 12)'2!.

A A N4 Chemical reaction
< B>
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\4 \ IExc1tat10n Photoproduct
hl\
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Figure 12 | Photochemical reactions. Schematic representation of photoinduced chemical
reactions.

1.7.3 Singlet oxygen

As stated previously, the main photochemical product emerging from Type 11
photosensitized reactions is singlet oxygen (‘Ag, '0,). The photochemical
excitation of a molecule upon UV-visible light absorption leads to the
electronic transition from ground state to the excited singlet state (Si1). The
singlet excited state undergoes the process of ISC, where the electron
transitions from the excited singlet state to a lower-energy triplet state (T1).
The photosensitizer, now in the triplet state, can transfer its energy to ground

state molecular oxygen ((0.) to generate 'O, (Figure 13).
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Figure 13 | Type 11 photodynamic reaction. Photogeneration of singlet oxygen induced by
photosensitizer (PS). PSgs; PS excited singlet state and PSg;; PS excited triplet state. Figure
adapted from literature!?2.

Molecular oxygen is a diatomic homonuclear molecule that differs from other
homonuclear compounds because, in its ground state (°02), possesses an
open-shell electronic configuration with two unpaired electrons in different
molecular orbitals (Figure 14). Thus, molecular oxygen has a triplet
multiplicity compared to the more common singlet multiplicity found in most

natural compounds'?*.
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Figure 14 | Molecular orbital diagrams. Electron distribution in the molecular orbitals of
triplet and singlet oxygen. Figure adapted from literature!?.
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According to Wigner's spin selection rule, chemical reactions between O,
and singlet organics to generate new singlet molecules are prohibited.
Consequently, this triplet multiplicity is the primary reason why most
reactions between oxygen and organic substances, while energetically
favorable, do not occur at room temperature but require heating or the
presence of catalysts. This kinetic inhibition of reactions between organic
compounds and oxygen is a crucial factor that allows life to thrive in an

oxygen-rich atmosphere.

Nevertheless, the interaction of molecular oxygen in the ground state with
molecules electronically excited lead to the formation of 'O» through energy
transfer from triplet excited state. Regarding its electronic structure, 'O, is
distinguished by the arrangement of electrons within its two molecular
orbitals, where all electrons possess opposite spins, resulting in a total spin

value of zero (Figure 14).

Thermodynamically, the energy of the first excited state of molecular oxygen
(Ea) 1s around 94 kJ/mol, higher than the energy displayed by oxygen in the
ground state (63 kJ/mol). Thereby, luminescence decay originated from 'O
is detected at 1270 nm (!0, — 20, + ho). Through this method, it is possible
to definitively determine the decay rate constant (kqa) of 'O, or its reciprocal
value, the 'O, lifetime (ta), in different environments. This has unveiled the

significant influence of the medium on the kinetics of 'O decay!'?>!%,
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1.8 Background on TKIs photobehavior

1.8.1 Phototoxicity prediction based on chemical structure

The development of new targeted therapies is frequently intricate and
challenging. Indeed, the identification and approval of novel TKIs for the
clinical management of cancer disease is a long process with numerous
obstacles. Typically, the biggest burden pertains to the pharmacokinetics and
the toxicological profile (ADME/Tox) of these drugs. Thus, it is crucial to
predict, in preclinical studies, the biological availability and toxicity of new

drug candidates based on their physicochemical properties'?’.

Generally, the chemical structure of a compound dictates its physicochemical
characteristics, therefore, both its pharmacological and ADME/Tox profile.
In fact, drugs containing quinazoline, condensed benzene and pyrimidine
ring, in their structure can trigger skin conditions such as photodermatoses
(Figure 15)*"128, This was evident in the case of vandetanib, a multi-kinase
inhibitor with a quinazoline chromophore, which has been reported as
phototoxic in numerous studies, as indicated by clinical case reports’!-2.
Likewise, in prior studies, patients receiving lung cancer treatment with
erlotinib (in 45-100% of cases) or afatinib (in 81-100% of cases), both
belonging to the EGFR inhibitor quinazoline drug family, manifested

photosensitive disorders!?13°,
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Figure 15 | Chemical structures of photoreactive tyrosine kinase inhibitors (TKIs).
Quinazoline substructure is shown in violet.

With this background, several studies have been conducted with the
underlying hypothesis of a correlation between the quinazoline moiety and
photosensitizing characteristics of TKIs. Thus, our research group recently
conducted an assessment study on the photo(geno)toxic potential of lapatinib
(LAP), the first dual HER1 and HER2 inhibitor approved in 2007 for the
treatment of breast and lung cancer. Subsequently, a comprehensive analysis
of the photophysical properties wusing ultrafast spectroscopy and
computational studies was carried out and the data outcome was sufficient to

131-133

explain the photobehavior of LAP within human cells . Moreover,
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studies with LAP main metabolites, N-dealkylated (N-LAP) and O-
dealkylated (O-LAP), have also been conducted. Surprisingly, the original
drug LAP exhibited the highest activity in terms of membrane phototoxicity
and protein oxidation, whereas N-LAP was associated with the highest
photogenotoxicity through the oxidation of purine bases, as indicated by the
detection of 8-0xoG. Accordingly, it has been inferred that reactive
metabolites may be responsible for both direct and indirect toxicity targeting
the cell membrane (lipids and proteins) or DNA"!. Overall, this study has
illustrated that small changes in the drug molecule structure during
biotransformation can lead to modifications in the toxicity profile, influenced
by factors such as chemical reactivity, biological activity, and interactions

with cellular components.

Comparative structural correlations were also established in the case of
imatinib, a BCR-AbI inhibitor prescribed for chronic myeloid leukemia. In
this particular case, the anilino-pyrimidine substructure holds a close
resemblance to pyrimethanil, a photosensitive fungicide that generates
photoproducts upon irradiation, while the pyridyl-pyrimidine fragment is
expected to display photoreactivity, similar to biphenyl and its derivatives,
which are recognized for their well-defined singlet and triplet excited states
(Figure 15). However, the phototoxic potential was primarily attributed to the

pyridyl-pyrimidine segment and not to the drug itself!34.

In conclusion, the photobehavior of TKIs can be shared by different
photosensitizers with similar chemical structures. Small changes made during
the development of new TKIs for treating different tumor targets may result

in either enhancement or reduction of their phototoxic properties. This
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principle extends to chemicals arising from drug metabolism, which can also

exhibit different photobehavior upon UVA exposure.

1.8.2 Photodynamic therapy

Photodynamic therapy (PDT), a therapeutic procedure for managing various
malignant conditions, including skin cancer, involves the administration and
uptake of photosensitizers by tumor cells. Subsequent illumination with light
triggers photoactivation, generating ROS that induce oxidative damage to
diverse cellular targets. This process ultimately leads to the death of
cancerous cells through necrosis or apoptosis, resulting in the ablation of the

tumor.

In this context, TKIs have been used in combination with PDT as coadjuvants.
For instance, gefitinib and imatinib mesylate are recognized for their potent
inhibition of ABCG2, an ATP-binding cassette (ABC) transporter, also
known as breast cancer-resistant protein (BCRP). It has been reported that
ABCG2 is overexpressed in numerous cancer cells and facilitates the
transport of a diverse range of anti-cancer agents. By increasing intracellular
photosensitizer levels in ABCG2-positive tumors, gefitinib and imatinib
mesylate or other ABCG2 transport inhibitors can enhance efficacy and
selectivity of clinical PDT!3%!36, Moreover, the VEGFR inhibitor axitinib has
been proposed to modulate immunosuppression by fostering vascular
normalization and improving the hypoxic microenvironment within tumors.
Thus, axitinib is also believed to enhance the effectiveness of PDT

immunotherapy'®’.

Nevertheless, the direct use of TKIs as photosensitizers was only recently

suggested, in 2021, specifically with sunitinib. Despite its established clinical
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application as a TKI for renal cancer, sunitinib has also been revealed to

possess photosensitizing properties, which could be valuable for PDT!3%139,

Additionally, with an understanding of the implication of TKIs in ABCG2-
mediated drug resistance, a newly designed and synthesized chlorin e6-based
conjugate of dasatinib and imatinib has been proven to be a potent
photosensitizer. This conjugate exhibited significant phototoxicity in
comparison to talaporfin, a well-known photosensitizer approved for PDT in
clinical trials. It has demonstrated the ability to decrease the efflux of
intracellular photosensitizer by inhibiting ABCG2 in HepG2 cells. Moreover,
it localized in mitochondria, lysosomes, Golgi, and the endoplasmic
reticulum, resulting in a higher rate of cell apoptosis and increased ROS

production compared to talaporfin'*°.

In summary, drugs selected for PDT undergo careful selection based on their
capability to induce controlled photosensitizing reactions within targeted
cells during therapy. However, in a broader context, TKIs have demonstrated
to contribute to adverse photosensitivity reactions through similar
mechanisms in non-target tissues. This duality highlights the importance of
understanding the nuanced interactions of drugs with light, emphasizing the
need for precise mechanistical studies in order to maximize the therapeutic
benefits while minimizing unintended side effects of these drugs in clinical

settings.
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2.1 Significance of the study

The new class of targeted therapy introduced in recent decades, tyrosine
kinase inhibitors (TKIs), has significantly improved the quality of life and
survival rate of cancer patients. Moreover, the main dermatological adverse
events of TKIs include skin rash, hyperpigmentation and papulopustular
dermatitis. In this context, considering that lapatinib, showed significant
phototoxic potential after exposure to UV A light, it makes sense to investigate
the ability of the TKI family to induce photosensitivity reactions. To
successfully achieve this overarching goal, a multidisciplinary approach is
required, utilizing photophysical techniques combined with photobiological

experiments in solution and within skin cells.

The photobiological properties of drugs have received significant attention in
the last two decades, as a result of the growing awareness in the scientific
community (and also among the general population) of the risks associated
with exposure to solar radiation as a serious public health issue. Currently,
very little is known about photosensitization mediated by widely used TKIs
in cancer therapy, as well as the nature of the chemical processes involved.
Interestingly, the chemistry of photoinduced processes (energy and/or
electron transfer, hydrogen abstraction, ROS formation, etc.) occurring within
cells is largely unknown, despite its importance in understanding and
predicting photosensitivity reactions. Likewise, conclusive correlations
between the molecular aspects of these phenomena and their clinical
manifestations are still lacking. Therefore, from a clinical perspective, it is
important to identify photoinduced events associated with these targeted
therapies to reduce their incidence and to prevent treatment discontinuation

in cancer patients. Moreover, in numerous cases of photosensitivity reactions,
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discontinuing or replacing the photosensitizing drug may not be a feasible
therapeutic option. Therefore, the main approach considered a preventive
measure against adverse reactions, is protection from direct sunlight exposure

using photoprotection or sunscreens along with anticancer therapy.

2.2 Objectives

The general objective of this thesis is to investigate the photobehavior of
selected TKIs from two main standpoints. Firstly, the research will focus on
the photophysical characterization to discern the possible generation of
transient species with photosensitizing properties. This aspect aims to shed
light on the interactions and chemical processes that occur when these
inhibitors are exposed to UVA light. Secondly, the research will entail an in-
depth in vitro evaluation of the photo(geno)toxicity potential within cellular
milieu, with a specific emphasis on their impact on biomolecular components

as targets for free radicals and/or ROS.

The initial stage of the thesis will encompass a screening investigation into
the in vitro phototoxic profile displayed by a broad selection of TKIs chosen
for their capability to absorb light within the UVA region of the spectrum.
This study, assessed through the neutral red uptake (NRU) assay in
keratinocytes cells (HaCaT), is aimed at identifying and narrowing down the

list of drugs with the potential to induce in vitro phototoxic reactions.

Subsequently, the investigation will focus on the TKIs that have demonstrated
phototoxicity, with the aim of conducting a comprehensive assessment of
both their photophysical properties and photo(geno)toxic potential. The

approach taken in the study will be tailored to the specific clinical applications
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and unique characteristics of each selected drug, ensuring a multifaceted

analysis from distinct perspectives.

All in all, this comprehensive analysis seeks to unravel the potential effects

of these inhibitors when they encounter light in a biological context,

providing critical insights into their safety and efficacy in cancer therapy.

Precisely, the specific objectives established for each of the TKIs under

investigation are as follows:

1
2

To characterize the transient species generated upon UV A irradiation.
To examine the photostability of the compounds in steady state
following UVA irradiation and to investigate photoproducts
formation.

To evaluate the photo(geno)toxic potential of the compounds through
neutral red uptake (NRU) and alkaline comet assay.

To assess the phototoxicity of topical TKIs in 3D reconstructed human
epidermis.

To study in vitro photooxidative damage induced in the main cellular
targets such as lipids, proteins, and DNA.

To detect double strand DNA breaks (DSBs) through y-H2AX histone
phosphorylation.

To visualize DNA damage biomarkers by High-Resolution Expansion
Microscopy.

To establish the mechanism of cell death induced by oxidative stress

through in vitro enzymatic assays.
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3.1 Chemicals and reagents

All solvents and chemicals, commercially available at HPLC grade, were
used without extra purification. Chlorpromazine hydrochloride (CPZ; CAS
69-09-0), sodium dodecyl sulfate (SDS; CAS 151-21-3), brigatinib (BRG;
CAS 1197953-54-0), sunitinib (SUN; CAS 557795-19-4), anthracene (ANT;
CAS 120-112-7), (S)-(+)-ketoprofen (KP; CAS 22161-81-5), guanidine
hydrochloride (CAS 50-01-1), 2-amino-2-hydroxymethyl-propane-1,3-diol
(Tris; CAS 77-86-1), Triton™ X-100 (CAS 9036-19-5), calf thymus DNA
(ctDNA; CAS 91080-16-9), guanosine (Guo; CAS 118-00-3), 3-methylindole
(CAS; 83-34-1), linoleic acid (LA; CAS 60-33-3), 1H-phenalen-1-one (PN;
CAS 548-39-0), (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide) (MTT ) and trypan blue (CAS 72-57-1) were retrieved from Sigma-
Aldrich (Madrid, Spain). Gefitinib hydrochloride (GFT; CAS 184475-55-6)
was purchased from MedChemExpress (New Jersey, U.S.). 4-Defluoro-4-
hydroxy gefitinib (DF-GFT; CAS 847949-50-2) and O-demorpholinopropyl
gefitinib (DMOR-GFT; CAS 184475-71-6) were acquired from Santa Cruz
Biotechnology (Dallas, U.S.). O-demethyl gefitinib (DMT-GFT; CAS
847949-49-9) was obtained from Toronto Research Chemicals (North York,
Canada). Dasatinib (DAS; 302962-49-8), sorafenib (SOR; CAS 284461-73-
0), afatinib (AFT; CAS 439081-18-2), nilotinib (NLT; CAS 641571-10-0)
and axitinib (AXT; CAS 319460-85-0) were provided by TargetMol (Boston,
U.S.). (£)-axitinib isomer was purchased from Alsachim (Graffenstaden,
France). 1,4-Dihydro-1,2-dimethylbenzoic acid (DMBA) was produced from

a Birch reduction synthesis'*!.

Dulbecco’s Modified Eagle Medium (DMEM, low glucose with pyruvate and
glutamine), Dulbecco’s Modified Eagle Medium (DMEM, low glucose with
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pyruvate and without glutamine and phenol red), penicillin-streptomycin
(1.0 - 10° U/mL, 1.0 - 10° ug/mL) and ethylenediaminetetraacetic acid
(EDTA) were supplied by Honeywell Fluka (North Carolina, U.S.).
GlutaMAX™ and gentamicin were obtained from Gibco (New York, U.S.).
Fetal bovine serum (FBS) and Trypsin—-EDTA (0.25-0.02%) were provided
by Cultek (Madrid, Spain). Phosphate buffered saline solution (PBS, pH 7.4),
human serum albumin fatty acid free (HSA), polyoxyethylenesorbitan
monolaurate (TWEEN 20) were purchased from Sigma-Aldrich (Madrid,
Spain).

3.2 Experimental procedures

3.2.1 Spectrophotometric techniques

Absorption spectroscopy

Absorption spectra were recorded in a JASCO V-760 (Tokyo, Japan)
spectrophotometer. It consists of a white light source, a combination of a
deuterium arc lamp for the UV range and a tungsten halogen lamp for the
visible range, or a single xenon arc lamp covering the entire spectrum. Next,
an excitation monochromator selects the light wavelength directed at the
sample. The light is transmitted through the sample and the intensity of the

transmitted or reflected light is measured using a detector (Figure 16)!42144,
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Figure 16 | Absorption spectrophotometry. Schematic representation of the light pathway
and the main spectrophotometer components. Figure adapted from reference'*.
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All the measurements were conducted at room temperature, employing 1 cm
Suprasil quartz cells (Hellma Analytics, Miillheim, Germany) with a volume

capacity of 3.5 mL.

Fluorescence spectroscopy

The acquisition of fluorescence spectra was achieved using a JASCO FP-
8500 spectrofluorometer (Tokyo, Japan), an optical system consisting of two
concave grafting monochromators for excitation and emission, featuring a
150W Xenon lamp as the light source. The excitation monochromator is
adjusted to a known absorption wavelength of the sample, while the emission
monochromator scans through the desired emission range. The measurement
range, conducted at room temperature, spans from 200 to 750 nm. Thus, the
fluorescence intensity is then recorded on the detector as a function of
emission wavelength (Figure 17)'%2,
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Figure 17 | Fluorescence spectrophotometry. Schematic representation of the light
pathway and the main spectrofluorometer components. Figure adapted from reference'#.

The calculation of singlet state energy (Es) is carried out through the Planck
equation (Equation 2), which incorporates Avogadro's number (Na). Here, A

represents the wavelength of emission-excitation (expressed in meters). This
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wavelength is calculated based on the intersection between the normalized
fluorescence emission and excitation spectra.

LI
A

A

Equation 2 | Planck equation. h is the Planck constant (6.626 - 1034 J/s), ¢ is the speed of
light (3 - 10® m/s), N is Avogadro's number, and A is the intersection wavelength of
emission-excitation spectra (expressed in meters).

To determine the fluorescence emission quantum yield (®r) in steady state,
the analysis was performed comparing the area under the emission curve
between the drug and anthracene (Aexe: 320 nm) (Equation 3). Anthracene was
selected as the fluorescence standard, which possesses a quantum yield (®r)
ca. 0.27 in EtOH'. For all measurements, isoabsorptive samples with an

absorbance at 320 nm approximately equal to 0.2 were utilized.

Equation 3 | Fluorescence quantum yield. @, represents the quantum yield of the reference.
A; and A; denote the absorbance values of the reference and the sample, respectively. I; and
I; correspond to the area under the fluorescence spectrum curve for the sample and the
reference, respectively. n; and n, represent the refractive index values of the sample and
reference solvents, respectively.

To determine the fluorescence lifetime (tr), emission decays were recorded
using a time-resolved fluorescence system. The EasyLife™ X system, from
Horiba Scientific (Kyoto, Japan), is a lifetime fluorescence spectrometer with
pulsed nanosecond LEDs capable to register emission wavelengths from UV
to NIR (200-670 nm). The excitation range is available from 280 to 670 nm,
and the optical pulse width is typically around 1.5 ns.
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Phosphorescence spectroscopy

The phosphorescence emission spectrum was acquired utilizing an Edinburgh
Instruments spectrofluorometer FS5, which was furnished with a 150 W
continuous-wave ozone-free xenon arc lamp and an SC-70 module featuring
a liquid nitrogen EPR Dewar. The sample was introduced into a quartz tube
with a diameter of 5 mm and subjected to cooling with liquid nitrogen (77 K)
for precise temperature control during the experiment. From the
phosphorescence emission spectrum, the calculation of the excited triplet
state energy (Er) is analogous to that of the singlet state, i.e., using the Planck
equation (Equation 2), with the exception that in this case, the wavelength to
be substituted corresponds to the point where the spectrum reaches 15%

intensity.

Laser flash photolysis

Laser flash photolysis (LFP) experiments were conducted employing a pulsed
Nd:YAG L52137 V LOTIS TII laser operating at 355 nm for excitation (Sp
Lotis Tii, Minsk, Belarus). The LFP setup comprised a pulsed laser with a
duration of approximately 10 ns each pulse, and an energy output of roughly
12 mJ per pulse. The detecting light source used was a pulsed Lo255 Oriel
Xenon lamp (Newport, Irvine, CA, US.). The LFP system also incorporated
a 77,200 Oriel monochromator, a photomultiplier (Oriel, model 70705PMT)
system, and a TDS-640A Tektronix oscilloscope (Betashire, UK).
Additionally, a customized Luzchem Research LFP-111 system was used to
collect and transfer the output signal from the oscilloscope to a personal

computer for data processing (Figure 18).
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Detector

Lamp  Shutter

Computer

Figure 18 | Laser flash photolysis (LFP). Schematic representation of LFP components and
laser/light pathways.

The measurements were carried out in deareated atmosphere, which was
achieved by nitrogen bubbling for 15 min. The sample absorbance was
adjusted to around 0.30 at 355 nm, and the rate constant for triplet excited
state quenching (kq) was determined using the Stern—Volmer equation

(Equation 4).

I 1

. +kq [quencher]
0

Equation 4 | Stern-Volmer relationship. t and 1o are the lifetime of transient species with
and without quencher, respectively.

The detection of singlet oxygen (O, !Ag) species was achieved by measuring
near-infrared emissions using the previously mentioned LFP equipment. Each
pulse had a single energy of 15 mJ, and the laser was set at 355 nm. The
emission of the produced 'O, was registered at 1275 nm using a Hamamatsu
NIR emission detector, which was cooled to -62.8 °C and run at 800 V. This
detector was paired with a grafting monochromator. The absorbance of the
samples was adjusted to roughly 0.55 at 355 nm, and decay traces were

recorded in an aerated atmosphere. The singlet oxygen quantum yield (®a)
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was determined using Equation 5. As a standard, ketoprofen (KP) was
employed, which has a @4 of about 0.39 in MeCN'®. All transient absorption

experiments were performed at room temperature in 1 cm quartz cells.

i KP g I; n
(DZ::q) X —KP _l_><_§@§2i
A

0 Ixp nj

Equation 5 | Singlet oxygen quantum yield. @7 is the quantum yield of the reference (KP).
a; and akp are the corrected absorbance factors (a = 1-104, A: absorbance at A: 355 nm) of
the sample and KP, respectively. I;and Ixp represent the maximum emission intensity of the
drug and KP, respectively. nmecn and n; the refractive index of acetonitrile and the sample
solvent, respectively.

3.2.2 Irradiation equipment

A Luzchem multi-lamp LCZ-4 photoreactor, equipped with six top and eight
side Hitachi lamps (with a maximum wavelength at 350 nm and a Gaussian
distribution; Luzchem, Canada, U.S.), served as the irradiation source for all
experiments. These lamps primarily emit 94% UVA radiation and 2% UVB
radiation. In photostability studies of drugs in solution, the irradiation was
carried out in 1 cm quartz cells with 3.5 mL capacity. In cellular experiments,
irradiation occurred through the transparent plate lids, which exhibit minimal
absorption beyond 310 nm, thereby reducing the potential direct influence of
UVB radiation on the cell cultures. To prevent overheating, the plates were
placed on ice during the irradiation period. The irradiation dose was

calculated following the Equation 6.

Time (min)- Irradiance (mW/cm?) - 60
1000

Dose (J/cmz):

Equation 6 | UVA irradiation dose. Irradiance is calculated by multiplying Luzchem UVA
sensor reading (Lux) by the calibration factor provided by the supplier.
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3.2.3 Cell culture conditions

Human keratinocyte cells (HaCaT) and human skin fibroblast cell lines
(FSK), both from CLS (Eppelheim, Germany), were cultured using DMEM
medium supplemented with 10% (v/v) FBS, 4 mM L-glutamine, and
penicillin/streptomycin (100 U/mL and 100 pg/mL). Bj-hTERT fibroblasts,
provided by Rocha Lab (KU Leuven, Belgium), were cultured in phenol red-
free DMEM supplemented with 10% (v/v) FBS, 50 pg/mL gentamicin and
1% glutamax. The cells were cultured in 75 cm? plastic flasks at 37°C in CO;
incubator (100% relative humidity, 5% CO;) and routinely split at 90%
confluence. Finally cell viability was ensured through trypan blue exclusion

assay'?’.

3.2.4 Microscopic techniques

Drug colocalization by confocal microscopy

Keratinocytes (HaCaT) were cultured on sterile circular glass coverslips in
24-well plates at a density of 2.5 - 10* cells per well. Following 24 h of
incubation, DMEM medium was replaced with 1 mL of fresh medium
containing drugs. Subsequently, the cells were stained with CellMask™
Orange Plasma membrane (Invitrogen, Madrid, Spain) and RedDot™ Far-
Red nuclear (Biotium, California, U.S.) stains, each at dilutions of 1:10,000
and 1:200, respectively. Cells treated with the compounds were further
incubated for 1 h, while CellMask™ Orange Plasma membrane and
RedDot™ Far-Red nuclear stains were incubated at 37°C for 30 and 10 min,
respectively. Following incubation, the coverslips were washed three times
for 5 min with PBS and then mounted onto glass slides using a mowiol
solution. Cell imaging was performed using a Leica SP5 (Leica

Mycrosystems, Wetzlar, Germany) confocal microscope in sequential mode.
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The excitation wavelengths were set at 543 and 662 nm for CellMask™
Orange Plasma membrane and RedDot™ Far-Red nuclear stains,
respectively. The maximum emission wavelengths were 567, and 694 nm for

the plasma membrane, and nuclear stains, respectively.

The Leica SP5 confocal microscope is provided with a laser system
containing a blue 405 nm laser diode, argon laser (458, 476, 488, 496, 514
nm), DPSS 561 nm laser, and helium-neon laser (594, 633 nm). It features
four internal detection channels with adjustable bandwidth and wavelength,

as well as an external transmitted light detector for brightfield imaging.

Expansion microscopy

Optical microscopy has always confronted certain limitations when it comes
to resolution. Until recently Boyden and colleagues'*® presented a super-
resolution imaging method, called expansion microscopy (ExM) (Figure 19).
This approach involves physically expanding fixed specimens, enabling the
visualization of features closer than the diffraction limit of light (~250 nm)
in the expanded sample. In contrast to other super-resolution techniques that
require specialized instrumentation, ExXM can be seamlessly employed with
standard microscopes, such as widefield and confocal microscopes.
Chemically, this process can isotropically magnify biomolecules through the
synthesis of a compact cross-linked structure of expandable polyelectrolyte

hydrogel within the specimen!#*-1>!,

For this purpose, Bj-hTERT fibroblast cells were cultured on coverslips in
two 6-well plates with 3.0 - 10° cells per well and incubated overnight at 37°C.
On the following day, the cells were treated with the compounds. One of the

plates was exposed to UVA light (5 J/cm?), while the other plate was kept in
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dark conditions. Next day, samples were fixed for 10 min in 4%
paraformaldehyde (PFA) in PBS solution. Then, PFA activity was quenched
by incubating the specimen in 100 mM NH4Cl in PBS for 10 min. After cells
were washed three times with PBS, immunostaining was performed in order
to detect y-H2AX histone accumulation in the cellular nucleus (see section

3.2.8).

After completing the immunostaining, the samples were visualized before
expansion using a confocal microscope. A slide with a central hole was used
for this purpose. To prepare the slide, 50 uL of PBS was added directly to the
hole, and the coverslips containing the specimens were inverted over the hole.
Subsequently, the coverslips were sealed with photoglue and left drying for

10 min.

Following the imaging step, the samples were returned to the plates, and
Acryloyl-X SE (AcX), provided by Invitrogen (Merelbeke, Belgium) was
incorporated to facilitate the covalent anchoring of proteins to the swellable
gel. Thus, 0.1 mg/mL solution of AcX was added to each sample and

incubated overnight at room temperature.

Next day, coverslips were washed twice for 15 min with PBS. Then, the active
monomer solution containing 188 pL bisacrylamide gelation stock, 4 pL
Temed 10%, 4 uLL APS 10%, 2 uL 4-Hydroxy-TEMPO 0.5% and 2 pL Milli-
Q water was prepared on ice. Bisacrylamide gelation stock was previously

prepared following the next formulation:

- Sodium acrylate 8.6 g/100 mL
- Acrylamide 2.5 g/mL
- N,N'-methylenebisacrylamide 0.15 g/mL
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- NaCl2M
- PBS Ix
- Milli-Q water (g.s. to 100 mL)

Subsequently, coverslips, previously treated with SigmaCote, were coated
with 80 pL of the activated monomer solution, and the specimens were
carefully positioned upside down in the center of the coverslip, securing the
sample with two spacer slides and binder clips. Since the gelation process
involves free-radical polymerization, the chambers were placed inside a
container and purged for 2 min with nitrogen gas to remove oxygen. Lastly,

the containers were incubated for 2 h at 37°C.

After gelation, the spacer slides were removed, and the gel obtained was cut
into an asymmetric shape. Then, coverslips containing the gel were
transferred back to the wells. Next, samples were digested, overnight, with
Proteinase K (8 U/mL) in digestion buffer. The digestion solution was

prepared as follows:

- Tris buffer 0.05 M

- EDTA1mM

- Triton X-100 0.5%

- Guanidine HCI1 0.8%

- Milli-Q water (q.s. to 50 mL)

On the subsequent day, the gels were washed twice with PBS for 15 min.
Following this, the gels were expanded through five 10-min incubations with
Milli-Q water. Subsequently, the expanded gels were transferred to glass
bottom imaging plates that were previously treated with poly-L-lysine to

stabilize the gels and prevent them from shrinking. Finally, the expanded gels
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were examined using the confocal microscope, and the expansion factor was

estimated as the ratio between the nucleus size before and after expansion.

All reagents mentioned in these methods (besides AcX) were provided by

Sigma-Aldrich (Overijse, Belgium).

o‘
o‘

Polimerization

Expansion

O  Biomolecule of interest
¢ Gel anchoring agent (AcX)

Expandable gel matrix

Figure 19 | Expansion microscopy. Key steps in high-resolution expansion microscopy
technique.

3.2.5 Phototoxicity

Neutral red uptake (NRU) assay

The neutral red uptake (NRU) phototoxicity test was conducted to assess the
viability of keratinocyte cells (HaCaT) when exposed to both TKIs and UVA

light simultaneously. In a monolayer culturing method, NRU test was
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conducted following OECD Guideline 432'2, with some minor

adjustments!>?

. Although the NRU assay was initially standardized in
BALB/c 3T3 mouse fibroblasts according to these guidelines, it has been
shown that HaCaT cells are a more suitable choice as they better represent

the skin environment'**.

Moreover, chlorpromazine (CPZ) and sodium dodecyl sulfate (SDS) were
used as the positive and negative phototoxic controls, respectively. CPZ is a
well-known antipsychotic drug with established phototoxic properties!*,
whereas SDS is a compound that lacks a chromophore in its structure and, as

a result, does not absorb light.

In summary, for each compound, two 96-well plates were seeded with 2.0 -
10* cells per well. The following day, HaCaT cells, in fresh DMEM medium
without phenol red, were exposed to the test compounds at eight increasing
concentrations. Additional plates were treated with CPZ (ranging from 1.57
to 500 uM) and SDS (ranging from 3.13 to 1000 uM). All plates were
incubated in the dark for 1 h at 37°C. Subsequently, one plate for each sample
was exposed to a non-cytotoxic dose of 5 J/cm?> UVA while the other
remained in a dark box. Afterward, the drug solutions were replaced with

fresh DMEM medium, and the plates were further incubated overnight.

The next day, a solution of neutral red (50 pg/mL) was added to the wells and
incubated for 2 h at 37°C. The cells were then washed with PBS, and the
neutral red was extracted from lysosomes using an extraction buffer
composed of distilled water 50% (v/v), EtOH 49.5% (v/v), and acetic acid
0.5% (v/v). Finally, the absorbance of the plates was measured at 550 nm

using a Synergy HI microplate reader (BioTek, Vermont, U.S.). For each
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compound, dose-response curves were obtained to determine the
concentration at which neutral red uptake was reduced by 50% (IC50) under
both dark and UVA light conditions. Subsequently, photoirritant factor (PIF)
values were calculated using the Equation 7.

1C50 (Dark)

PIF=
IC50 (UVA Light)

Equation 7 | Photoirritant factor (PIF). In accordance with OECD Guideline 432'%2, a
substance is classified as "nonphototoxic" if PIF is less than 2, "probably phototoxic" if PIF
falls between 2 and 5, and "phototoxic" if PIF is greater than 5.

Reconstructed human epidermis (RhE) phototoxicity test

The assessment of topical drug phototoxicity requires the utilization of a
biologically relevant model that better reflects the clinical context of
treatment. Thus, evaluating phototoxicity in reconstructed human epidermis
(RhE) introduces additional complexities with the aim to mimic the
architecture and physiology of human skin, making it more relevant for
assessing topical drug safety. An illustrative example is dasatinib (DAS), a
promising TKI candidate for the topical treatment of skin carcinoma'>® and

other skin inflammatory processes'>”:!8,

Topical dasatinib formulation

DAS 0.45% cream was selected as the test substance through the formulation
of an oil-in-water (O/W) emulsion. DAS emulsion was meticulously prepared
following the guidelines of the Spanish Pharmacopeia and the National
Formulary'*®. O/W emulsion was prepared using decyl oleate, glycerol
monostearate 40-55, propyleneglycol, all three from Guinama (Valencia,
Spain), and Ceteareth-12 from PCC Group (Brzeg Dolny, Poland). This

emulsion belongs to the class of non-ionic O/W emulsions, with the drug
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being incorporated into the inner oil phase due to its lipophilic nature.
Simultaneously, a formulation combining DAS with bemotrizinol (Tinosorb
S) (TCI, Zwijndrecht, Belgium), known for its broad-spectrum UV-filter
properties, was also prepared. Through a similar procedure, Tinosorb S was
integrated into the oil phase of the O/W emulsion at a concentration of 3%.
Both of these formulations were applied topically onto the tissue inserts,
ensuring complete coverage of the surface. Furthermore, to prevent any
interference with the UV A light due to the opacity of the cream samples, any
residual material remaining on the emulsion surface was removed shortly

before the irradiation process.

MTT assay on RhE

The EpiDerm System (MatTek Life Sciences, Bratislava, Slovakia)
comprises human-derived epidermal keratinocytes that establish a
sophisticated, multi-layered, and extensively differentiated representation of
the human epidermis. This model consists of meticulously structured basal,
spinous, and granular layers, alongside a multi-layered stratum corneum.
Within the stratum corneum, intercellular lamellar lipid layers are arranged in
a manner that closely mimics the patterns observed in living tissues. These
elements are formed, through several cultivation steps, within a cell culture
insert (Milicells, 10 mm), providing a faithful replication of the skin natural

structure.

Upon receipt, the RhE tissue samples were placed in 6-well plates with assay
medium and incubated for 1 h at 37°C under conditions of 100% relative
humidity and 5% CO». After this equilibration period, the assay medium was

replaced with fresh medium, and the plates were left to incubate overnight,
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following the guidelines provided by the supplier. Next day, the test materials
were administered to the epidermal surface. Chlorpromazine (CPZ) was
employed as the positive control for phototoxicity, while the vehicle (EtOH)

served as the negative control.

Subsequently, CPZ, as a water-soluble substance, was incorporated in a
volume of 50 uL, whereas DAS in both EtOH (10 mM) and O/W emulsion
(0.45%) was added in a volume of 25 pL. Tissues were incubated for another
24 h (100% relative humidity, 5% CO3) at 37°C to allow the compounds to
penetrate through the epidermis layers. Then, one set of tissues was exposed
to 7 J/em?> UVA and the other set was kept in the dark for the same period.
Culture inserts were then rinsed with DPBS buffered solution until the drugs
were completely removed. Afterward, tissues were transferred to new 6-well
plates with fresh medium and incubated overnight. Next day, assay medium
was replaced by MTT solution (1 mg/mL), and inserts were incubated for 3 h
in the same conditions. After the incubation is complete, the formazan was
extracted with isopropanol for at least 2 h at room temperature, then small
aliquots of the final solution were transferred to a 96-well plate. The optical
density of the blue formazan was determined at 540/570 nm using
isopropanol as a blank. The cell viability for each tissue was determined as
the percentage of the corresponding vehicle control (EtOH). Mean values
were obtained and then the results of irradiated or non-irradiated samples
were compared. In accordance with the OECD guidelines'®’, a substance is
anticipated to exhibit phototoxicity if tissues treated with one or more test
concentrations and subsequently subjected to irradiation display a reduction
in relative viability of at least 30% when compared with the relative viability

values of those same concentrations in the absence of irradiation.
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Histological analysis of RhE

To confirm the phototoxic effects induced by DAS in response to UVA
radiation, a histological examination of the RhE tissues was conducted. Thus,
epidermal tissues were meticulously preserved by immersing them in a 10%
formalin solution at room temperature for an overnight period. Subsequently,
the tissues underwent a gradual dehydration process through an EtOH
gradient before reaching the state of vitrification achieved by xylene.
Following these preparatory steps, the tissue membranes were carefully
encased in paraffin wax, and from this wax block, sections measuring 5 pum
in thickness were precisely cut using a Leica rotary microtome (RM2235,
Wetzlar, Germany). These sections were then subjected to staining with
hematoxylin and eosin (H&E; Sigma-Aldrich, Madrid, Spain), after which
they were securely mounted on glass slides and subjected to visualization
under light microscopy, Leica DMDI08 optical microscope (Wetzlar,
Germany). This thorough histological process allowed for detailed inspection
and analysis of the tissue samples aiming to determine the pathological

impact of DAS induced photodamage.

3.2.6 Lipid photoperoxidation

Determination of thiobarbituric acid reactive substances (TBARS)

Various techniques have been established for assessing lipid
photoperoxidation. The thiobarbituric acid reactive species (TBARS) method
is the most common approach for monitoring lipid peroxidation regardless of
the sample nature (solution, cell extract). This technique was conducted,
using linoleic acid (LA) as a model, in accordance with previously established

rocedures!'®! and, with minor adaptations as described in prior research 6.
9
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In this assay, a solution of LA at a concentration of 1 mM in a 20 mM PBS
solution (pH = 7.4) containing 0.05% Tween 20 was prepared. Subsequently,
this solution was subjected to irradiation (15 J/cm?) in the presence of the
compound. Ketoprofen (KP) at a concentration of 200 uM was employed as
a positive control, as previously outlined!¢!. Both irradiated and non-
irradiated samples were processed using the TBARS assay (Scheme 3).
Therefore, 4 mM TBA (Sigma-Aldrich, Madrid, Spain) and a 10 uL BHT
(Sigma-Aldrich, Madrid, Spain) solution in glacial acetic acid were added to
each sample (500 pL). The samples were then heated at 95°C for 60 min.
After allowing them to cool for 10 min, the absorbance of the samples was
measured at 532 nm to determine the TBARS levels. Additionally, a standard
curve for 1,1,3,3-tetracthoxypropane (TEP) (Sigma-Aldrich, Madrid, Spain)
was used to calculate the total amount of malondialdehyde (MDA) produced.

H H H
SYN O SYN (0] O, N\?S
+
HN)(T/ OMO > HN NS NH
AN
(0] (0]

Thiobarbituric Malondialdehyde MDA-TBA,
acid (MDA)

Scheme 3 | TBARS method. Formation of MDA-based chromogen during TBARS assay.

Assessment of lipid photoperoxidation using C11-Bodipy as a sensor

The extent of lipid peroxidation can also be determined using lipophilic
fluorescent probes as an alternative to the detection of peroxidation products.
In this case, the evaluation of lipid photoperoxidation was performed using
Image-iT® Peroxidation kit (Invitrogen, Madrid, Spain). This kit contains a
C11-Bodipy>*"**! sensor, 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-

3a,4a-diaza-s-indacene-3-undecanoic acid, which serves as a molecular probe
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for evaluating lipid peroxidation within living cells. This probe undergoes a

fluorescence shift from red to green when oxidized (Figure 20)%7:163,
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Figure 20 | Lipid peroxidation assay probe C11-Bodipy. Fluorescence emission shift of
C11-Bodipy upon lipid peroxidation. Inset: conversion of Cl1-Bodipy to its oxidized
products induced by lipid peroxidation. LOOH: lipid hydroperoxides.

To conduct this assessment, human skin fibroblast cells (FSK) were seeded
in two 12-well plates at a density of 6.0 - 10* cells per well. The following
day, the cells were treated with drug solutions and incubated for 30 min in
darkness. Subsequently, one plate was irradiated (5 J/cm?), while the other
was maintained in the dark as a negative control. The cells were then labeled
with the lipid peroxidation sensor C11 Bodipy>">*! (10 uM) for 30 min at
37°C. Finally, the cultures were observed using a Leica DMI 4000B
fluorescence microscope (Wetzlar, Germany) in sequential mode to detect
both the non-oxidized form (red fluorescence, Aexc: 535 nm) and the oxidized

form (green fluorescence, Aexc: 490 nm) of the probe. To quantify the degree
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of lipid peroxidation in each condition, the fluorescence intensity ratio (FIR)
was calculated according to Equation 8, utilizing the Image-J software image

analyzer (NIH).

I red fluorescence

I green fluorescence

Equation 8 | Quantification of lipid peroxidation. Fluorescence intensity ratio between red
fluorescence (Aexc: 535 nm) and green fluorescence (Aexc: 490 nm).

3.2.7 Protein photooxidation

The evaluation of protein oxidation induced by TKIs upon photoirradiation
was conducted using human serum albumin (HSA) as a model, employing a
method similar to that previously described!®*. The DNPH (24-
dinitrophenylhydrazine) carbonylation method consists of a derivatization of
DNPH with carbonyl moieties generated upon the irradiation of proteins in
the presence of photosensitizing agent. The interaction between DNPH and
the carbonyl compound leads to the generation of hydrazone adducts (Scheme
4). These hydrazones are stable structures with an absorption spectrum
characterized by a maximum within the range of 365 to 375 nm, which allows

for their effective detection and quantification using spectrophotometry.

R
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2,4-DNPH Protein Carbonyls Hydrazone (DNPH adducts)

Scheme 4 | DNPH derivatization. Reaction of derivatization of protein carbonyl compounds
with 2,4-dinitrophenylhydrazine (DNPH).
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In brief, solutions of HSA at a concentration of 5 mg/mL in PBS were
subjected to treatment with varying concentrations of the compounds at room
temperature for 1 h. After this incubation, the samples were either exposed to
UVA irradiation with doses ranging from 5 to 15 J/cm? or maintained in the
dark for use as a control. Following irradiation, the degree of HSA oxidation
was determined by means of spectrophotometry, measuring the absorbance at
375 nm, and the results were expressed in terms of nmol of carbonyl moiety

per mg of protein according to Equation 9.

A SmM
Cors/e™) 10

Carbonyl content (nmol/mg protein) =

Equation 9 | Quantification of carbonyl content. Aj;s represents the absorbance of the
sample at 375 nm, €™ is the adjusted millimolar extinction coefficient (6.364), and P the
amount of protein from standard well.

3.2.8 Photogenotoxicity

Alkaline comet assay

The single cell gel electrophoresis, commonly known as comet assay, was
initially presented in 1984 by Ostling and Johanson'%’ as a method to quantify
DNA strand breaks leading to DNA supercoil relaxation. Typically, comet
assay was used to detect double-stranded DNA breaks (DSBs) through
electrophoresis under neutral conditions and is especially sensitive to large
DNA fragments. Later, in 1988, a modified approach was introduced,
incorporating alkaline conditions, which is more sensitive to detecting smaller
amounts of DNA damage, including both single-stranded breaks (SSBs) and
DSBs'%. The fundamental idea behind this method was to integrate DNA gel
electrophoresis with fluorescence microscopy, enabling the observation of

DNA strand migration from individual cells embedded in agarose.
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In this context, alkaline comet assay was conducted, as previously
described'?"17 to detect both SSBs and DSBs, and alkaline-labile sites
(ALS) in nuclear DNA. In brief, HaCaT cells were subjected to trypsinization,
resuspended in cold PBS, and allowed to stand for 2 h at 4°C to facilitate the
repair of any damage generated during trypsin detachment. Subsequently, two
24-well plates were seeded with cells at a density of 5.0 - 10* cells per well
and treated with the compound solution for 30 min at 4°C in the absence of
light. In this assay, CPZ (5 uM) was employed as the photogenotoxic
reference compound. After the incubation, one plate was exposed to
irradiation in the photoreactor (2-5 J/cm?), while the other plate was
maintained in the dark to serve as a negative control. Following irradiation,
cells from both the irradiated and non-irradiated plates were collected.
Subsequently, 100 pL of each sample was mixed with 100 uL of a 1% low
melting point agarose solution, and the mixtures were deposited as single
drops (1.0 - 10* cells/gel) onto slides pretreated with Trevigen® (R&D
Systems, Minnesota, U.S.) to allow gelation. The slides were immediately
placed in a container filled with a lysis buffer (containing 2.5 M NaCl, 0.1 M
NaEDTA, 0.01 M Tris, and 1% Triton X-100) and incubated at 4°C

overnight.

Additionally, DNA damage repair experiments were performed aiming to
promote intrinsic cellular DNA repair mechanisms. Hence, slides were kept
in DMEM medium at 37°C for 6 or 18 h and subsequently lysed as described
earlier. The following day, all slides were transferred to a Trevigen® comet
assay electrophoresis tank and submerged in cold alkaline buffer (0.2 M
NaOH, 1 mM EDTA, pH > 13), and afterward, electrophoresis, 21 V (1

V/em), was carried out for 30 min at 4°C. After completing the

86



CHAPTER 3 | Materials and Methods

electrophoresis, the slides were washed twice with PBS for 5 min. Then, DNA
was fixed through two consecutive incubations in 70 and 100% EtOH
solutions. Following this, DNA was stained with SYBR Gold® (Invitrogen,
Madrid, Spain), previously diluted 1:10,000 in TE buffer (Tris-HCI 10 mM
pH 7.5, EDTA 1 mM), for 30 min at 4°C in the absence of light. Lastly,
washed slides were air-dried and stored in darkness. Comet nucleoids and
tails were visualized using a Leica DMI 4000B fluorescence microscope
(Aexe: 490 nm). A minimum of 100 cells per sample were analyzed to
determine DNA damage. The percentage of DNA damage in each sample was
calculated by visually scoring at least 100 DNA comets, following the
Equation 10:

6

DNA damage (%) = ==

n° comet class, - n

6

Equation 10 | Quantification of DNA damage by comet assay. Class 0 (Clp) comets
indicate comets with no DNA damage and class 6 comets indicate comets with maximum
DNA damage.

v-H2AX photoinduced phosphorylation assay

As an alternative to the comet assay, photosensitized DNA damage can also
be assessed using a highly specific and sensitive molecular marker known as
v-H2AX histone. This marker becomes phosphorylated in response to the
induction of DNA double-strand breaks as an early cellular response!6%1¢,
Therefore, the monitorization of this biomarker will improve the
identification of TKIs with potential to induce DNA photodamage. For this

purpose, immunostaining was conducted using Bj-hTERT fibroblasts.

In brief, fibroblasts subjected to drug treatment and irradiation were

permeabilized with a 0.2% Triton X-100 solution in PBS for 15 min, followed
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by three consecutive 5-min PBS washes. Subsequently, the samples were
blocked for 15 min using a 10% goat serum solution, containing 0.1% Tween-

20, as a blocking buffer.

Following the blocking step, coverslips were incubated overnight at 4°C with
the primary antibody, rabbit anti-H2AX-ser139 (1 pg/mL, Abcam,
Amsterdam, Netherlands). The next day, the samples were rinsed with PBS
and incubated for 1 h at room temperature with the secondary antibody, goat
anti-rabbit [gG-Alexa Fluor 488 1:500 (Invitrogen, Merelbeke, Belgium).
After a thorough PBS wash, the primary antibody mouse anti-o-tubulin (2
pg/mL) was added and incubated for 1 h at room temperature. Afterwards,
samples, which were previously washed with PBS, were incubated for 1 h at
room temperature with the secondary antibody, goat anti-mouse IgG 1:50
modified and labelled with Rhodamine red (a kind gift from the Hotkens Lab,
KU Leuven, Belgium). Additionally, washed samples were stained with DNA
marker, DAPI 1pg/mL (Sigma-Aldrich, Overijse, Belgium), and incubated
for 5 min. Finally, the immunostained specimens were observed using the
confocal microscope in sequential mode, with excitation lasers at 405, 488

and 638 nm for nucleus, y-H2AX, and a-tubulin, respectively.

3.2.9 Cell death
In order to elucidate the mechanisms of cell death in keratinocyte cells, two
main approaches were employed, depending on whether the process involves

apoptosis or necrosis.

Caspase 3/7 activity assay
The primary effector caspases in mammals consist of caspase-3, -6, and -7,

with caspase-3 being the most frequently associated with apoptosis'’®.Given
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this fact, the potential of selected TKIs to induce apoptosis in HaCaT cells
upon exposure to UVA light was studied. This was accomplished using the
Apo-ONE homogeneous caspase-3/7 assay (Promega, Madison, U.S.). The
assay kit contains a profluorescent Rhodamine 110 substrate (Z-DEVD-
R110) that is targeted by both caspase-3 and 7. Upon cleavage and removal
of the DEVD peptide by caspase-3/7, Rhodamine 110 (the leaving group)
becomes highly fluorescent. Thus, the activity of caspase-3/7 was tracked by
fluorescence and represented as a relative change, indicating the level of

apoptosis activation within the cells.

Thus, to conduct this experiment, HaCaT cells were initially seeded in 96-
well plates at of 2 - 10* cells/well. The following day, the cells, in fresh phenol
red-free DMEM medium, were exposed to the compounds at two different
concentrations representing 100 and 50% of cell viability as determined by
NRU dose-response curves. After a 1 h of incubation at 37°C, one plate was
subjected to UVA light irradiation (5 J/cm?), while the other was kept in
darkness. Subsequently, the plates were incubated for an additional 24 h at
37°C with fresh DMEM medium. Samples were then analyzed using the Apo-
ONE Homogeneous Caspase-3/7 assay according to the manufacturer
instructions. Following this, fluorescence was measured 4 h after the addition

of the substrate with an excitation at 499 nm and emission at 521 nm.

Lactate Dehydrogenase release assay
L-Lactate dehydrogenase (LDH) is an enzyme responsible for catalyzing the
conversion of lactate to pyruvate, while converting NAD+ to NADH, as a

1

crucial step in the process of glycolysis'’!. The LDH-release assay is

employed to evaluate the extent of damage to the plasma membrane, as this
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damage leads to the release of LDH enzyme from the cells!®. Given that the
primary factor contributing to necrosis is the permeabilization of the plasma
membrane, measuring LDH-release can be considered an indicator of
necrosis. However, it is worth noting that the release of LDH may also play a
role in late-stage apoptotic events where the loss of membrane integrity is

also detectable!”%.

With this background, LDH activity assay was carried out in accordance with
the manufacturer instructions. In brief, HaCaT cells were cultured in 96-well
plates at a concentration of 2 - 10* cells/well and incubated for 24 h.
Subsequently, the culture medium was replaced with fresh phenol red-free
DMEM, and the cells were treated with the compounds for 1 h at two different
concentrations, corresponding to 100% and 50% cell viability based on the
NRU dose-response curves. One plate was then exposed to UVA light (5
J/em?), while the other plate was kept in a dark environment. The following
day, samples were analyzed using the CytoTox-ONE™ Homogeneous
Membrane Integrity Assay (Promega, Madison, U.S.), and a lysis solution
(composed of a 9% weight/volume Triton X-100 solution in water) was
employed to determine the maximum LDH content. Fluorescence
measurements were taken 10 min after adding the substrate with an excitation
at 560 nm and emission at 590 nm. The percentage of LDH release was

calculated using Equation 11.

% LDH release— Experimental LDH release 100
° release= Maximum LDH release

Equation 11 | Quantification of LDH activity. The percentage of lactate dehydrogenase
(LDH) release was calculated as the ratio between the experimentally released LDH and the
maximum LDH release, corresponding to the positive control (lysis solution).
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4.1 Tyrosine kinase inhibitors (TKIs) selection criteria

The overarching aim of this thesis was to explore the photoreactivity of TKIs
that have the potential to trigger photosensitivity disorders, such as
photo(geno)toxicity. This investigation also assessed photoinduced damage
to both biochemical targets and living cells. To achieve this, in-depth studies
of the photophysical properties were carried out, in conjunction with

photobiological experiments, on selected TKIs in diverse settings.

Currently, the FDA has approved over 50 TKIs for the treatment of diverse
tumors. Many of these drugs have reported dermatological disorders
associated with sun exposure*->1:36:134173.174 ‘However, specific criteria ought

to be met to classify a TKI as a potential phototoxic drug.

4.1.1 Absorption of UVA light

Although there are a number of mechanisms that contribute to the eventual
manifestation of phototoxic skin responses, it is widely acknowledged that
the absorption of UVA light (315-400 nm) typically serves as the primary
trigger for photosensitizing drug reactions. Considering that photosensitizing
drugs generate excited species capable of inducing damage to cellular
components upon UVA light absorption. Consequently, the photophysical
study, as an initial step, is necessary to analyze the absorption characteristics
of TKIs in the UVA range. Hence, in the context of this study, the selection
process based on the absorption capability within the UVA region of the
spectrum led to the inclusion of a total of 9 different TKIs (Figure 21): afatinib
(AFT), avapritinib (AVP), axitinib (AXT), brigatinib (BRG), dasatinib
(DAS), gefitinib (GFT), nilotinib (NLT), sorafenib (SOR) and sunitinib
(SUN). All these TKIs displayed, in PBS solution, an intense absorption band
within the range of 300-400 nm. Interestingly, both SUN and SOR, in
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capability to absorb light across the visible wavelengths of the spectrum.
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Figure 21 | Normalized absorption spectra of (A) afatinib, AFT; (B) avapritinib, AVP; (C)
axitinib, AXT; (D) brigatinib, BRG; (E) dasatinib, DAS; (F) gefitinib, GFT; (G) nilotinib,
NLT; (H) sorafenib, SOR and (I) sunitinib, SUN. Inset: Molecular structure of TKIs.
Chromophore groups are colored in violet.

4.1.2 Neutral red uptake (NRU) phototoxicity test

According to OECD guidelines 432'5?, once it is established that the selected
TKIs indeed absorb UV A light, the absorbed energy has the potential to
trigger molecular alterations within the drug. These changes may render the
TKIs capable of acting as photosensitizers. Thus, they are suitable candidates
for testing their phototoxicity potential. The in vitro neutral red uptake (NRU)
assay is the standard method for the phototoxicity evaluation of chemicals

activated by exposure to light.
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Giving this background, TKIs exhibiting UVA absorption were subjected to
the NRU phototoxicity test. This step aimed to narrow the focus of this study
to those drugs with phototoxic potential. Thus, following the OECD
guidelines'> with minor modifications'>, the NRU assay was conducted.
However, instead of BALB/c 3T3 mouse fibroblasts, human keratinocytes
(HaCaT cells) were selected based on their demonstrated suitability and

representation of the human skin'>*,

The assessment of NRU assay was carried out by exposing HaCaT cells to
the compounds, using neutral red as a vital dye. Dose-response curves were
generated using non-linear regression, and IC50 values were obtained (Figure
22 and Table 6). Subsequently, the PIF factor was calculated as the ratio of
IC50 values with and without UVA irradiation (Table 6). Accordingly, the
results provide evidence that, among the TKIs studied through the NRU test,
AVP, AXT, DAS, and GFT can be classified as phototoxic drugs. Notably,
AXT exhibited the highest level of phototoxicity, displaying a PIF value of
approximately 37. In comparison, AVP and GFT showed comparable
phototoxicity, with PIF values around 11 and 13, respectively. Conversely,
DAS manifested the lowest phototoxicity, registering a PIF value ca. 5. In
contrast, AFT, BRG, NLT, SOR, and SUN did not exhibit significant
phototoxic potential. Based on these results, these compounds were discarded

from further studies.
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Figure 22 | Neutral red uptake (NRU) assay. Dose-response curves for cell viability of
HaCaT cells treated with (A) afatinib, AFT; (B) avapritinib, AVP; (C) axitinib, AXT; (D)
brigatinib, BRG; (E) dasatinib, DAS; (F) gefitinib, GFT; (G) nilotinib (NLT); (H) sorafenib,
SOR or (I) sunitinib, SUN. Cells were either kept under dark conditions (-e-) or UVA light
exposed (5 J/em?, -m-). Chlorpromazine, CPZ (J) and sodium dodecyl sulfate, SDS (K) were
used as the positive phototoxic and negative non-phototoxic controls, respectively. Data are
the mean + SD from four independent experiments.
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Table 6 | Summarizing the values of phototoxic potential (PIF) by NRU assay®.
Compound ICso Dark (uM) ICso UVA Light (uM) Photoirritant

factor (PIF)"
AFT 9.4+0.8 49+0.6 2
AVP 17+2.7 1.6 04 11
AXT >500 134+£2 37
BRG 6.7+0.9 10.8 £ 1 1
DAS 55+£8 12+3 5
GFT 64 +3 5+1.7 13
NLT 4.8+0.5 4.7+0.8 1
SOR 104 +1 10.6 =1 1
SUN 10.8 =1 10.5+0.9 1

2 Data represent the mean + SD from 4 independent dose-response curves. CPZ and SDS
were selected as positive and negative controls of phototoxicity, respectively.

b According to the OECD 432 Guide'®2, PIF < 2 means “no phototoxicity”, 2 < PIF < 5 means
“probable phototoxicity” and PIF > 5 means “phototoxicity”.

4.2 Photostability of TKIs
In light of the previous outcomes, AVP, AXT, DAS, and GFT emerge as

potential candidates for the investigation of their photophysical and
photobiological properties. However, the observed phototoxicity revealed by
the NRU assay could be attributed to either the photoexcitation of the
unaltered drug or the generation of new photoproducts exhibiting heightened
toxicity compared to the parent compound'”. Consequently, photostability
assessments were conducted using the same UVA light source employed in
the previous NRU assay. To this end, the compounds were irradiated in a PBS
solution at incremental UVA doses ranging from 1 to 20 J/cm?, and absorption
spectra were recorded. As illustrated in Figure 23, AVP, AXT, and DAS
underwent minimal photodegradation, evidenced by a decrease in the
absorption maxima, with AXT exhibiting a notably accelerated
photodegradation rate. Conversely, the absorption spectra of GFT remained

unchanged throughout the irradiation process. Overall, no new spectral
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features were observed for the TKIs, indicating that UVA radiation did not

induce the formation of photoproducts.
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Figure 23 | Photostability of tyrosine kinase inhibitors (TKIs). Absorption spectra of
avapritinib, AVP (A); axitinib, AXT (B); dasatinib, DAS (C) and gefitinib, GFT (D) upon
irradiation with UVA light (1-20 J/cm?).

Considering all these findings, the main objective of this study is to

investigate the photophysical properties which can be responsible for the

observed phototoxic behavior in keratinocyte cells. Additionally, the study

also aimed at elucidating the underlying mechanisms of this phototoxicity.

Therefore, AVP, AXT, DAS, and GFT were sclected as the focus of this

thesis, based on the previously established criteria.
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5.1 Introduction

Gefitinib, GFT (Iressa®; AstraZeneca UK Limited), is a tyrosine kinase
inhibitor that gained an early approval in 2003 by the FDA for the treatment
of locally advanced or metastatic non-small cell lung cancer (NSCLC),
particularly in patients with specific mutations in the epidermal growth factor
receptor (EGFR) gene!’®!”7. These mutations, specifically EGFR exon 19
deletions or exon 21 (L858R) substitution mutations, were the primary factors
contributing to relapse in the majority of patients treated with conventional

EGFR inhibitors' %179,

Interestingly, activating EGFR mutations, pivotal in the growth and
proliferation of around 20% of lung adenocarcinomas, significantly enhance
responsiveness to EGFR TKIs like GFT or erlotinib (Tarceva)'®’. GFT is
often regarded as the representative drug in this family. In fact, studies have
demonstrated that GFT can elevate the disease control rate to 77% and
efficacy to 35% in patients with advanced EGFR-mutated positive
(EGFRm+) tumors. Moreover, the one-year survival rate can reach nearly

60%, showcasing a particularly pronounced therapeutic effect!®!.

The antineoplastic effect of this drug is manifested through the activation of
ErbB-1 (EGFR), a subtype within the ErbB family, which comprises four
transmembrane receptor subtypes: EGFR (ErbB-1), HER2 (ErbB-2), ErbB3,
and ErbB-4. The ErbB family receptors primarily consist of an extracellular
ligand binding domain, a hydrophobic transmembrane domain, and an
intracellular tyrosine kinase domain that can bind with adenosine triphosphate
(ATP), excluding ErbB-3. In an inactive state, ErbB transmembrane receptors
exist as monomers, which hardly can be phosphorylated. When proliferative

factors like EGF bind to the extracellular ligand binding site, the
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conformation of the ErbB protein alters to create a heterodimer or
homodimer. In the dimeric state, the tyrosine kinase domain of ErbB can
readily undergo autophosphorylation in the presence of ATP, activating
downstream RAS/MAPK/Erk and PI3K/Akt pathways, thereby promoting
cell proliferation and suppressing apoptosis. In cancer cells, ErbB receptors
are primarily activated by an increase in the copy number of the ErbB gene,
overexpression of ligands or receptors, genetic variations, or the production
of autocrine ligands. The overexpression or inadequate regulation of EGFR
or its ligands is recognized as characteristic for many types of solid tumors,
including lung cancer, with reports indicating that 40-90% of NSCLCs

exhibit EGFR overexpression!8%1%,

Structurally, GFT is an anilinoquinazoline (4-quinazolinamine,N-(3-chloro-
4-fluorophenyl)-7-methoxy-6-[3-(4-morpholinyl) propoxy] with a molecular
weight of 446.90. Currently, there are five first-generation (gefitinib,
erlotinib, lapatinib, vandetanib, and icotinib) and two second-generation

(afatinib and dacomitinib) quinazoline-based EGFR inhibitors.

Oraly administered GFT is slowly absorbed (60% bioavailability) reaching
its peak level at 3-5 h, while the elimination half-life is around 48 h.
Approximately 90% of GFT binds to human serum albumin (HSA)'"4,
Absorbed GFT is mainly metabolized in the liver and ~85% is excreted
through feces, with less than 5% excreted in the urine'®>!%°. In humans, GFT
undergoes metabolic bioactivation primarily through Phase I hepatic
metabolism, involving cytochromes CYP3A4 and CYP2D6. This process
results in the formation of chemically reactive metabolites, including O-

demethyl gefitinib (DMT-GFT), 4-defluoro-4-hydroxy gefitinib (DF-GFT),
and O-demorpholinopropyl gefitinib (DMOR-GFT) (Figure 24A)'8¢-188,
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Figure 24 | Gefitinib and its metabolites. (A) Chemical structure of gefitinib (GFT), 4-
defluoro-4-hydroxy gefitinib (DF-GFT), O-demethyl gefitinib (DMT-GFT) and O-
demorpholinopropyl gefitinib (DMOR-GFT). Chromophore group is colored in violet. (B)
Absorption spectra of GFT (black), DF-GFT (green), DMT-GFT (blue) and DMOR-GFT
(red) in PBS solution (10 uM).
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Although GFT is a well-tolerated drug, several adverse reactions were
reported in NSCLC patients, such as mild or moderate skin reactions
(including rash, acne and pruritus), gastrointestinal disorders, alteration in
liver enzymes levels, diarrhea, nausea and vomiting'®*!*°. Clinically, skin
adverse reactions are managed by providing a brief (up to 14 days) therapy
interruption. In cases where patients are unable to tolerate the treatment,
discontinuation or the consideration of alternative therapies is often
warranted. Interestingly, results from in vitro study on phototoxicity
suggested that GFT could exhibit phototoxic potential'®!. In this context, we
have previously demonstrated that these skin disorders can be linked to
damage to biomolecules caused by radicals or reactive oxygen species arising
from lapatinib excited state!*!!32. Thus, a good correlation between the
photophysical properties and the photobiological behavior could serve as a
valuable starting point for understanding the origin of these side effects
induced by GFT. In line with this, we have previously documented the
photo(geno)toxicity caused by one of the photoactive metabolites of lapatinib
which maintained the quinazoline chromophore wunaltered after
biotransformation. In terms of chemical structure, GFT biotransformation
induces significant alterations in the quinazoline chromophore, enhancing
UV-light absorption efficiency (Figure 24B). Moreover, although drug
metabolism is usually associated with reduced toxicity, certain metabolites
may, in some cases, exhibit higher phototoxicity and photoreactivity than the
original drug!>>!%>192_ Consequently, investigating the photo(geno)toxicity of
GFT and its metabolites becomes crucial for evaluating drug safety and

understanding the risks associated with sunlight exposure during treatment.
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5.2 Experimental procedures

Cell culture conditions and spectroscopic measurements were carried out in

accordance with the procedures outlined in Chapter 3.

5.2.1 Neutral Red Uptake (NRU) phototoxicity test

Following the protocol described in Chapter 3, NRU phototoxicity assay was
performed in HaCaT cells treated with GFT or its metabolites (DF-GFT,
DMT-GFT or DMOR-GFT) at a concentration ranging from 2.5 to 500 uM,

except for DMOR-GFT which was added in a concentration ranging from 125
to 0.625 pM.

5.2.2 Drug and metabolites cellular colocalization

The intracellular localization of GFT and its metabolites (DMT-GFT and
DMOR-GFT) was performed according to the protocol described in Chapter
3, where HaCaT cells were treated with the compounds at a concentration of
15 uM, except for DMT-GFT, which was incorporated at a concentration of
25 uM. The excitation and emission wavelengths were 405 and 450 nm,

respectively.

5.2.3 Photosensitized lipid peroxidation

The thiobarbituric acid reactive substances (TBARS) method was used to
assess the lipid photoperoxidation potential of GFT and its metabolites (see
Chapter 3). To this aim, a solution of linoleic acid (LA) was prepared and
subjected to irradiation in the presence of GFT or its metabolites (DMT-GFT
or DMOR-GFT) at a concentration of 100 uM and a UVA dose of 15 J/cm?.
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5.2.4 Photoinduced protein oxidation assay

The ability of GFT and its metabolites to induce the photooxidation of
proteins was assessed using the 2,4-dinitrophenylhydrazine (DNPH)
derivatization method using HSA as a model (see Chapter 3). In this regard,
protein samples containing the chemicals at a concentration of 100 uM were

irradiated with a UVA light dose ranging from 5 to 15 J/cm?.

5.2.5 Single cell gel electrophoresis comet assay

The comet assay (alkaline single-cell gel electrophoresis) was performed
according to the procedures detailed in Chapter 3. Thus, HaCaT cells were
treated with 100 uM of GFT or its metabolites (DMT-GFT or DMOR-GFT).
Then, both GFT and DMT-GFT were irradiated under 2 J/cm? UVA light
dose, whereas DMOR-GFT was exposed to 4 J/cm? UVA radiation.

5.2.6 Cell death assays

The main mechanisms for cell death, apoptosis and necrosis, were studied
through monitorization of biomarkers, caspase-3/7 and lactate dehydrogenase
(LDH). Thus, both caspase-3/7 activity and LDH release were evaluated in
HaCaT cells treated with the compounds (GFT, DMT-GFT or DMOR-GFT)
at two different concentrations representing 100 and 50% of cell viability

according to NRU dose-response curves (Table 7).

Table 7 | GFT and metabolites concentration for cell death assays.

Compound Concentration (nM)

100% Viability® 50% Viability"
GFT 2.5 5
DMT-GFT 2.5 5
DMOR-GFT 1 3

2 Concentration representing 100% of viability outcome from the NRU dose-response curves
in UVA irradiated HaCaT cells.
® Concentration representing 50% of viability outcome from the NRU dose-response curves
in UVA irradiated HaCaT cells.
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5.3 Results and discussion

5.3.1 Phototoxicity of gefitinib metabolites

The early identification and screening of TKIs with potential phototoxic
properties, as detailed in Chapter 4, revealed that GFT is a phototoxic drug
with a PIF value of approximately 13. Consequently, it is anticipated that the
phototoxicity profile of GFT will undergo alterations upon biotransformation.
Thus, in vitro neutral red uptake (NRU) phototoxicity studies were conducted
using keratinocyte cells (HaCaT) to assess the phototoxic potential of GFT

and its metabolites, simultaneously, when exposed to UVA light.

Viability of HaCaT cells was assessed by treating with the compounds and
using neutral red as a vital dye, both in the absence and presence of UV A light
(5 J/em?). Nonlinear regression dose-response curves were obtained, and
IC50 values were determined (Figure 25). Subsequently, PIF values were
calculated as the ratio between the IC50 with and without UVA irradiation

for GFT and its metabolites, and the resulting values are shown in Table 8.
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Figure 25 | Cell viability NRU dose-response curves. HaCaT cells were treated with GFT
(A), GFT metabolites (B-D), CPZ (E) and SDS (F) in the presence (-m-) or absence (-m-) of
UVA light (5 J/cm?). Both CPZ and SDS were used as positive and negative phototoxicity
controls, respectively. Data represent the mean + SD from 4 independent experiments.

Table 8 | HaCaT NRU phototoxicity assay of GFT and its metabolites®.
Compound ICso Dark (uM) ICso UVA Light (uM) Photoirritant

factor (PIF)®
Cpz 80+17 4+0.9 20
GFT 64+3 5+1.7 13
DF-GFT 1015 £ 222 1099 + 406 1
DMT-GFT 34+3 5+0.1 7
DMOR-GFT 144+ 6 3+£0.6 48
SDS 133 + 31 136 £ 23 1

2 Data represent the mean = SD from 4 independent dose-response curves. CPZ and SDS
were selected as positive and negative controls of phototoxicity, respectively.

b According to the OECD 432 Guide'%?, PIF < 2 means “no phototoxicity”, 2 < PIF < 5 means
“probable phototoxicity” and PIF > 5 means “phototoxicity”.

110



CHAPTER 5 | Gefitinib

As already stated, GFT demonstrated clear phototoxicity with a PIF value of
13. Interestingly, the demethylated metabolite exhibited a reduction in
phototoxic potential (PIF ca. 7), yet, following the OECD 432 Guideline'>,
DMT-GFT is still considered phototoxic. In contrast, replacement of the
fluorine substituent with OH group (DF-GFT) resulted in absence of
phototoxic activity. Unexpectedly, the dealkylation of the propoxy-
morpholine side chain (DMOR-GFT) led to a significant increase in
phototoxic potential, with a notably high PIF value of 48.

5.3.2 Fluorescence

After establishing the phototoxic potential of GFT, DMT-GFT, and DMOR-
GFT, an analysis of the fluorescence spectral characteristics of these
compounds was conducted. This study aimed to investigate the differences in
the photophysical behavior between GFT and its metabolites within different
biological media. Consequently, the emission spectra (Aexc: 320 nm) were
recorded in PBS solution and in the presence of different biomolecules (lipids,

proteins, and DNA), as well as within keratinocyte cells.

As depicted in Figure 26 and summarized in Table 9, a noticeable red shift in
the emission maximum was observed for the metabolites in all models, likely
attributable to emission from the phenolate form. As anticipated, the protein
environment significantly increased fluorescence emission in all cases,
especially for the DMOR-GFT metabolite, where the enhancement was
particularly pronounced. This suggests that a similar effect is likely to be

observed when the compounds are present within keratinocyte cells.
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Figure 26 | Emission spectra (Aexc: 320 nm) of GFT (A), DMT-GFT (B) and DMOR-GFT
(C) alone (black) or in the presence of methyl linoleate (red), HSA (blue), ctDNA (magenta),
or within keratinocyte cells (green). Fluorescence emission units are arbitrary.

Table 9 | Emission maximum wavelength of GFT and metabolites in different media®.

Emission (Amax)

Media

GFT DMT-GFT DMOR-GFT
ML 380 384 384
HSA 386 394, 448 432
ctDNA® 390 450 448
HaCaT cells 388 392, 448 392, 448
2 Excitation wavelength = 320 nm.
® Methyl linoleate (ML).

¢ Calf thymus DNA (ctDNA).
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Simultaneously, the fluorescence quantum yield (®r) of the internalized
compounds was determined, comparing them with anthracene as a standard
(®r = 0.27 in EtOH)'%. Both GFT and DMT-GFT exhibited similar values,
®r =0.07 and ®f = 0.04, respectively. In contrast, DMOR-GFT fluorescence
within keratinocyte cells demonstrated a noticeable enhancement of the

quantum yield (®r = 0.1) (Figure 27).

Emission

0 T T T
350 400 450 500 550

Wavelength / nm

Figure 27 | Relative fluorescence emission of GFT (black), DMT-GFT (blue) and DMOR-
GFT (red) within HaCaT cells (Aexe: 320 nm). Anthracene (gray) was used as the reference
for fluorescence quantum yield (®r) measurements'®. Fluorescence emission units are
arbitrary.

Considering the intrinsic fluorescence properties mentioned above, confocal
microscopy was employed to determine the intracellular colocalization of the
compounds. Keratinocytes were seeded on coverslips and treated with GFT
(15 uM), DMT-GFT (25 uM), and DMOR-GFT (15 uM), and subsequently
labeled with both RedDot™ Far-Red Nuclear (far red fluorescence) and
CellMask™ Orange Plasma membrane stains (red fluorescence). Aftera 1 h
incubation, efficient uptake was observed in all compounds. A cytoplasmic
distribution was evident in all cases, without a predominant specific

localization in any organelle (Figure 28).
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A B C

Figure 28 | Intracellular keratinocyte cells (HaCaT) colocalization of (A) GFT; (B) DMT-
GFT and (C) DMOR-GEFT by confocal microscopy. Cells were labeled with both RedDot™
Far-Red Nuclear and CellMask™ Orange Plasma membrane stains.

5.3.3 Lipid photoperoxidation

In the context of drug-induced phototoxicity, lipid photoperoxidation plays
an important role. It is a process where ROS or free radicals induce the
formation of hydroperoxides, leading to damage of cellular lipid membranes.
A previous study has affirmed that several phototoxic drugs induce linoleic
acid (LA) peroxidation, resulting in elevated levels of thiobarbituric acid
reactive substances (TBARS)!6!:162193  Therefore, the photosensitized lipid
peroxidation properties of GFT and its metabolites were examined under
UVA light radiation and in the presence of LA (I mM). The results are
presented in Figure 29. As anticipated, KP (200 pM), generated a substantial
amount of TBARS, confirming its suitability as a reference for the
photoinduced peroxidation of LA'®!. Conversely, neither GFT nor DMT-GFT
exhibited detectable changes in TBARS levels, while irradiation with
DMOR-GFT led to a significant enhancement in photosensitized lipid

peroxidation comparable to the reference.
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Figure 29 | Photosensitized lipid peroxidation. Linoleic acid (LA) solutions in PBS alone
or with GFT/metabolites (100 uM) were kept in dark conditions (m) or exposed to a UVA
dose of 15 J/em? (o), and thiobarbituric acid reactive substances (TBARS) extent was
monitored by TBARS assay. Ketoprofen (KP) 200 pM was selected as the standard!®!. Data
represent mean = SD of at least 4 independent experiments. Asterisks indicate significant
changes in comparison with TBARS formation under darkness by the Student’s t-test (**p <
0.01, ***p < 0.001 and ns: non-significant).

As stated above, photodynamic lipid peroxidation can occur via Type I
(radical-mediated) or Type II (through singlet oxygen, 'O») mechanism,
where a common intermediate is the triplet excited state of the
photosensitizer. For GFT and DMOR-GFT, the triplet excited states (*GFT*
and *DMOR—-GFT*) were previously identified and characterized by their
transient absorption at approximately 600 nm'**. The ability of these species
to produce '0> was studied through time-resolved NIR emission at 1270 nm,
revealing very low quantum yields (®a < 0.1)!®*. This indicates minimal
participation in the Type II process, suggesting the possible involvement of
the Type I oxidative mechanism in DMOR-GFT-sensitized lipid
peroxidation. To investigate this, "DMOR-GFT" quenching experiments were
conducted using 1,4-dihydro-1,2-dimethylbenzoic (DMBA; obtained through

Birch reduction synthesis) as a lipid model, which contains double allylic
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hydrogens and serves as a suitable probe for studying lipid reactivity with
photosensitizing drugs'*!. Employing the laser flash photolysis (LFP)
technique, triplet decay traces were obtained in deareated MeCN solutions of
DMOR-GFT after adding increasing quencher concentrations. As illustrated
in Figure 30, DMOR-GFT triplet species was efficiently quenched by DMBA
with a rate constant (kq) of approximately 1.96 - 10° M!s™!. This aligns with
the photoreaction between DMOR-GFT metabolite and DMBA model

system proceeding through a Type I mechanism.
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0.000 0.004 0.008
DMBA /M

Normalized AA

22 0 2 4 6 8
Time / ps

Figure 30 | Lipid peroxidation quenching experiment. Decay traces of *DMOR-GFT"
alone (black) or in the presence of increasing amount of DMBA (0.1-10 mM) (cyan) in PBS
solution (Aexe: 355 nm). Inset: Stern-Volmer plot obtained from triplet excited state lifetime
(tr) measurements for DMOR-GFT upon quenching with DMBA.

5.3.4 Protein photooxidation

As stated previously, the distribution of orally absorbed GFT is mainly
mediated by ABCG2 and ABCBI transporters!®>. Moreover, it is established
that GFT has a high affinity for binding to proteins in human plasma,
particularly human serum albumin (HSA)'*#!%6. Consequently, the protein

oxidation photoinduced by GFT, DMT-GFT, and DMOR-GFT was
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investigated using HSA as a model. For this purpose, PBS solutions
containing HSA and 100 puM of GFT, DMT-GFT, or DMOR-GFT were
irradiated (5-15 J/cm?), and the carbonyl content, serving as an early
biomarker of oxidative damage, was determined through the 2,4-

dinitrophenylhydrazine (DNPH) derivatization method.

As depicted in Figure 31, no significant differences were observed between
irradiated and non-irradiated HSA, confirming the suitability of the selected
UVA dose for this assay. In alignment with the NRU phototoxicity results,
both GFT and DMOR-GFT exhibited a notable oxidative effect on HSA, with
GFT demonstrating higher activity than the metabolite. It is noteworthy that
DMOR-GFT, which showed the highest PIF value among the evaluated
compounds, suggests a stronger correlation between phototoxic potential and
lipid peroxidation rather than protein oxidation. Lastly, DMT-GFT did not
induce any lipid or protein oxidative damage, aligning with the outcomes of

the NRU phototoxicity assay.

6

Carbonyl content
(nmol/mg protein)

0 4 8 12 16
UVA Light dose (J/cm?)

Figure 31 | Protein photooxidation. HSA solutions in PBS (5 mg/mL), alone (gray) or in
the presence of 100 pM of GFT (black), DMT-GFT (blue) and DMOR-GFT (red) were
irradiated with UVA dose from 5 to 15 J/cm?. Protein oxidation was spectrophotometrically
monitored by the determination of carbonyl content using 2,4-dinitrophenylhydrazine
(DNPH) derivatization assay (A: 375 nm). Data are the mean = SD of 4 independent
determinations.
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5.3.5 Photogenotoxicity

The comet assay, conducted under alkaline conditions, was employed to
evaluate DNA damage, photoinduced by GFT/metabolites, including single-
strand (SSBs) and double-strand breaks (DSBs), as well as alkali-labile sites
(ALS) in human keratinocytes. In this process, low melting point agarose
embedded HaCaT cells, previously exposed to the compounds and irradiated
with UV A light, were subjected to lysis followed by alkaline electrophoresis.
During this process, damaged DNA migrates from the nucleus, leading to the
formation of comet nucleoids and tails, which were visualized by
fluorescence after staining with SYBR Gold. The percentage of DNA damage
was calculated based on the classification of the images into six different

classes!'”’.

As illustrated in Figure 32, GFT exhibited significant damage, approximately
72%, after 2 J/em® of UVA light irradiation. Similarly, DMT-GFT resulted in
a significant percentage of DNA damage, around 54%. In contrast, the
irradiation of DMOR-GFT for 5 min did not induce DNA damage, as
evidenced by the intact nucleoids compared to control cells. However,
extended irradiation of DMOR-GFT up to 4 J/cm? led to a significant degree
of DNA damage, approximately 45%.
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DMOR-GFT

Figure 32 | (A) Photogenotoxicity and DNA damage repair. HaCaT cells were treated with
100 pM of GFT or metabolites and irradiated with UVA light at 2 J/cm? dose, 4 J/cm? for
DMOR-GFT, (o) followed by 6 h (m) or 18 h (m) of cell recovery or kept in the dark (m).
Data are displayed as the percentage of DNA damage calculated following the six visual
scoring categories. Data represent the mean + SD of 3 independent experiments. Asterisks
indicate significant differences by the Student’s t-test (***p < 0.001, ns: non-significant). (B)
Representative microscopy images of irradiated (UVA Light) or non-irradiated (Dark) cells
non-treated or treated with GFT, DMT-GFT or DMOR-GFT and followed by 6 h of cell
recovery (UVA Light + Time recovery 6 h). Chlorpromazine (CPZ) at 10 uM served as the
positive control for photogenotoxicity. Scale bar: 250 pm.
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In general, cells have developed various repair mechanisms to mitigate DNA
damage. However, if these repair processes are flawed, DNA lesions may
persist, leading to mutations that can potentially lead to carcinogenesis. To
investigate the ability of keratinocyte cells to repair nuclear DNA
photodamage induced by GFT and its metabolites following UVA light
exposure, a complementary experiment was conducted. In summary, HaCaT
cells containing GFT, DMT-GFT, or DMOR-GFT were subjected to
irradiation and then underwent comet assay with two different incubation
times (6 and 18 h) before cell lysis. Subsequently, the extent of DNA damage
was assessed, as mentioned earlier. Notably, cells treated with GFT exhibited
significant recovery from the initial DNA damage, although some residual
damage persisted even after an 18 h recovery period (41%) (refer to Figure
32A). In contrast, this pattern was not observed in cells treated with DMT-
GFT or DMOR-GFT, as they maintained the initial DNA damage without

significant recovery.

5.3.6 Cell death

Apoptosis, commonly known as programmed cell death, plays a pivotal role
in regulating the cellular lifecycle. Nevertheless, excessive activation of this
process can lead to critical diseases. The apoptosis event typically involves
the activation of zymogens, which are recognized as the precursors of the

well-known caspase enzymes'”’

. Upon receiving apoptotic signals, caspases
are activated and, through their proteolytic activity, initiate protein digestion,
inducing cell death'”®. Among the key effector caspases in mammals,
caspase-3, -6, and -7 hold prominence, with caspase-3 being most frequently

involved in apoptosis'’’.
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In light of these considerations, the impact of GFT and its metabolites on
apoptosis upon UVA light exposure was investigated in HaCaT cells using
the Apo-ONE homogeneous caspase-3/7 assay. This kit contains a
profluorescent Rhodamine 110 (Z-DEVD-R110) substrate for both caspase-
3 and caspase-7. Thus, following the cleavage and release of the DEVD
peptide by caspase-3/7, Rhodamine 110 becomes intensely fluorescent.
Caspase-3/7 activity was monitored by fluorescence, representing a relative
change indicative of the level of apoptosis activation within the cells. As
demonstrated in Figure 33A and Figure 33C, both GFT and DMOR-GFT
induced a concentration-dependent activation of caspase-3/7 after UVA light
exposure, particularly at concentrations close to the IC50 values (5 and 3 uM,
respectively). In the case of DMT-GFT (Figure 33B), caspase-3/7 activity
was similar between the concentration of 2.5 uM and the concentration

corresponding to IC50 (5 uM).

L-Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme catalyzing
the conversion of lactate to pyruvate during glycolysis, involving the
conversion of NAD+ to NADH!7!. The LDH-release assay is employed to
assess plasma membrane damage, as the permeabilization of the membrane

103 While the measurement

causes the leakage of this enzyme out of the cells
of LDH release is commonly considered an indicator for necrosis, it is
noteworthy that the leakage of LDH may also be involved in apoptotic events
in late stages'’?

percentage of LDH release was observed for both GFT and DMOR-GFT

. As depicted in Figure 33D and Figure 33F, a significant

metabolite at concentrations near the IC50, respectively. However, compared
to caspase activity, the increase in LDH release upon UV A exposure was less
notable. Surprisingly, DMT-GFT (Figure 33E) did not exhibit any effect on

LDH release, maintaining levels comparable to unexposed keratinocytes.

121



RFU - 10°

NC 25uM  5uM
B
12
DMT-GFT
10
. #k ok
o —
—
=]
=
~
NC 25uM  5uM
C
12
DMOR-GFT
10- *k ok
—
‘S 8- 3k ok
- —
N 6 ns
E —
& 44
2-
0-
NC 1 uM 3uM

CHAPTER 5 | Gefitinib

D
120 GFT
""e 90
o 60 o
T [ —
2
“ ns li!
30 —
0_
Lysedcels NC 25uM 5uM
E
120 DMT-GFT
5
=
=
=7
Lysedcels NC 25uM 5uM
F
120 DMOR-GFT
"é 90
o 601 —
=
K~ ns ,i'
30 —
0_
Lysed cells NC luM  3uM

Figure 33 | (A-C) The effect of GFT and its metabolites on caspase-3/7 activity in HaCaT
cells before (m) and after UVA light exposure at 5 J/cm? dose (m). Values are represented as
relative fluorescence units (RFU). (D-F) Lactate dehydrogenase (LDH) release in HaCaT
cells treated with GFT and metabolites before (m) and after UVA light exposure at 5 J/cm?
dose (m). Data represent the mean + SD of 3 independent experiments. Asterisks indicate
significant differences by the Student’s t-test (***p < 0.001, ns: non-significant).
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5.4 Conclusions

The Phase I biotransformation of GFT results in the formation of reactive
metabolites, causing significant modifications in the quinazoline
chromophore and altering its light-absorbing properties. In this study, the
photobehavior of GFT and its reactive metabolites (DMT-GFT and DMOR-
GFT) was investigated in both biomolecular targets (lipids, proteins, and

DNA) and in cellular environment (human keratinocytes).

The metabolite DMOR-GFT exhibited markedly higher phototoxicity to cells
than the parent drug in NRU in vitro studies, while DMT-GFT showed much
lower phototoxicity. In the photosensitized lipid peroxidation assay, only
DMOR-GFT demonstrated clear effectiveness in the TBARS assay,
indicating the involvement of a Type I mechanism supported by the weak
production of singlet oxygen and efficient quenching of the triplet excited
state by a lipid model. Protein photooxidation, monitored by carbonyl content
measurements, was primarily mediated by GFT and, to a lesser extent, by
DMOR-GFT, with nearly undetectable protein oxidation associated with
DMT-GFT. This reaction was previously explained by initial electron transfer
from oxidizable amino acid residues to the quinazoline moiety. Damage to
cellular DNA, as revealed by the comet assay, occurred upon irradiation in
the presence of GFT and its two metabolites. Interestingly, following GFT,
DMT-GFT was the most efficient photosensitizer in this case, and the induced

DNA damage was hardly repaired by the cells after several hours.

Overall, the observed cellular phototoxicity can be correlated with the results
from the mechanistic studies. DMOR-GFT, displaying the highest
phototoxicity, showed the most remarkable lipid photoperoxidation and

significant activity in protein oxidation and DNA damage studies.
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Conversely, DMT-GFT, the weakest phototoxic, exhibited high
photogenotoxicity in the comet assay. The parent drug GFT constituted an
intermediate case. Cellular phototoxicity seems to be more related to the
photooxidation of membrane components through a Type I (radical-
mediated) mechanism. These findings underscore that the biotransformation
of the anticancer drug GFT leads to a dual impact on cellular
photo(gen)toxicity. In summary, GFT illustrated a scenario where the balance
between the generation of phototoxic and non-phototoxic Phase I metabolites

should be thoroughly investigated during drug development.
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6.1 Introduction

Axitinib, pharmacologically available as (E)-AXT isomer (Inylta®; Pfizer), is
the latest agent approved by the FDA for the treatment of advanced renal cell
carcinoma (RCC). Belongs to the second generation of TKIs with
demonstrated activity against various solid tumors in addition to RCC,
including metastatic melanoma, thyroid cancer, and advanced non-small cell
lung cancer. AXT serves as a potent and highly selective inhibitor of VEGFR
tyrosine kinase 1, 2 and 3. Additionally, at nanomolar concentrations, AXT

also inhibits PDGFRo/B and c-Kit!**2%,

AXT has a short effective plasma half-life (range 2.5-6.1 h) and is highly
bound (>99%) to human plasma proteins with preferential binding to
albumin. Elimination of AXT involves hepatic metabolism, primarily
mediated by cytochrome P450 CYP3A4, with the participation, to a lesser
extent, from CYP1A2, CYP2CI19, uridine diphosphate glucuronosyl-
transferase (UGT) 1Al, and the drug transporter P-glycoprotein. Finally,
AXT is eliminated mainly through hepatobiliary excretion, while the urinary

excretion is negligible??!2%2,

Although preclinical and clinical studies have established the important role
of AXT in the management of RCC, aiming to improve efficacy and minimize
toxicity, important dose-limiting toxicities such as hypertension, hemoptysis,
and stomatitis have been described?>?%°. Despite the novelty of this TKI,
there have been some unexpected clinical cases reporting skin eruptions after
5-months AXT therapy®°’. However, consistent with previously conducted in
vitro and in vivo phototoxicity studies, AXT exhibited a non-significant

potential for phototoxicity in the 3T3 fibroblast NRU assay (150 pg/mL)>"7.
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Structurally, AXT is an indazole derivative with photosensitive stilbene-like
moiety that allows for E/Z isomerization (Figure 34). The isomerization of
AXT in solution under light conditions has been briefly reported?s-2!0,
Surprisingly, only a few studies evaluated the pharmacological properties of
(Z)-AXT isomer through VEGFR2 kinase activity profiling, aiming to
develop a tunable pro-drug for therapeutic applications?''?!2, These studies
showed that the photoswitching of AXT isomers could be controlled to
administer AXT as the Z-isomer, which is less active compared to (E)-AXT.
However, further studies on the photopharmacology of this TKI remain to be

conducted in the future.

(E)-AXT (Z)-AXT

Figure 34 | Photoisomerization of axitinib (AXT).

Isomerism holds significant importance in clinical pharmacology and
pharmacotherapeutics, especially concerning stereoisomers. Variations like
enantiomers and diastereomers (cis/trans) display distinct pharmacokinetic
and pharmacodynamic properties, influencing drug effectiveness and safety
profiles. For example, E-isomers of benzhydro[f]quinoline N-alkyl
derivatives demonstrated higher potency than their Z-isomers in inhibiting
cardioaccelerator nerve stimulation responses’'®>. A similar case involves

acitretin, which has been experimentally proven to undergo in vivo
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isomerization. Indeed, preliminary experiments in mice indicated that (Z)-
acitretin is a product of "in vivo photoconversion" after exposure to UV light.
However, in humans, enzymatic metabolism was likely responsible for this
conversion, as the limited exposure to natural light would probably be
insufficient to induce photoconversion in the bloodstream. The result is a

compound with less pharmacological activity and reduced adverse events?!'*.

Similarly, photostability studies conducted by the European Medicines
Agency, in accordance with the harmonized guidelines, have determined that
AXT is a photolabile drug?®’. Notably, during the development phase,
improvement was made to the drug coating system to provide better
protection against light. Despite these efforts, the specialized literature lacks
comprehensive coverage of free drug photodegradation, specifically in the
understanding of the photokinetics of the bioactive drug, (E)-AXT. To
address this gap, our study aimed to investigate the photophysical properties
of (E)-AXT in various media and study the mechanisms underlying the
phototoxicity associated with AXT therapy. In this context, considering that
AXT has been demonstrated to be phototoxic (Chapter 4), it is noteworthy to
assess the photobehavior of AXT in both its isomeric forms to identify which
one is responsible for its phototoxicity. Additionally, a comprehensive
analysis of the photophysical properties of this photoswitchable drug would

provide more insights into the mechanisms underlying its phototoxic profile.

6.2 Experimental procedures

Cell culture conditions and spectroscopic measurements were carried out in

accordance with the procedures outlined in Chapter 3.
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6.2.1 Neutral red uptake (NRU) phototoxicity test
Following the protocol described in Chapter 3, NRU phototoxicity assay was
performed in HaCaT cells treated with AXT E/Z-isomers at a concentration

ranging from 2.5 to 500 uM.

6.2.2 Photoinduced protein oxidation assay

The potential of AXT isomers to induce protein photooxidation was assessed
by monitoring the carbonylation using the 2,4-dinitrophenylhydrazine
(DNPH) derivatization method (see Chapter 3). In this case, HSA samples
containing AXT at two concentrations, 15 or 50 uM, were irradiated with a

UVA light dose ranging from 5 to 15 J/cm?.

6.2.3 Single cell gel electrophoresis comet assay

The comet assay (single-cell gel electrophoresis) was conducted according to
the procedures detailed in Chapter 3. Thus, HaCaT cells were treated with
100 uM of (E)-AXT and, subsequently, irradiated under UVA light (5 J/cm?).

6.2.4 Photoinduced phosphorylation of y-H2AX

The detection of y-H2AX foci in Bj-hTERT fibroblasts through
immunostaining an expansion microscopy was assessed following the
procedures detailed in Chapter 3. Therefore, fibroblasts were treated with (E)-
AXT at a concentration of 50 uM and exposed to a UVA light dose of 5 J/cm?.
Subsequently, the cells underwent isotropic expansion, and immunostaining

was conducted using anti-H2AX-ser139 antibody, along with anti-a-tubulin

and DAPI.
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6.3 Results and discussion

6.3.1 Photophysical properties

To date, several aspects of photodegradation remain inadequately addressed
during drug development studies. Notably, the photokinetics of AXT have
not been comprehensively investigated. In this context, this study aims to
investigate specific photophysical properties, such as absorption
spectroscopy, of this anti-cancer drug in different media. The anticipated
outcomes may provide insights into the mechanisms underlying the

evidenced photosensitivity associated with AXT therapy.

Photostability of (E)-AXT

Absorption spectra of (E)-AXT were recorded in various solvents, such as
PBS, MeOH, EtOH and MeCN. Thus, (E)-AXT exhibits an absorption band
in the wavelength range of 280 to 385 nm, with a maximum at approximately
332 nm (Figure 35). Interestingly, a less intense shoulder was detected within
the wavelength range of 380 to 400 nm when AXT was dissolved in EtOH

and, to a lesser extent, in MeCN.
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Figure 35 | Absorption spectra of axitinib (AXT). Solutions containing AXT 4 uM were
prepared in PBS (black), MeOH (blue), EtOH (red) and MeCN (magenta).
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Additionally, steady state photolysis of (E)-AXT was monitored in PBS
solution, in the presence of calf thymus DNA 1:1 (ctDNA) or HSA 1:1 using
UVA lamps (Aexc: 355nm), with the samples being irradiated for a duration of
up to 1 h. Moreover, MeCN was also employed in this experiment to mimic
the lipophilic environment present in the cellular milieu. As depicted in the
Figure 36A, upon irradiation in PBS, (E)-AXT underwent a photodegradation
process without exhibiting changes in the maximum, indicating the absence
of photoproduct formation. Contrarily, in MeCN, a clear isosbestic point
emerges at 350 nm, guiding toward the formation of a single photoproduct
with a UV spectrum characterized by multiple maxima. Specifically, the
intensification of the shoulder at 380 nm, previously observed in the non-

irradiated drug, was indeed pronounced (Figure 36B).

Similar to (E)-AXT in aqueous solution, the incorporation of ctDNA also led
to drug photodegradation, with the absence of new maximum observed after
UVA radiation (Figure 36C). Surprisingly, the (E)-AXT, when in the
presence of a 1:1 HSA, demonstrated a photobehavior like that observed in
MeCN solutions. Notably, this photoprocess occurred more rapidly, without

the possibility for identification of an isosbestic point (Figure 36D).
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Figure 36 | Photostability of (E)-AXT upon UVA radiation. Absorption spectra of (E)-
AXT in PBS (A), MeCN (B), or in the presence of 1:1 ctDNA (C) or 1:1 HSA (D), before
and after irradiation with UVA lamp at 355 nm (ho).

Photostability of (Z)-AXT

Taking into consideration that (E)-AXT photostability is dependent on the
medium, the photobehavior of the (Z)-AXT isomer was also analyzed in
various media. In Figure 37A, (Z)-AXT in PBS solution underwent
spectrophotometric changes upon UVA exposure. A right shift in the
maximum was observed, leading to a value of 332 nm, characteristic of the

E-isomer of the drug. Similar results were obtained after the addition of
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ctDNA 1:1 (Figure 37B). Surprisingly, (Z)-AXT demonstrated to be more
photostable in the presence of a 1:1 HSA, with an absorption band that aligns
with the one observed for the irradiated (E)-AXT/HSA complex (Figure
37C).
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Figure 37 | Photostability of (Z)-AXT upon UVA radiation. Absorption spectra of (Z)-
AXT in PBS (A) or in the presence of 1:1 ctDNA (B) or 1:1 HSA (C), before and after
irradiation with UVA lamp at 355 nm (ho).

In brief, (E)-AXT is a photolabile drug susceptible to isomerization in aprotic
or lipophilic media such as EtOH, MeCN, and particularly within HSA

solution. Surprisingly, (Z)-AXT exhibits an inverse photoisomerization in
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aqueous media such as PBS. However, a hydrophobic environment,
specifically HSA protein, provides a more appropriate environment that
stabilizes the Z-isomer blocking the isomerization back to (E)-AXT, which is
more stable in aqueous media. This phenomenon can be molecularly
elucidated through the previously described tautomerism occurring in (Z)-
AXT, where (Z)-2H-AXT is favored over (Z)-1H-AXT in the ground state
due to the intramolecular hydrogen bond (Scheme 5)*'°. Therefore, in aprotic
media, intramolecular hydrogen bonding takes place, while protic solvents
form intermolecular hydrogen bonds with the drug, stabilizing the (E)-AXT

over the Z-isomer.

° NH 355 nm

Aprotic solvents or
HSA

355 nm

Aqueous solution ()-TH-AXT

(E)-AXT

tautomerism

(Z)-2H-AXT

Scheme 5 | Photoinduced E-Z isomerization of AXT. Formation of (Z)-AXT and the
tautomerism from 1H- to 2H-indazole annular AXT in aprotic solvents/HSA (Aexe: 355 nm).
In aqueous solution, irradiation of (Z)-AXT (Aexc: 355 nm) leads to inverse E—Z isomerization.

6.3.2 Phototoxicity of axitinib isomers
Background studies have identified numerous distinctions in the binding

properties of AXT isomers to the VEGFR2 pocket, leading to significant
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pharmacological variations. Therefore, it is anticipated that different behavior
in terms of phototoxic potential toward keratinocyte cells upon UVA
exposure will be observed. Indeed, the previous data results suggested that
the preferred isomer within a protein-rich environment, such as cellular

components, is (Z)-AXT.

Neutral red uptake assay

The preliminary assessment of the potential phototoxic properties of the
commercially available AXT (E-isomer) indicated that AXT is a phototoxic
drug with a PIF value of approximately 37 (see Chapter 4). However, as
depicted in Figure 38 and presented in Table 10, non-photoexposed HaCaT
cells exhibited no reduction in cell viability, even at the highest concentration
of 500 uM. Consequently, it was not feasible to precisely determine the IC50
in dark conditions. Therefore, the provided PIF value is an estimation,
considering the highest test concentration (500 uM) as the IC50. Contrarily,
(Z)-AXT did exhibit cytotoxic effects toward keratinocyte cells in the absence
of UVA light, demonstrating an IC50 value of approximately 81 uM.
Interestingly, following exposure to radiation, the IC50 decreased to a value
of 13.9, close to that of E-isomer (IC50 = 13.4). Consequently, although the
IC50 under light conditions is similar for both isomers, the cytotoxicity of the

Z-isomer led to a PIF value lower than that of the E-isomer, which was ca. 6.
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Figure 38 | Cell viability NRU dose-response curves. HaCaT cells were irradiated with
UVA light (5 J/cm?) (-m-) or maintained in dark conditions after treatment with (E)-AXT
(-e-) or (Z)-AXT (-0-). Data represent the mean + SD from 4 independent experiments.

Table 10 | HaCaT NRU phototoxicity of AXT isomers®.

Compound ICso Dark (uM) ICso UVA Light (uM) Photoirritant

factor (PIF)®
CpPz 80+ 17 4+0.9 20
(E)-AXT  >500 13.4+2 37
(2)-AXT 81+9 13.9+ 1.7 6
SDS 133 + 31 136 £ 23 1

2 Data represent the mean = SD from 4 independent dose-response curves. CPZ and SDS
were selected as positive and negative controls of phototoxicity, respectively.

b According to the OECD 432 Guide!®, PIF <2 means “no phototoxicity”, 2 < PIF < 5 means
“probable phototoxicity” and PIF > 5 means “phototoxicity”.

Collectively, both photophysical and phototoxic properties of AXT suggest
that the phototoxicity of this drug is induced through both direct and indirect
mechanisms. On one hand, the direct mechanism is illustrated by the decrease
in cell viability of HaCaT cells treated with (Z)-AXT upon UVA radiation.
On the other hand, the indirect mechanism of phototoxicity is exhibited

through the formation upon photoconversion of the Z-isomer, which itself
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exhibits cytotoxicity toward keratinocyte cells. Thus, it confirms that the

contributor to the phototoxicity of AXT is, indeed, the Z-isomer.

Protein photooxidation

The assessment of AXT phototoxicity raises the possibility that the (Z)-AXT
might be the responsible isomer. Consequently, a carbonylation assay was
conducted to clarify whether AXT has the potential to induce the oxidation
of HSA protein and to discern differences between the isomers that could
determine which one is involved in the photooxidation activity. As illustrated
in Figure 39, comparable dose-dependent carbonyl content was detected for
both isomers, reaching a value of approximately 3 nmol at a UVA dose of 15
J/em?. Therefore, given the photophysical behavior of AXT in the presence
of HSA, where (Z)-AXT was identified as the preferred isomer, the outcome
for this carbonylation assay was as expected. The similarity in the carbonyl
content between both isomers indicates that both results correspond to the

Z-isomer.

Carbonyl content
(nmol/mg protein)

0 4 8 12 16
UVA Light dose (J/cmz)

Figure 39 | Protein photooxidation. HSA solutions in PBS (5 mg/mL), alone (gray) or in
the presence of 15 uM (light violet) and 50 uM (dark violet) of (E)-AXT, or (Z)-AXT 15 uM
(light blue) and 50 uM (dark blue) and were irradiated with UVA dose from 5 to 15 J/cm?.
Protein oxidation was spectrophotometrically monitored by the determination of carbonyl
content using 2,4-dinitrophenylhydrazine (DNPH) derivatization assay (A: 375 nm). Data are
the mean + SD of 4 independent experiments.
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6.3.3 Photogenotoxicity

Having confirmed the capability of (E)-AXT to induce photooxidation in
proteins, the evaluation was extended to another cellular biomolecule, DNA,
which could potentially be a target for (E)-AXT phototoxicity. Surprisingly,
(E)-AXT did not cause photodamage to DNA, as evidenced by the alkaline
comet assay, even at a concentration of 100 uM and a UVA dose of 5 J/cm?
(Figure 40). Therefore, (E)-AXT was a suitable candidate for assessing
nuclear DNA photodamage through the detection of phosphorylated y-H2AX

via immunostaining and expansion microscopy (ExM).

HaCaT cells

LN

UVA Light [N

Figure 40 | Alkaline comet assay experiment. HaCaT cells were treated with (E)-AXT (100
uM) and were then either kept in the dark or exposed to UVA light at a dose of 5 J/cm?.
Chlorpromazine (CPZ) at 5 uM served as the positive control for photogenotoxicity. Scale
bar: 250 um. Images are representative of 3 independent experiments.

DNA damage assessed by y-H2AX immunostaining

Recently, there has been a rise in the use of immunofluorescence-based assays
for detecting DSBs, allowing the visualization of specific nuclear foci formed
due to H2AX histone phosphorylation. These methods have proven to be
highly sensitive and reliable. The preferred approach for DSB detection
involves quantifying individual y-H2AX foci through fluorescence

microscopy, as each break corresponds to a y-H2AX focus. This method,
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based on y-H2AX foci, is over 100 times more sensitive compared to other
DSBs detection methods. Moreover, unlike the comet assay, the analysis of
v-H2AX foci does not require lysis or other potentially harmful procedures.
Consequently, the discrete nuclear foci resulting from H2AX phosphorylation

are now widely adopted as a quantitative indicator of individual DSBs®>%321¢,

In this context, Bj-hTERT fibroblasts were treated with (E)-AXT at a
concentration of 50 uM and exposed to a UVA light dose of 5 J/cm?.
Subsequently, the samples underwent isotropic expansion, and
immunostaining against y-H2AX was conducted using anti-H2AX-ser139
antibody. Additionally, anti-a-tubulin and DAPI staining were also
performed. As displayed in Figure 41, hydrogel-embedded control samples
were successfully expanded reaching an estimated expansion factor (E.F) of
approximately 4, calculated as a ratio between nuclei size after and before

expansion (Table 11).

Before Expansion After Expansion

Figure 41 | Expansion microscopy. Top: Untreated Bj-hTERT fibroblast nuclei stained by
DAPI and imaged under confocal microscopy before and after expansion. The scale bar is
21.26 um, and the images are representative of 4 independent experiments. Bottom: Images
of a gel cut in a 6-well plate before and after expansion.
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Table 11| Expansion microscopy.
Nuclei size (um)

Before expansion After expansion
1 23.36 105.24
2 21.72 75.27
3 20.74 83.48
4 23.12 90.37
5 20.38 93.14
6 21.14 89.50
7 20.72 79.97
8 22.68 93.58
9 23.36 90.13
10 21.85 88.33

Nuclei size data of Bj-hTERT fibroblasts before and after expansion.

Given that expansion microscopy (ExM) was successfully applied to enhance
the optical resolution of Bj-hTERT cells nuclei, the sensitivity of y-H2AX
foci detection through immunolabeling was further optimized by this
technique. In fact, as depicted in the Figure 42A, phosphorylated y-H2AX
foci were barley detected in non-expanded AXT-treated samples, making the
quantification of individual foci challenging. Contrary, as shown in Figure
42B, ExM-processed samples exhibited individually quantifiable y-H2AX
foci. Therefore, the combination of ExM, indirect immunolabeling of
phosphorylated y-H2AX, and confocal microscopy proved effective in
offering detailed information about the expression of DSB-associated

histones in DNA photodamage.
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Figure 42 | Detection of phosphorylated H2AX histone after expansion microscopy.
Fibroblast cells (Bj-hTERT) were treated with (E)-AXT 50 uM followed by 5 J/cm? UVA
radiation. Then samples were fixed and subjected to immunolabelling using Rabbit anti-
H2AX-ser139 (1 pg/mL) and secondary antibody Goat Anti-Rabbit Alexa Fluor 488, 1:500.
Then cells were further stained with DAPI (cyan) and imaged by confocal microscopy either
before (A) or after expansion (B). Images are representative of 4 independent experiments.
Scale bar: 25 um.

According to the previous results, (E)-AXT treated fibroblast cells were
subjected to UVA light exposure of 5 J/cm? dose and immunostained before
ExM and visualization under confocal microscope. As illustrated in Figure
43, numerous y-H2AX foci were observed only within the nucleus of
photoexposed Bj-hTERT cells. In contrast, non-irradiated cells exhibited only
a minimal formation of y-H2AX foci, highlighting the specificity of this DNA
damage response to drug photosensitization. In summary, this outcome
confirms that phosphorylated y-H2AX immunostaining is a sensitive and
reliable method in monitoring the formation of DSBs. Hence, this method is
a valuable alternative to the traditional gel electrophoresis approach (comet
assay), enhancing the accuracy and detail in studying drug photoinduced

DNA damage.
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6.4 Conclusions

Photolysis experiments revealed that (£)-AXT undergoes photodegradation
in aqueous media, with a tendency for isomerization to (Z)-AXT in a
lipophilic environment. This isomerization process was notably accelerated
in the presence of equimolar HSA protein. Additionally, the photostability of
the commercially available (Z)-AXT isomer also highlighted its dependence
on the medium. In the presence of HSA, (Z)-AXT exhibited enhanced
photostability, while aqueous media favored the isomerization back to (E)-
AXT. In summary, (Z)-AXT emerges as the preferred isomer in a lipophilic
or aprotic environment, especially in the presence of proteins such as HSA,
more likely attributed to the formation of an intramolecular hydrogen bond

leading to the 2H-AXT tautomer.

Given this context, the NRU assay assessment revealed two primary
mechanisms underlying AXT phototoxicity on keratinocyte cells. Firstly, the
transformation of the initially non-cytotoxic (E)-AXT into the cytotoxic (Z)-
AXT upon UVA exposure. Secondly, the inherent phototoxicity exhibited by
(Z)-AXT after irradiation. The overall outcome suggests that AXT, initially
perceived as a safe kinase inhibitor based on preclinical safety data regarding
skin adverse reactions, can alter its toxicity profile upon photoconversion to

the Z-isomer.

Certainly, carbonylation assays indicated comparable levels of protein
photooxidation for both (E)-AXT and (Z)-AXT. Considering the enhanced
stability of the latter in the presence of HSA, this assay confirms that the
significant photooxidation activity observed against proteins is attributed to

the Z-isomer. Nevertheless, AXT did not induce photodamage to DNA in the
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alkaline comet assay. However, immunostaining and expansion microscopy
revealed the formation of phosphorylated y-H2AX foci, indicating DNA
DSBs photoinduced by AXT.

In summary, while commercially available as (E)-AXT, AXT reveals an
interesting photochromic system that undergoes a shift upon exposure to
UVA light. The previously undisclosed biological behavior of the Z-isomer
implies that, despite its reduced activity in the in vitro VEGFR2 kinase assay,
it exhibits a novel profile of toxicities, as elucidated in this study. Indeed, the
Z-isomer is more likely to be responsible for the observed phototoxic
behavior within keratinocyte cells, owing to its heightened affinity for
macromolecules, particularly proteins. Overall, these findings underscore the
necessity for an in-depth understanding of AXT photobiological properties
and offer valuable insights for improving its clinical applications,
acknowledging the complexity introduced by its photochromic behavior and

isomeric nature.
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7.1 Introduction

Dasatinib, DAS (Sprycel®; Bristol-Myers Squibb) is a thiazole carboximide
derivative (Figure 44) approved by the FDA in 2006 as the first and only
second-generation tyrosine kinase inhibitor designed for the treatment of
pediatric  patients with  Philadelphia  chromosome-positive  acute
lymphoblastic leukemia. Additionally, DAS is indicated in the management
of newly diagnosed chronic myeloid leukemia (CML) during the chronic,
accelerated, or blastic phase, particularly in cases where there is resistance or

intolerance to prior treatments, including imatinib®!7218,

f:[ Y[\HH

Figure 44 | Chemical structure of dasatinib (DAS). Chromophore group is colored in violet.

IOH

While DAS was initially identified as a promising treatment for chronic
myelogenous leukemia with activated Ber-Abl kinase, it also exhibited
efficacy against epithelial tumor cells, including human prostate and breast
cancer cells*"’. Interestingly, DAS was initially developed as a Src-family
kinase inhibitor; however, it is currently known for its inhibitory activity

against Ber-Abl, ephrinA2, PDGFR, and c-kit*%.

DAS has proven effective in treating CML at various stages following
imatinib failure. A prolonged follow-up of DAS therapy post-imatinib failure
revealed a significant cytogenetic response in 59% of patients. Furthermore,

the 7-year survival and overall survival rates reached 65% of cases??!
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DAS is orally administered and reaches peak concentrations within 0.5 to 6 h
after oral dosing, with a half-life ranging from 3 to 5 h. In vitro studies
indicate extensive binding to human plasma proteins, reaching approximately
96%. Metabolism of DAS occurs through the cytochrome P450 (CYP) 3A4
isozyme, leading to the formation of both active and inactive metabolites. The

primary route of DAS elimination is through the feces®*>?%3,

Generally, DAS is well tolerated. The most frequent non-hematologic adverse
events are the mucocutaneous events, especially skin pigmentation
disorders®**. Furthermore, DAS has been associated with a diverse range of
skin reactions, including erythema multiforme, urticaria, photosensitivity,
nail disorders, neutrophilic dermatosis, palmoplantar erythrodysesthesia
syndrome, asteatosis, leukocytoclastic vasculitis and skin fibrosis?**. Despite
the structural similarity to imatinib, the comprehensive evaluation of
photosensitization reactions related to DAS has not been conducted thus far.
Hence, it appears intriguing to perform both photobiological and
photophysical studies to elucidate the photosensitized reactions that may
contribute to the manifestation of photoinduced skin lesions in CML patients

undergoing DAS therapy.

Interestingly, a recent animal model study conducted at the Perelman School
of Medicine at the University of Pennsylvania, suggested that the use of
topical targeted therapies in the treatment of precancerous skin lesions may
significantly diminish their size and inhibit the development of cutaneous
squamous cell carcinoma, which is the second most prevalent form of cancer.
Notably, one of the two treatments in focus, DAS, demonstrated better
toxicity profile when compared to 5-fluorouracil, a first-line topical agent that

eradicates both precancerous and cancer cells but is associated with known
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adverse side effects!>®. Accordingly, DAS was proposed as a potential
candidate molecule capable of penetrating the epidermal barrier due to its
molecular weight of 488 Daltons and to exert significant inhibition on Src
family kinases, thereby suppressing the growth of actinic keratosis/squamous

cell carcinoma in situ (AK/SCCIS)??6-227,

Intriguingly, a study from 2013 has already demonstrated the effectiveness of
topically applied DAS for the treatment of allergic contact dermatitis in mice,
without the adverse side effect of skin atrophy, typically associated with

steroidal agents®?®

. Furthermore, recent data suggested that DAS-loaded
topical nano-emulgel is a viable alternative for treating rheumatoid arthritis,
aiming to reduce systemic side reactions'’. In that same year, another study
has shown that topical DAS could also emerge as a promising novel option

to enhance the process of skin wound healing!>®.

Considering all these background studies, the primary focus of this thesis is
not only to assess the phototoxic behavior of DAS in the cellular milieu
(keratinocyte cells) but also to mimic the proposed topical application by
using a reconstructed human epidermis (RhE) as an in vitro 3D model for
phototoxicity. Therefore, the findings of this study will offer additional
insights into the mechanisms underlying photosensitivity adverse events
linked to DAS therapy. This is particularly relevant as these mechanisms
might exhibit variations when the drug is topically applied to the skin. The
expanded understanding gained from this research could contribute to
refining strategies for managing and mitigating potential skin adverse

reactions in future clinical applications involving topical DAS.
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7.2 Experimental procedures

7.2.1 Spectroscopic measurements

Spectroscopic measurements were carried out following the methods
described in Chapter 3. The quenching rate constant of singlet oxygen
emission (kga) upon the excitation of 1H-phenalen-1-one (PN) by the
addition of increasing concentrations of DAS was calculated through the

Stern-Volmer equation (Equation 12).

1 + kq, [DAS]
- = T, da

Equation 12 | Stern Volmer equation for singlet oxygen (102) quenching by DAS. 1H-
phenalen-1-one (PN) was excited using a laser at 355 nm after the addition of increasing
amounts of DAS (0.2-4 mM). Where 1 and t,, are the lifetime of 'O, species with and
without DAS, respectively.

7.2.2 Phototoxicity test in reconstructed epidermis (RhE)
Dasatinib pharmaceutical formulations, phototoxicity assay in reconstructed
human epidermis (RhE) and histological experiments were carried out in

accordance with the procedures outlined in Chapter 3.

7.2.3 Photosensitized lipid peroxidation

Lipid photoperoxidation was determined using C11-Bodipy®®"*! as a
fluorescent sensor (see Chapter 3). Thus, human skin fibroblast cells (FSK)
were treated with DAS solution at a concentration of 20 or 50 uM followed

by UVA irradiation (dose: 5 J/cm?) or maintained in darkness as a control.

7.2.4 Photoinduced protein oxidation assay
The potential of DAS to induce protein photooxidation was assessed by the

carbonylation measurement using the 2,4-dinitrophenylhydrazine (DNPH)
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derivatization method (see Chapter 3). In this case, HSA samples containing
DAS at two concentrations, 20 or 50 pM, were irradiated with a UVA light

dose ranging from 5 to 15 J/cm?.

7.2.5 Single cell gel electrophoresis comet assay

The comet assay (single-cell gel electrophoresis) was carried out according
to the procedures detailed in Chapter 3. Thus, HaCaT cells were treated with
50 uM of DAS and, subsequently, irradiated under UVA light (dose: 5 J/cm?).
In the DNA recovery experiments cells were maintained in DMEM medium

at 37 °C for 18 h.

7.2.6 Photoinduced phosphorylation of y-H2AX

Bj-hTERT fibroblasts were treated with DAS at a concentration of 50 uM and
exposed to a UVA light dose of 5 J/cm?. Subsequently, the samples underwent
isotropic expansion, and immunostaining was conducted using anti-H2AX-
serl39 antibody, along with anti-o-tubulin and DAPI. Leica confocal

microscope was used to visualize and detect phosphorylated y-H2AX foci.

7.3 Results and discussion

7.3.1 Photophysical properties

Generally, drug photosensitized damage to biomolecules can be associated
with the generation of ROS or radicals arising from excited states of the
molecule?*?*°, Consequently, in order to anticipate the phototoxicity of DAS,
prior studies on its photobehavior were carried out using various
photophysical techniques including fluorescence, transient absorption, and

near-infrared luminescence spectroscopy.
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Emission spectra

The fluorescence spectra of DAS, both in PBS and within cells, exhibited a
maximum centered at 374 nm (Figure 45A). Similar results were observed
when using EtOH as a solvent, mimicking the lipophilic environment present
in the cellular milieu (Figure 45A). Moreover, the fluorescence quantum yield
(®r) of DAS in HaCaT cells was determined by comparing the area under the
emission curve to anthracene as a reference (®r in EtOH = 0.27)'%°, revealing
a value of approximately 0.001 (Figure 45B). Additionally, the energy of the
singlet excited state (Es) was calculated through the intersection point
between the normalized excitation and emission spectra, resulting in a value
ca. 343 kJ/mol for both PBS (Figure 45C) and EtOH solution (Figure 45D).
Finally, to determine the singlet excited state lifetime (tr), time-resolved
fluorescence spectroscopy was conducted. However, the tr was found to be
very short (less than 1 ns), and accurately determining this value proved to be

challenging due to limitations of the equipment.
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Figure 45 | Fluorescence properties of DAS. (A) Fluorescence emission spectra of DAS
(Aexe: 350 nm) recorded in PBS (black), in EtOH (blue) or within HaCaT cells (red).
(B) Fluorescence emission spectra (Aexe: 320 nm) of DAS in HaCaT (red). Anthracene (black)
in EtOH was used as the standard for fluorescence quantum yield (®r) measurement'*. (C)
Normalized fluorescence emission spectra registered at Aexe: 325 nm (green) and normalized
fluorescence excitation spectra recorded at Amax: 374 nm (blue) in PBS (C) or EtOH solution
(D). Fluorescence emission units are arbitrary.

Laser flash photolysis

Laser flash photolysis (LFP) was used as a technique to detect, in the
microsecond timescale, the generation of transient species upon the excitation
of DAS. In this approach, the excitation of DAS in deareated EtOH solution
with a nanosecond laser pulse at 355 nm led to the formation of a transient
with a maximum at 490 nm (Figure 46A). Similar results were obtained in
aprotic solvents such as MeCN, dichloromethane (DCM) and 1,4-dioxane
(DX) (see Table 12). Furthermore, this transient species exhibited a lifetime
of approximately 2 us in a deareated atmosphere, showing a slight increase
in DCM and DX which was around 3 ps (Table 12 and Figure 46B).
Additionally, as depicted in Figure 46C, the identified species demonstrated
effective quenching by molecular oxygen, with a rate constant (kq) around

6.9 - 10" M 57!, determined through a mono-exponential decay function
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(Figure 46D). Consequently, the results strongly suggest that the transient
species corresponds to a triplet excited state of DAS (*DAS).
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Figure 46 | Laser flash photolysis (Aexc: 355 nm) measurements. (A) Transient absorption
spectra (from 1 to 16 ps) for DAS in deareated EtOH solution (B) Normalized decay traces
for SDAS" monitored at 490 nm in deareated EtOH (black), MeCN (red), dichloromethane
(blue) and 1,4-dioxane (magenta) solutions. (C) Decay traces for SDAS" monitored at 490 nm
in deareated (black), aerated (red) and oxygen saturated EtOH solutions (blue). Inset:
Transient decay of DAS in deareated atmosphere on a longer timescale. (D) Stern-Volmer
plot obtained for *DAS" in EtOH quenched by increasing amounts of molecular oxygen (O,).

To accurately confirm the triplet nature of DAS excited species,
photosensitization LFP experiments were performed with naproxen (NPX) as
an acceptor. The energy level of NPX" was found to be 259.4 kJ/mol,>!

whereas °DAS” energy level, determined through a 15% rise in its
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phosphorescence emission within an EtOH solid matrix at 77 K (Figure 47A),
was approximately 274.5 kJ/mol. Consequently, when DAS was selectively
excited at 355 nm in the presence of NPX, a notable decrease in the signal at
490 nm was observed (kq ca. 1.02 x 10 M s), concurrent with the
formation of NPX" (Amax ~430 nm) via a triplet—triplet energy transfer
process from DAS to NPX (Figure 47B-D). Therefore, the transient band with
a maximum at ~490 nm can unequivocally be assigned to the triplet excited

state of the drug.
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Figure 47 | (A) Normalized phosphorescence (P) spectrum (Acexe: 300 nm) for DAS in a solid
matrix of EtOH at 77 K. (B) Laser flash photolysis spectra for DAS (black) and for a mixture
containing DAS and NPX 10 mM (violet). (C) Decay traces at 490 nm for DAS (black) and
for a mixture containing DAS and increasing amounts of NPX (1-10 mM) (violet). (D) Stern-
Volmer plot obtained for DAS" quenched by increasing amounts of NPX. All LFP
measurements were performed in deareated EtOH after excitation at 355 nm.
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It is well-established that the generation of singlet oxygen (102) occurs as a
consequence of the interaction between triplet excited species and molecular
oxygen (Type II oxidative reactions)**2. Moreover, 'O2 species possess the
ability to induce significant oxidative damage to cellular targets. This
includes the formation of lipid hydroperoxides through lipid

163233 oxidation of proteins***, and DNA nucleoside oxidation®’.

peroxidation
Consequently, time-resolved NIR measurements of DAS in an aerated
solution were recorded upon excitation at 355 nm. This resulted in the
detection of a !0, luminescence signal at 1270 nm with a lifetime (ta) of
approximately 8 us in EtOH solution (Figure 48A). As displayed in Table 12,
the quantum yield, calculated considering ketoprofen (KP) in MeCN as the
standard (®a = 0.39)'%6, were approximately estimated to be 0.1 for both
EtOH and MeCN solutions and were enhanced in DCM and DX solutions (®a
ca. 0.2). Unexpectedly, the 'O lifetimes (ta) for DAS were lower than those
estimated for organic solvents (Table 12)12>235236_ This can be elucidated by
the reaction of 'O, with tertiary aliphatic amines, which typically behave as
0, quenching agents. In this case, DAS structure contains a piperazine,
which displays a 0> quenching rate around 1.0 - 10° M s1237 Subsequently,
to confirm this phenomenon, the quenching of the luminescence emission of
1H-phenalen-1-one, also known as perinaphtenone (PN), was conducted. PN
is recognized as one of the most efficient 'O, sensitizers in both polar and

238 Thus, 'O, NIR-luminescence

non-polar media, yielding a ®a close to unity
signal was recorded at 1270 nm in both MeCN and DCM upon increasing
concentrations of DAS. As depicted in Figure 48B and Figure 48C, 'O
generated from PN was quenched by DAS (0.2-4 mM), displaying a rate
constant (kqa) of approximately 9.2 x 10 M sTand 1.20 x 10’ M s in

aerated MeCN and DCM, respectively. Accordingly, it was demonstrated that
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DAS exhibits a quenching effect on 'O, production, most likely due to the
interaction between piperazine moiety and 'O». Such interaction is believed

to constitute the primary mechanism behind the observed low 14 values.
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Figure 48 | Singlet oxygen measurements. A) NIR-emission decays at 1270 nm for DAS
in aerated EtOH (black), MeCN (red), dichloromethane (blue) and 1,4-dioxane (magenta)
solutions. Ketoprofen (KP) in MeCN was used as reference (green), which displays a ®©a
around 0.39'4, B) Kinetic traces of '0, emission quenching for PN in the presence of DAS
(0.2-4 mM) in MeCN solution. C) Kinetic traces of 'O, emission quenching for PN in the
presence of DAS (0.2-4 mM) in DCM solution. Insets: Stern-Volmer plots obtained for PN
!0, quenching by DAS.
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Table 12 | Photophysical parameters of DAS in different media. Relative errors were lower
than 5% of the stated values.

EtOH  MeCN  DCM® DX?
Amax (transient absorption) / 1M 490 490 490 490
7/ ps® 1.76 1.11 2.62 2.58
Ta/ ps® 7.57 13.36 24.30 9.29
kq/ 1010 (M1 s7hd 6.90 -7 1.75 1.53
D,° 0.07 0.10 0.24 0.19

2 DCM and DX are dichloromethane and 1,4-dioxane, respectively.

b Triplet excited state lifetimes (tr) were obtained in deareated conditions.

¢ Singlet oxygen lifetimes (1a) were obtained in aerated conditions.

dkq values were calculated using increasing concentrations of molecular oxygen.

¢ @, values were determined by comparison with ketoprofen (KP) in MeCN as standard '4°.
* kq in MeCN was not feasible to calculate due to complete quenching of DAS".

In summary, DAS showcased its capability to generate 'O, species, which
can subsequently trigger Type II photooxidative reactions toward
biomolecules. Furthermore, the potential role of a Type I oxidative
mechanism was examined using linoleic acid (LA), 3-methylindole (in lieu
of tryptophan), and guanosine (Guo) as models for lipids, proteins, and DNA,
respectively. Consequently, transient absorption decays for DAS were
recorded at 490 nm in deareated EtOH solution with increasing
concentrations of the quencher. As depicted in Figure 49A and Figure 49B, a
significant quenching of *DAS" species by LA and 3-methylindole was
observed, with a calculated kq of around 1.7 x 10* M s! and 4.3 x 10" M!
s, respectively. This indicates the potential involvement of radical formation
induced by DAS in the photodamage to lipids and proteins (Type I
mechanism). Conversely, Guo did not demonstrate the ability to quench the
3DAS" species (Figure 49C). Consequently, there was no evidence of Type |

mechanism involvement in the photooxidation of guanine bases.
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Figure 49 | Decays at 490 nm for DAS in deareated EtOH in the presence of increasing
concentrations of (A) linoleic acid, LA, (B) 3-methylindole, or (C) guanosine, Guo (5-30
mM). Insert: Stern-Volmer plots.

7.3.2 Photosensitized damage to lipids and proteins

The phototoxicity potential of DAS in HaCaT cells was initially assessed
using the in vitro neutral red uptake (NRU) phototoxicity test (refer to Chapter
4). The PIF factor was calculated through the ratio of the IC50 values under
light and dark conditions, resulting to be approximately 5. Then, based on the
OECD'? classification, DAS was considered a phototoxic compound. Given

DAS pronounced lipophilic properties, its potential phototoxicity may target
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membrane components such as proteins and lipids. To wvalidate this

assumption, both lipid and protein photooxidation were examined.

Lipid photoperoxidation
In order to assess lipid peroxidation, a lipid-soluble fluorescent marker, C11-

BOdipy581/591

, was employed. This marker, designed to penetrate the
plasmatic membrane, exhibits a unique spectral range between the non-
oxidized (595 nm) and oxidized forms (520 nm)!%*167-233 Upon oxidation, the
fluorescence emission shifts from red (Aexc: 535 nm) to green (Aexe: 490 nm).
Accordingly, human skin fibroblast cells (FSK) exposed to DAS (20 or 50
uM) followed by UVA irradiation (dose: 5 J/cm?) or kept in darkness as a

control were labeled with C11-Bodipy”$"*°!.

Fluorescence microscope images (Figure S0A) revealed a notable increase in
green fluorescence intensity, particularly at a concentration of 50 uM.
However, green fluorescence emission was hardly detected in non-irradiated
samples. Quantitative analysis supported these findings, where UVA exposed
FSK cells showed a substantial reduction on the ratio between red and green
fluorescence emission intensity (FIR reduction > 1-fold) (Figure 50B). All in
all, the results suggest that the lipid membrane could be a plausible target for

DAS phototoxicity.
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Figure 50 | Photosensitized lipid peroxidation. (A) Human fibroblast cells (FSK) were
treated with DAS at 20 or 50 uM, and either kept under dark conditions or UVA radiation at
a dose of 5 J/cm?. Subsequently, cells were labelled with 10 uM C11-Bodipy*!°!, and the
extent of lipid peroxidation was monitored based on the intensity of the oxidized Bodipy
fluorescence (green emission). Scale bar: 100 um. Images are representative of 3
independent experiments. (B) Fluorescence intensity ratio between non-oxidized CI1-
Bodipy (red fluorescence) and oxidized C11-Bodipy (green fluorescence) in either dark (m)
or UVA light conditions (0). Data are the mean £ SD from 3 independent experiments.
Asterisks indicate significant differences between groups by the Student’s t-test
(***p <0.001; **p < 0.01; ns: non-significant).

Protein photooxidation

The evaluation of photoinduced protein oxidation involved the quantification
of carbonyl content wusing the 2,4-dinitrophenylhydrazine (DNPH)
derivatization method. HSA protein served as the selected protein model.
Consequently, HSA, incubated in the presence of DAS (20 or 50 uM),
underwent exposure to 5-15 J/em? UVA radiation and was labeled with
DNPH. According to this method, DAS induced a dose-dependent
carbonylation in the HSA protein, resulting in an approximately 3-fold

increase at 50 uM (Figure 51). In contrast, the carbonyl content in the non-
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treated HSA control remained unchanged after irradiation, confirming the

suitability of the selected UVA dose for this experiment.

v
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Figure 51 | Photooxidation of HSA protein. Samples were treated either with 20 uM (cyan)
or 50 uM (blue) DAS in the presence of increasing UVA radiation dose (5-15 J/cm?), and
carbonyl content was monitored by 2,4-dinitrophenylhydrazine derivatization method
(A: 375 nm). Untreated HSA carbonyl content is displayed in gray plots. Data represent the
mean = SD of 3 independent experiments.

7.3.3 Photogenotoxicity

DNA damage assessed by comet assay

The alkaline comet assay, used to quantify various forms of DNA damage,
including SSB, DSB, and ALS, was conducted®’. In this experiment,
keratinocyte cells underwent a 30 min incubation with DAS followed by
exposure to UVA radiation (5 J/cm?). Subsequently, agarose-embedded cells
were lysed, and electrophoresis allowed the migration of damaged DNA
fragments out of the cell nucleus, forming comet nucleoids and tails.
Following staining with SYBR Gold, the comets were observed under a
fluorescence microscope, and a visual scoring system with six different

categories was employed to quantify the extent of nuclear DNA damage'®’.

165



CHAPTER 7 | Dasatinib

As depicted in Figure 52, the level of DNA damage induced by DAS was
substantial (approximately 55%), and recovery experiments indicated
persistent DNA damage even after an 18 h period. It is established that
impaired DNA repair can lead to genomic instability, apoptosis, senescence,

and ultimately, carcinogenesis.

UVA Light +

Dark UVA Light 18h recovery

HaCaTcells 8

CPZ 3

Figure 52 | Alkaline comet assay experiment. HaCaT cells were treated with DAS (50 pM)
and were then either kept in the dark or exposed to UVA light at a dose of 5 J/cm?.
Furthermore, photoexposed keratinocyte cells were allowed to recover for 18 h.
Chlorpromazine (CPZ) at 5 uM served as the positive control for photogenotoxicity. The
scale bar is 250 um, and the images are representative of 3 independent experiments.
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DNA damage assessed by y-H2AX immunostaining

In light of the observed DNA damage potential through comet assay, DAS
photogenotoxicity was further confirmed through the detection of y-H2AX
foci. Thus, fibroblast cells treated with DAS underwent exposure to UVA
light at a dose of 5 J/cm? and were immunostained before expansion
microscopy (ExM) for subsequent visualization using a confocal microscope.
As depicted in Figure 53, a considerable number of y-H2AX foci were
exclusively observed within the nuclei of DAS-treated Bj-hTERT cells
subjected to photoexposure. In contrast, cells not exposed to irradiation
exhibited minimal formation of y-H2AX foci, confirming the ability of DAS
to photoinduce DNA damage, specifically through DSBs.

Hence, these findings validate phosphorylated y-H2AX immunostaining as a
sensitive and reliable method for monitoring the formation of DSBs within
the nuclear DNA. Indeed, this recently developed y-H2AX assay may prove
to be more sensitive to early DNA damage when compared to the comet
assay. Consequently, it emerges as a valuable alternative to the conventional
comet assay, contributing to both enhanced precision and specificity in the

evaluation of drug-induced DNA damage.

In summary, the in vitro NRU assay successfully demonstrated the
phototoxicity of DAS in skin cell culture. Moreover, the evaluation of
biomolecular photosensitized damage revealed that DAS has the potential to
initiate oxidative reactions targeting lipids, proteins, and genomic DNA. In
this context, the following studies entail validating this phototoxicity behavior
within a more realistic setting, considering the potential clinical use of DAS

drug as a topical therapy for a wide range of dermatological conditions.
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7.3.4 Phototoxicity in reconstructed human epidermis (RhE)

The determination of DAS phototoxic potential in keratinocytes by NRU
assay was effectively demonstrated. However, this method, based on a
monolayer cell culture, may not be suitable for chemicals applied topically.
Therefore, using a 3D human skin model, better reflecting the penetration and
barrier function of the stratum corneum, becomes more appropriate for

assessing the phototoxicity of topically applied drugs, such as DAS.

In this study, DAS was tested in both an EtOH solution (10 mM) and an oil-
in-water (O/W) emulsion (0.45%) using the MTT assay>*’ on reconstructed
epidermis. The UVA light dose was 7 J/cm?, and CPZ, previously used in the
initial NRU experiments, served as the positive control. Figure 54A illustrates
the impact of different DAS formulations on EpiDerm tissue model.
Compared to non-photoexposed tissues, topically applied DAS as a solution
(10 mM in EtOH) resulted in a 41% reduction in tissue viability. This finding
aligns well with the earlier revealed phototoxic potential in the in vitro NRU
experiments. Furthermore, DAS formulated in an O/W emulsion at a similar
concentration (0.45%) displayed a comparable reduction in tissue viability
(approximately 45%) upon UVA radiation. As expected, the DAS emulsion
combined with 3% tinosorb S, a photostable UV broad-spectrum filter (Figure
54B), exhibited a lower reduction in tissue viability (20%) compared to the
original emulsion, demonstrating the protective effect of tinosorb S against

UVA radiation.
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Figure 54 | Phototoxicity of DAS in the reconstructed human skin model. (A) Viability
of treated tissues with DAS 10 mM in EtOH solution (SOL), 0.45% DAS O/W emulsion
(EMUL), or 0.45% DAS O/W emulsion combined with 3% UV filter, tinosorb S (EMUL +
F). Tissues where either kept in dark conditions (filled bar) or exposed to UVA dose of 7
J/cm? (empty bar). CPZ 300 uM was used as the positive control. EtOH was used as the
vehicle control (VC). Data are the mean + SD from 3 independent experiments. Asterisks
indicate significant differences between groups by the Student’s t-test (***p <0.001; **p <
0.01). (B) Absorption photostability spectra of tinosorb S in EtOH solution upon irradiation
at A: 355 nm (5-25 min). Inset: Molecular structure of tinosorb S.
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To gain insight into the phototoxic effects of DAS, histological sections of
the reconstructed epidermis were characterized through hematoxylin and
eosin staining. As shown in Figure 55, no significant alterations in
morphology were observed for the untreated skin tissues. Similarly, non-
irradiated samples treated with DAS emulsion 0.45% showed no major
modification of epidermal histology. Conversely, some disorders in the basal
layers became visible after exposing the tissue to a UVA dose of 7 J/cm?.
Specifically, disorganization of the epidermal layer, vacuoles/spongiosis, and

parakeratosis (retention of nuclei in the stratum corneum) were noted.

DAS EMUL
Dark

DAS EMUL DAS EMUL + F
UVA 7 J/cm? UVA 7 J/cm?

—

Figure 55 | Histological analysis. Examination of the reconstructed human epidermis using
hematoxylin and eosin (H&E) staining technique. Tissues were treated with either the vehicle
(EtOH), DAS 0.45% O/W emulsion alone (EMUL) or combined with a 3% UVA filter,
tinosorb S (EMUL + F), in the presence or absence of UVA radiation at 7 J/cm?. Paraffin-
embedded sections were subsequently prepared for hematoxylin and eosin staining.
Represented alterations: spongiosis (black arrow), parakeratosis (red arrow) and
disorganization in the epidermal layers (blue arrow). Scale bar: 50 pm. Images are
representative of 3 independent experiments.
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Overall, these alterations collectively indicate morphological dysfunction
compromising the skin barrier integrity and resistance. As anticipated, the
incorporation of a UV filter was associated with a protective effect against

the photosensitization reaction induced by DAS treatment.

7.4 Conclusions

DAS is an anticancer drug that has recently drawn attention for its potential
application as a topical therapy for skin disorders. Preliminary investigations
have demonstrated the phototoxic potential of DAS in monolayer
keratinocyte cells (HaCaT). Furthermore, a topical O/W emulsion applied to
reconstructed human epidermis resulted in significant phototoxicity. Notably,
this effect was effectively mitigated by formulating DAS along with a broad-
spectrum UV filter (tinosorb S).

Moreover, the transition from red to green fluorescence of the lipid-soluble
fluorescent marker C11-Bodipy>*"**! in FSK cells demonstrated the lipid
photoperoxidation potential of DAS. Likewise, the carbonylation assay
effectively proved the ability of this drug to trigger photoinduced protein
oxidation, using HSA as a model. Furthermore, DNA photodamage,
evaluated through both comet assay (in HaCaT cells) and yH2AX
immunostaining (in Bj-hTERT fibroblasts), was demonstrated to be
photoinduced by DAS. Altogether, these outcomes strongly suggest that
membrane components and genomic DNA are potential targets for DAS-

induced phototoxicity.

DAS is a photoactive molecule that, upon excitation in the UV A region of the
spectrum, generates a transient species that corresponds to the triplet excited
state of the molecule *DAS"), characterized by an absorption band at 490 nm.

The quenching of this transient species by molecular oxygen yields singlet
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oxygen, which is proved to engage in Type II photooxidation to biomolecules.
Additionally, radical-mediated photodamage to lipids and proteins was also
conceivable via a Type I mechanism, as indicated by the quenching of >DAS’

in the presence of linoleic acid and 3-methylindole.

Overall, DAS presents promising therapeutic applications in the treatment of
skin disorders due to its ability to interact with crucial targets implicated in
cancer and other skin pathologies. However, the phototoxic effects of DAS
should be approached with caution, especially when considering its potential
application as a topical treatment. The mechanisms through which DAS
induces phototoxicity, including the generation of singlet oxygen and radical
species, highlight the need to explore strategies such as combining DAS with
UV filters or incorporating the drug into a controlled-release formulation.
Additionally, adjusting the dose and exposure parameters to minimize

phototoxicity while maximizing therapeutic efficacy is essential.
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8.1 Introduction

Avapritinib, AVP (Ayvakyt®; Blueprint Medicines) is the first and only drug
approved by the FDA, in 2020, to treat advanced systemic mastocytosis
(AdvSM) (Figure 56). It is considered a highly selective D816V-mutant KIT
inhibitor, which is a gene mutation detected in 90 to 95% of patients with
AdvSM. The efficacy analysis of AVP is around 71% overall response,
including 19% with complete remission’*'2**, Moreover, AVP was also
approved for first-line treatment of patients with PDGFR exon 18 (D842 V)-
mutated gastrointestinal stromal tumor (GIST), which is resistant to imatinib,

sunitinib, and regorafenib®**.

H,N

Figure 56 | Chemical structure of avapritinib (AVP). Chromophore groups are colored in
violet.

Orally administered AVP presented a half-life ranging from 32 to 57 h
following single doses of the drug. AVP is 98.8% protein bound in serum and
the primary metabolic pathways involve CYP3A4 and CYP2CO.
Approximately 49% of the drug remains unchanged, 35% is in the form of a
hydroxy glucuronide metabolite, and 14% is an oxidatively deaminated

metabolite. AVP undergoes 70% elimination through feces, with 11% being
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excreted as the unchanged drug, and 18% is eliminated in the urine, with

0.23% as the unchanged drug®*.

The predominant treatment-related adverse events (TRAEs) of any grade,
observed in at least 20% of patients, included peripheral edema, periorbital
edema, and diarrhea. Notably, the most frequent grade 3 or higher TRAE:S,
occurring in 10% or more of patients, comprised neutropenia,
thrombocytopenia, and anemia®**. In terms of skin adverse disorders, a
pharmacovigilance analysis revealed a statistically significant association
between the use of AVP and photosensitivity*>. In fact, nonclinical
phototoxicity associated with the use of AVP was identified in both in vitro
mouse fibroblasts and in vivo rat studies?*®. In clinical context, a 56-year-old
patient undergoing AVP therapy manifested several skin reactions, including
erythematous plaques, edema, and inflammatory infiltrates, which were

P?¥’. Moreover, the

indicative of photosensitivity associated with AV
European Medicines Agency issued a warning regarding photosensitivity
with AVP, and clinical trials reported an incidence of photosensitivity at
1.1%**. Overall, despite the limited literature on the photosensitivity
potential of this drug, the numerous case reports of photo-aggravated

reactions secondary to AVP are sufficient to warrant consideration of

photoprotection.

8.2 Experimental procedures

Cell culture conditions and spectroscopic measurements were carried out in

accordance with the procedures outlined in Chapter 3.
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8.2.1 Photoinduced protein oxidation assay

The potential of AVP to induce protein photooxidation was assessed by the
carbonylation measurement using the 2,4-dinitrophenylhydrazine (DNPH)
derivatization method (see Chapter 3). In this case, HSA samples containing
AVP at 3 concentrations, 10, 25 or 50 uM, were irradiated with a UVA light

dose ranging from 5 to 15 J/cm?.

8.2.2 Single cell gel electrophoresis (comet) assay

The comet assay (single-cell gel electrophoresis) was carried out according
to the procedures detailed in Chapter 3. Thus, HaCaT cells were treated with
either 2 or 5 uM of AVP and, subsequently, irradiated under UV A light (dose:
5 J/em?).

8.3 Results and discussion

8.3.1 Fluorescence

Having established the phototoxic potential of AVP in HaCaT cells, with a
PIF value of 11, as detailed in Chapter 4, an analysis of the fluorescence
spectral characteristics of this compound was conducted. Thus, as revealed in
Figure 57, AVP displayed similar emission spectrum in PBS and within
HaCaT cells, revealing a fluorescence quantum yield (®r) of approximately

0.06 in both cases.
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Figure 57 | Fluorescence emission properties of AVP. (A) Relative fluorescence emission
of AVP in PBS (black) and within HaCaT cells (magenta) (Aexc: 320 nm). (B) Relative
fluorescence emission of AVP within HaCaT cells (magenta) (Aexc: 320 nm) and anthracene
in EtOH solution (gray), which was used as the reference for fluorescence quantum yield
(®r) measurements'*. Fluorescence emission units are arbitrary.

8.3.2 Protein photooxidation

The evaluation of AVP photoinduced protein oxidation through the
quantification of carbonyl content, using the 2,4-dinitrophenylhydrazine
(DNPH) derivatization method, was performed. Consequently, HSA,
incubated in the presence of AVP (10, 25 or 50 uM), underwent exposure to
increasing UVA dose (from 5 to 15 J/cm?) and was labeled with DNPH.
Accordingly, AVP induced a dose-dependent carbonylation in the HSA
protein, resulting in an approximately 4-fold increase at 50 uM and 15 J/cm?

UVA dose (Figure 58).
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Figure 58 | Photooxidation of HSA protein. Samples were treated either with AVP at a
concentration ranging from 10 to 50 pM (from light violet to dark violet) in the presence of
increasing UVA radiation dose (5-15 J/cm?), and carbonyl content was monitored by 2,4-
dinitrophenylhydrazine derivatization method (A: 375 nm). Untreated HSA carbonyl content
is displayed in gray plots. Data represent the mean + SD of 3 independent experiments.

8.3.3 Photogenotoxicity

The alkaline comet assay was performed to detect and quantify various forms
of DNA damage, including SSB, DSB, and ALS. In this experiment,
keratinocyte cells underwent a 30 min incubation with AVP followed by
exposure to UVA radiation at a dose of 5 J/cm?. Subsequently, agarose-
embedded cells were lysed, and electrophoresis allowed the migration of
damaged DNA fragments out of the cell nucleus, forming comet nucleoids
and tails. Following staining with SYBR Gold, the comets were observed
under a fluorescence microscope, and a visual scoring system with six
different categories was employed to quantify the extent of nuclear DNA
damage'”’. As displayed in Figure 59, the level of DNA damage induced by
AVP was approximately 45% at a concentration of 2 uM, and it was even
higher at 5 pM (approximately 55%). However, recovery experiments

indicated persistent DNA damage even after an 18 h period.
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Figure 59 | (A) Photogenotoxicity of AVP. HaCaT cells were treated with 2 or 5 uM of AVP
and irradiated with UVA light at 5 J/cm? dose (o), followed by 6 h (m) or 18 h (m) of cell
recovery, or kept in the dark (m). Data are displayed as the percentage of DNA damage
calculated following the six visual scoring categories. Data represent the mean + SD of 3
independent experiments. Asterisks indicate significant differences by the Student’s t-test
(***p < 0.001). (B) Representative microscopy images of irradiated (UVA Light) or non-
irradiated (Dark) cells non-treated or treated with AVP and followed by 18 h of cell recovery
(UVA Light + Time recovery 18 h). Chlorpromazine (CPZ) at 5 uM served as the positive
control for photogenotoxicity. Scale bar: 250 pm.
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8.4 Conclusions

The recent approval of AVP for the selective treatment of both GIST and
AdvSM has significantly improved most symptoms and the overall quality of
life for patients. However, a surprisingly high number of patients
discontinued treatment due to adverse effects related to the therapy. Skin
reactions, previously reported and confirmed to be associated with sunlight
exposure, lead our study to further investigate the phototoxicity of AVP.
Therefore, AVP, through the in vitro NRU assay, revealed a PIF value of
approximately 11, indicating clear phototoxic potential. This aligns with FDA
toxicity outcomes, which reported a slight potential for phototoxicity

associated with AVP.

Given this context, we investigated protein photooxidation to understand the
mechanisms underlying the observed phototoxicity. Thus, AVP demonstrated
the ability to induce dose-dependent protein oxidation, leading to an
approximately 4-fold increase in carbonyl content. Consequently, AVP
exhibited significant photooxidative activity toward proteins. Moreover,
DNA was also identified as potential target for AVP phototoxic properties. In
fact, the drug induced approximately 45% DNA damage after exposure to
UVA light, and recovery experiments indicated persistent damage even after

an 18 h recovery period.

Despite the highlighted phototoxicity of AVP in keratinocyte cells, the
photophysical studies failed to elucidate the mechanisms underlying this
photobiological behavior. Nonetheless, as previously outlined, the
oxidatively deaminated metabolite serves as the primary circulating Phase I
radioactive component. Furthermore, research indicates that keratinocytes

can express select isoforms of CYP450 enzymes, albeit at lower levels
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compared to hepatocytes. These enzymes may participate in the metabolism
of specific compounds, thereby contributing to the overall drug
biotransformation process>**?*°, For instance, the oxidative metabolism of
AVP is predominantly mediated by isoforms such as CYP3A4, which has
been previously identified in monolayers of cultured keratinocytes®!. Thus,
one feasible explanation behind the inactivity of AVP upon UVA excitation
could be its in vitro biotransformation to a more reactive metabolite.
However, this does not exclude other mechanisms contributing to the low

photophysical profile of this drug, which should be further studied.

All in all, the phototoxic behavior of AVP was successfully demonstrated in
keratinocyte cells and the observed protein photooxidative potential and
photogenotoxicity suggest potential mechanisms contributing to this
phototoxicity. Thus, confirming the previously reported and warranted risk of

photosensitivity associated with this anticancer drug.
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This doctoral thesis delves into a multidisciplinary study, evaluating the

photophysical and photobiological properties of several tyrosine kinase

inhibitors (TKIs), a family of anticancer drugs introduced in the last century

for treating a multitude of cancer diseases. Thus, four TKIs were selected

based on two criteria: UVA light absorption and phototoxicity potential in

keratinocyte cells (HaCaT). Subsequently, a comprehensive study of the

photo(geno)toxicity and photophysics was conducted for gefitinib, axitinib,

dasatinib, and avapritinib. The following conclusions can be derived for each

investigated drug:

1. Gefitinib (GFT):

GFT is a phototoxic drug with a photoirritant factor (PIF) of
approximately 13 determined by the neutral red uptake assay
(NRU) in keratinocyte cells (HaCaT).

Compared to GFT, O-demethyl gefitinib (DMT-GFT) metabolite
was less phototoxic (PIF value of approximately 7).
O-Demorpholinopropyl gefitinib (DMOR-GFT) metabolite
exhibited higher phototoxicity compared to the parent drug (PIF
value of approximately 48).

4-Defluoro-4-hydroxy gefitinib (DF-GFT) metabolite was not
phototoxic.

Fluorescence emission of GFT and metabolites experienced
enhancement in the presence of human serum albumin (HSA) and
within HaCaT cells. The fluorescence emission quantum yield in
HaCaT cells (®r) was ca. 0.07, 0.04 and 0.1 for GFT, DMT-GFT
and DMOR-GFT, respectively.
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Efficient uptake and cytoplasmic distribution within HaCaT cells
for both the drug and metabolites were observed by confocal
microscopy.

Photosensitized lipid peroxidation was only detected for DMOR-
GFT metabolite, generating a substantial amount of thiobarbituric
acid reactive substances (TBARS) comparable to the reference
(ketoprofen).

Photodynamic lipid peroxidation was triggered by DMOR-GFT
through a Type I mechanism based on the low generation of
singlet oxygen (') and the quenching of triplet species by the
lipid model, 1,4-dihydro-1,2-dimethylbenzoic (DMBA).

GFT and DMOR-GFT exhibited high photooxidative activity
toward HSA through the 2,4-dinitrophenylhydrazine (DNPH)
derivatization method. However, DMT-GFT did not display
significant photooxidative activity toward HSA.

GFT followed by DMT-GFT exhibited the highest
photogenotoxicity potential (72 and 54%, respectively), whereas
DMOR-GFT showed a 45% DNA photodamage. Only GFT-
treated keratinocytes repaired ca. 30% of the initial DNA damage.
GFT and DMOR-GFT induced a concentration-dependent
activation of caspase-3/7, indicative of apoptosis, after UVA light
exposure. In contrast, DMT-GFT caspase-3/7 activity was similar
between the concentration representing the 100% cell viability
and the concentration corresponding to IC50.

GFT and DMOR-GFT showed a significant increase in lactate
dehydrogenase (LDH), as a marker for necrosis. Contrary, DMT-
GFT did not exhibit any increase in LDH release.
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2. Axitinib (AXT)

(E)-AXT undergoes photolysis in PBS solution and in the
presence of equimolar concentration of calf thymus DNA
(ctDNA). A photoisomerization to (Z)-AXT was observed in both
MeCN solution and in the presence of equimolar HSA.

(Z)-AXT experiences photoisomerization back to (E)-AXT both
in PBS solution and in the presence of equimolar ctDNA.
However, the Z isomer was photostable within HSA protein.
(E)-AXT is non-cytotoxic drug with an IC50 in dark conditions
higher than 500 pM.

(Z)-AXT is a cytotoxic drug with an IC50 in dark conditions of
approximately 81 uM and a phototoxic drug with a PIF value of
about 6.

(Z)-AXT induced photooxidation toward HSA with a carbonyl
content reaching a value of approximately 3 nmol at a UVA dose
of 15 J/em?.

UVA-irradiated HaCaT cells did not express DNA damage
through comet assay upon drug exposure. However, UVA-
irradiated, and treated Bj-hTERT fibroblasts expressed y-H2AX

foci.

3. Dasatinib (DAS)

DAS is a phototoxic drug with a PIF value of approximately 5
determined by the NRU assay in HaCaT cells.

DAS formulated in an oil-in-water (O/W) emulsion (0.45%)
resulted to be phototoxic (viability reduction of ca. 45%) as
revealed by MTT assay performed on reconstructed human

epidermis. However, the phototoxic effect was efficiently
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mitigated following the incorporation of a broad-spectrum UV
filter (tinosorb S) into the formulation.

DAS induced significant lipid photoperoxidation in FSK
fibroblast cells detected by CI1-Bodipy>®'**! sensor. The
reduction on the ratio between red and green fluorescence
emission intensity at 50 uM was higher than 1-fold.

DAS induced a dose-dependent carbonylation in the HSA protein,
resulting in an approximately 3-fold increase at 50 pM.
DAS-induced level of DNA damage was approximately 55%, and
recovery experiments indicated persistent DNA damage even
after an 18 h period.

DAS stimulated considerable number of y-H2AX foci within the
nuclei of photoexposed-Bj-hTERT cells.

Singlet excited state of DAS displayed low quantum yield in
HaCaT cells (®r around 0.001) and singlet energy of about 343
kJ/mol in both EtOH and PBS solution.

Through transient absorption spectroscopy, a maximum of
around 490 nm was detected in EtOH, acetonitrile (MeCN),
dichloromethane (DCM) and 1,4-dioxane (DX). The lifetime of
this transient species (tr) in deareated atmosphere ranged
between 1 and 3 ps.

The transient species was effectively quenched by molecular
oxygen with a quenching rate constant (kq) ca. 6.9 - 101 M5!,
The transient species was substantially quenched in the presence
of naproxen (NPX) through a triplet—triplet energy transfer
process from DAS to NPX (kq ca. 1.02 x 10! M s). A new
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transient was formed at Amax ~430 nm corresponding to NPX
triplet excited state.

The triplet excited energy level of DAS, determined through a
15% increase in its phosphorescence emission, Wwas
approximately 274.5 kJ/mol.

A singlet oxygen (102) luminescence signal was detected at 1270
nm upon the excitation of DAS at 355 nm. The 'O; lifetimes (ta)
were approximately 8, 13, 24 and 9 ps in EtOH, MeCN, DCM
and DX, respectively. The 'O, quantum vyields (®a) were
approximately 0.1 in EtOH and MeCN, and 0.2 in DCM and DX,
respectively. 0> generated upon the excitation of perinaphtenone
was significantly quenched by DAS (kqaca. 1 x 10’ M1 s,
The triplet excited state of DAS was quenched by both linoleic
acid (kq ca. 1.7 x 108 M s!) and 3-methylindole (kq ca. 4.3 x
10" M! s, but not by guanosine.

4. Avapritinib (AVP)

AVP is a phototoxic drug with a PIF value of approximately 11
determined by the NRU assay in HaCaT cells.

The singlet excited state of AVP has low quantum yield in both
PBS and HaCaT cells (Or around 0.06).

AVP induced a dose-dependent HSA carbonylation, resulting in
an approximately 4-fold increase at 50 uM and 15 J/cm? UVA
dose.

The level of DNA damage induced by AVP was approximately
45% at a concentration of 2 uM, and it was even higher at 5 uM

(ca. 55%).
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Cellular photo(geno)toxicity of
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Gefitinib (GFT) is a selective epidermal growth factor receptor (EGFR) inhibitor
clinically used for the treatment of patients with non-small cell lung cancer.
Bioactivation by mainly Phase | hepatic metabolism leads to chemically reactive
metabolites such as O-Demethyl gefitinib (DMT-GFT), 4-Defluoro-4-hydroxy
gefitinib (DF-GFT), and O-Demorpholinopropyl gefitinib (DMOR-GFT), which
display an enhanced UV-light absorption. In this context, the aim of the
present study is to investigate the capability of gefitinib metabolites to induce
photosensitivity disorders and to elucidate the involved mechanisms. According to
the neutral red uptake (NRU) phototoxicity test, only DF-GFT metabolite can be
considered non-phototoxic to cells with a photoirritation factor (PIF) close to 1.
Moreover, DMOR-GFT is markedly more phototoxic than the parent drug (PIF =
48), whereas DMT-GFT is much less phototoxic (PIF = 7). Using the thiobarbituric
acid reactive substances (TBARS) method as an indicator of lipid
photoperoxidation, only DMOR-GFT has demonstrated the ability to
photosensitize this process, resulting in a significant amount of TBARS (similar
to ketoprofen, which was used as the positive control). Protein photooxidation
monitored by 2,4-dinitrophenylhydrazine (DNPH) derivatization method is mainly
mediated by GFT and, to a lesser extent, by DMOR-GFT; in contrast, protein
oxidation associated with DMT-GFT is nearly negligible. Interestingly, the damage
to cellular DNA as revealed by the comet assay, indicates that DMT-GFT has the
highest photogenotoxic potential; moreover, the DNA damage induced by this
metabolite is hardly repaired by the cells after a time recovery of 18 h. This could
ultimately result in mutagenic and carcinogenic effects. These results could aid
oncologists when prescribing TKIs to cancer patients and, thus, establish the
conditions of use and recommend photoprotection guidelines.

KEYWORDS

anticancer drug, metabolism, photodamage to biomolecules, photosensitized reaction,
tyrosine kinase inhibitor

1 Introduction

Significant medical advances in cancer treatment have been made during the past few
decades. However, the drugs used for this cure have a limited therapeutic index, and often the
responses are only just palliative and unpredictable (Chai et al., 2021; Sapio and Naviglio,
2022). In contrast, targeted therapy introduced more recently has less non-specific toxicities
since it interferes with a specific molecular target, generally a protein with a crucial role in
tumor growth or progression (Baudino, 2015; Zhong et al., 2021).

The epidermal growth factor receptors (EGFRs) are transmembrane glycoproteins
consisting of an extracellular ligand-binding domain, a transmembrane domain, and an
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(A) Chemical structure of gefitinib (GFT), 4-Defluoro-4-hydroxy
gefitinib (DF-GFT), O-Demethyl gefitinib (DMT-GFT) and
O-Demorpholinopropyl gefitinib (DMOR-GFT); (B) Absorption spectra
of GFT (black), DF-GFT (green), DMT-GFT (blue) and DMOR-GFT
(red) in PBS at 10 pM.

intracellular domain with tyrosine kinase activity. They regulate the
cell signaling pathways, including cell growth, survival, migration,
and differentiation (Normanno et al., 2006). Pathological alterations
of EGFRs, including kinase-activating mutation or overexpression,
may result in the appearance of different types of cancers and may
promote solid tumor growth. Therefore, they are major targets for
the design of anticancer agents (Normanno et al., 2006; da Cunha
Santos et al., 2011; Teng et al., 2011). In this regard, tyrosine kinase
inhibitors (TKIs) are of high interest due to their ability to block the
kinase activity of these receptors (Hartmann et al., 2009; Yamaoka
et al, 2018). They are orally active small molecules that have a
favorable safety profile and can be easily combined with other forms
of chemotherapy or radiation therapy (Hartmann et al, 2009;
Yamaoka et al,, 2018; Zhong et al., 2021).

In this context, it is interesting to note that TKIs are an
important new class of drugs in cancer remedies (considered
smart drugs) that interfere with specific cell signaling pathways
and thus allow target-specific treatment for selected malignancies
(Pottier et al, 2020). These anticancer drugs have significantly
improved the quality of life and the survival rate of oncologic
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patients. Generally, they are well tolerated by patients; however,
cutaneous reactions are very common, and, in most cases, enhanced
by sunlight exposure (Lembo et al., 2020). Hence, although TKIs
have revolutionized oncology practice over the past 20 years, very
little is known about their photosensitizing potential. These side
effects can be associated with damage to biomolecules mediated by
radicals or reactive oxygen species arising from excited states
(Salvador et al, 2014). In this context, we have previously
established a good correlation between the photophysical
of the TKIs their
photobiological properties (Vaya et al., 2020; Garcia-Lainez et al.,
2021; Tamarit et al., 2021). Gefitinib (GFT) is a selective EGFR
inhibitor clinically used for the treatment of patients with non-small
cell lung cancer (NSCLC) (Rawluk and WallerGefitinib, 2018). In
humans, GFT undergoes metabolic bioactivation by mainly Phase I
hepatic metabolism (cytochromes CYP3A4 and CYP2D6) resulting
in chemically reactive metabolites such as O-Demethyl gefitinib
(DMT-GFT), 4-Defluoro-4-hydroxy gefitinib (DF-GFT), and
O-Demorpholinopropyl = gefitinib (DMOR-GFT) (Figure 1A)
(McKillop et al., 2004; Li et al, 2007; Tan et al, 2020). This
chemical change generates non-negligible modifications in the
quinazoline chromophore, leading to a more efficient UV-light

behavior lapatinib and  gefitinib and

absorption (Figure 1B). Thus, although drug biotransformation is
usually regarded to a decreased toxicity, in some cases metabolites
may display more phototoxicity and photoreactivity than the parent
drug (Garcia-Lainez et al., 2018; Agundez et al., 2020). Accordingly,
investigating the photo(geno)toxicity of gefitinib and its metabolites
is important for assessing drug safety, evaluating the risks associated
with sunlight exposure during treatment. In connection with this, we
have previously reported the photo(geno)toxicity induced by one of
the photoactive metabolites of lapatinib, another tyrosine kinase
inhibitor (Vayd et al., 2020; Garcia-Lainez et al., 2021).

Therefore, it appears very interesting to explore the
photosensitizing potential of GFT metabolites by evaluating their
photo(geno)toxicity through in vitro studies in human skin cells to
recommend preventive health measures and thus, minimize the
photosensitizing risk from TKIs. Moreover, this investigation will
aid the oncologists in having a better knowledge of the photoinduced
adverse effects of these drugs before prescribing TKIs to cancer
patients and, thus, give them photoprotection guidelines.

2 Materials and methods

2.1 Chemicals

All solvents and chemicals were commercially available (HPLC
grade) and used without additional purification. Chlorpromazine
hydrochloride (CPZ; CAS 69-09-0), sodium dodecyl sulfate (SDS;
CAS 151-21-3), anthracene (ANT; CAS 120-112-7) and (S)-
(+)-Ketoprofen (KP; CAS 22161-81-5) were purchased from
Sigma-Aldrich (Madrid, Spain). Gefitinib hydrochloride (GFT;
CAS 184475-55-6) was provided by MedChemExpress (New
Jersey, United States). 4-Defluoro-4-hydroxy gefitinib (DF-GFT;
CAS  847949-50-2) and O-Demorpholinopropyl  gefitinib
(DMOR-GFT; CAS 184475-71-6) were acquired from Santa Cruz
Biotechnology (Dallas, United States) and O-Demethyl gefitinib
(DMT-GFT; CAS 847949-49-9) was purchased from Toronto
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Research Chemicals (North York, Canada). Stock solutions were
prepared in DMSO as vehicle, whereas GFT, CPZ and SDS were
dissolved in ultrapure water (Milli-Q"). 1,4-dihydro-1,2-
dimethylbenzoic acid (DMBA) was obtained from a Birch
reduction synthesis. Dulbecco’s Modified Eagle Medium (DMEM,
low glucose with pyruvate and glutamine), Dulbecco’s Modified
Eagle Medium (DMEM, low glucose with pyruvate and without
red), fetal serum (FBS),
penicillin-streptomycin (1.0 U/mL x 10°U/mL, 1.0pug/mL x
10° pg/mL) and ethylenediaminetetraacetic acid (EDTA) were

glutamine and phenol bovine

supplied by Honeywell Fluka (North Carolina, United States).
Trypsin-EDTA (0.25%-0.02%) was provided by Cultek (Madrid,
Spain). Phosphate buffered saline solution (PBS, pH 7.4), neutral red
dye, fatty (HSA),
polyoxyethylenesorbitan monolaurate (TWEEN 20) and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich (Madrid,
Spain). Low melting point agarose was provided by Pronadisa
(Madrid, Spain). Tris(hydroxymethyl)aminomethane, Linoleic
acid (LA), Methyl Linoleate (ML), 1,1,3,3-Tetraethoxypropane
(TEP), 2-Thiobarbituric acid (TBA) and 2,6-Di-tert-butyl-4-
methylphenol (BHT) were supplied by Sigma-Aldrich (Madrid,
Spain). CometAssay” Lysis Solution was purchased from R&D
systems (Minneapolis, United States). 2,4-Dinitrophenylhydrazine
Hydrochloride (DNPH) was acquired from Santa Cruz
Biotechnology (Dallas, United States). Trichloroacetic acid (TCA)
was purchased from Labbox (Barcelona, Spain). SYBR™ Gold DNA,
and CellMask™ Orange Plasma membrane stains were acquired
from Invitrogen (Madrid, Spain). RedDot™ Far-Red Nuclear was
supplied by Biotium (California, United States). Apo-ONE”
Homogeneous ~ Caspase-3/7  assay and  CytoTox-ONE™
Homogeneous Membrane Integrity Assay were received from
Promega (Madison, United States). Deoxyribonucleic acid
sodium salt from calf thymus was purchased from Sigma-Aldrich
(Madrid, Spain).

human serum albumin acid  free

2.2 Spectroscopic measurements

2.2.1 Absorption and emission spectra
measurements

Absorption spectra were recorded in a JASCO V-760
spectrophotometer using 10 x 10 mm’® quartz cuvettes at room
temperature. For fluorescence emission experiments, solutions of
GFT and metabolites in PBS were incubated in the presence of
human serum albumin (HSA), methyl linoleate (ML), calf thymus
DNA (ctDNA) in a ratio of 1:1 or HaCaT cells (2 x 10* cells/well) in
black 96-well plates for 1 h. Fluorescence spectra (Ae, = 320 nm)
were recorded using a Synergy H1 multi-mode microplate reader.

2.2.2 Quenching experiments by laser flash
photolysis

A pulsed Nd:YAG L52137 V LOTIS TII laser (Sp Lotis Tii,
Minsk, Belarus) was used for the excitation at 355 nm. The single
pulses were ~10 ns of duration, and the energy was ~12 m]J/pulse.
Laser flash photolysis (LFP) equipment consisted of a pulsed laser, a
77250 Oriel monochromator, and an oscilloscope
DP04054 Tektronix. The output signal from the oscilloscope was
transferred to a personal computer for processing. The DMOR-GFT

10.3389/fphar.2023.1208075

metabolite was dissolved in acetonitrile up to an absorbance of 0.3 at
355 nm. Solutions were deaerated by bubbling nitrogen through the
solution during 15 min. The rate constant of triplet excited-state
quenching by 1,4-dihydro-1,2-dimethylbenzoic acid (DMBA) was
determined using the Stern-Volmer Equation:

1/t =1/7, +k, [DMBA]

Where 7 and 7, are the lifetime of transient species in the
presence and absence of DMBA, respectively. Concentrations
between 0.1 and 10 mM were used for DMBA. This compound
was prepared through Birch reduction following standard
procedures (Andreu et al., 2011).

2.3 Cell culture conditions

Human keratinocytes cells (HaCaT) were grown in 75cm®
plastic flasks in DMEM supplemented with 10% FBS and
penicillin/streptomycin = (100 U/mL, and 100 pg/mL) in a
humidified incubator (100% relative humidity) at 37°C with 5%
CO, atmosphere. Cells were routinely passed twice a week for
maintenance (1:5 splitting ratio) and a trypan blue exclusion test
was used to ensure that the cultures were viable before each
experiment.

2.4 Cellular localization by confocal
microscopy

HaCaT cells were seeded on sterile round glass coverslips and
incubated in 24-well plates (2.5 x 10" cells/well). After 24 h of
incubation, DMEM medium was replaced with 1 mL of fresh
medium containing drugs (GFT, DMT-GFT or DMOR-GFT) at
15uM followed by staining with CellMask™ Orange Plasma
membrane and RedDot™ Far-Red nuclear stains (1:10,000 and 1:
200 dilutions, respectively). Cells treated with the compounds were
incubated for 1h whereas CellMask™ Orange Plasma membrane
and RedDot™ Far-Red nuclear stains were incubated for 30 and
10 min respectively at 37°C. Then, coverslips were washed three
times for 5 min with PBS and finally mounted in glass slides using a
solution of mowiol. Through sequential mode, a Leica SP5 confocal
microscope was used for cell imaging. The excitation wavelengths
were 405 nm for GFT, DMT-GFT and DMOR-GFT. For CellMask™
Orange Plasma membrane and RedDot™ Far-Red nuclear stains,
the excitation wavelengths were 543 nm and 662 nm, respectively.
The maxima emission wavelengths were 450, 567, and 694 nm for
the drug and its metabolites, plasma membrane and nuclear stains,
respectively.

2.5 Irradiation equipment

Irradiations under UVA light conditions were performed with
an LCZ-4 photoreactor equipped with six top and eight sides Hitachi
lamps (Apay = 350 nm, Gaussian distribution; Luzchem, Canada),
which emit 94% UVA and 2% UVB radiation, respectively. The
samples for in vitro HaCaT NRU phototoxicity assay were irradiated
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in 96-well transparent plates, for comet assay 24-well transparent
plates were used while in both protein and lipid photooxidation
assay irradiations were performed in 6-well transparent wells. All
irradiations were carried out through the lid of the plates which does
not absorb beyond 310 nm for the purpose of reducing the direct
effect of UVB radiation over the cell cultures. Since cell viability after
irradiation was higher than 90%, the UV dose selected was suitable
for the photogenotoxicity experiments, therefore, false-positive
results triggered by DNA fragmentation as a result of cell death
were avoided. Moreover, in order to prevent overheating, plates were
kept on ice during the irradiation process and the temperature was
controlled by ventilation.

2.6 In Vitro neutral red uptake (NRU)
phototoxicity test

Neutral red uptake phototoxicity test (NRU) was assessed
according to the OECD Guideline 432 (OECD, 2019) in
keratinocyte cells (HaCaT) with additional minor modifications
(Garcia-Lainez et al., 2018). Chlorpromazine (CPZ) and sodium
dodecyl sulfate (SDS) served as the positive phototoxic and negative
non-phototoxic controls, respectively. CPZ is a widely used typical
antipsychotic drug with well-known phototoxic properties as
already reported (Palumbo et al., 2016). In our recent study, GFT
has shown a very significant phototoxic potential in HaCaT cells
(Tamarit et al., 2021). Therefore, the phototoxicity behavior of the
metabolites was studied in parallel with the parent drug.

Concisely, for each compound, two 96-well plates were seeded at
a density of 2.0 x 10" cells/well. Next day, HaCaT cells in a fresh
DMEM medium without phenol red were treated with the
compounds (GFT, DF-GFT, DMT-GFT and DMOR-GFT) at
eight concentrations ranging from 2.5 to 500 uM except for
DMOR-GFT which was added in a concentration range from
125 to 0.625 uM. Additional plates were processed with CPZ
(from 1.57 to 500 uM) and SDS (from 3.13 to 500 uM). All plates
were incubated for 1 h in dark conditions. Then, for each sample, in
the presence of ice, one plate was irradiated with a non-cytotoxic
dose of 5J/cm* UVA (UVA Light), whereas the other was kept in a
dark box (Dark). Next, drug solutions were replaced with fresh
DMEM medium, and plates were further incubated overnight. Next
day, neutral red solution (50 ug/mL) was added into the wells and
incubated for 2 h at 37°C. Later, cells were washed once with PBS and
neutral red was recovered from lysosomes in 100 uL of the
extraction buffer [distilled water 50% (v/v), ethanol 49.5% (v/v)
and acetic acid 0.5% (v/v)]. Lastly, the absorbance of the plates was
read at 550 nm on a Synergy H1 microplate reader. For each
compound, dose-response curves were performed to establish the
concentration causing a reduction of 50% of neutral red uptake
(ICso) in dark and UVA light Afterwards,
photoirritation factor (PIF) values were calculated using the

conditions.

following equation:

PIF = ICs, (Dark) | ICs, (UVA Light)

Conforming to OECD Guideline 432 (OECD, 2019), a substance
is labelled as “non-phototoxic” when PIF is <2, “probably
phototoxic” if PIF is between 2 and 5 and “phototoxic” if PIF is >5.
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2.7 Photosensitized lipid peroxidation

Linoleic acid photosensitized oxidation assay was performed as
described previously (Seto et al., 2013) with minor adjustments
exposed in prior studies (Zeb and Ullah, 2016). For this, a solution of
linoleic acid (1 mM) in 20 mM PBS (pH 7.4) containing 0.05%
Tween 20 was prepared and irradiated in the presence of GFT or its
metabolites (DMT-GFT or DMOR-GFT) in a concentration of
100 uM. KP 200 uM was taken as a positive control (Seto et al.,
2013). Lipid peroxidation was monitored with TBA-reactive
substances assay (TBARS) (Zeb and Ullah, 2016) adding 4 mM
TBA and 10 uL BHT solution in glacial acetic acid to the irradiated
samples (500 pL). Then, samples were heated at 95 °C for 60 min.
After 10 min of cooling, the absorbance of the samples was
measured at 532 nm for the determination of TBARS. A standard
curve of TEP was used to determine the total of malondialdehyde
(MDA) produced. The data was analyzed statistically using a Two-
way ANOVA (Analysis of Variance) technique.

2.8 Photoinduced protein oxidation assay

Protein photooxidation assay was assessed according to
Colombo et al. (2016) with minor modifications as explained
below. The photooxidative activity of GFT has already been
evaluated in our previous study (Tamarit et al., 2021), which has
proved its protein photooxidation capability. Briefly, a solution of
HSA (5 mg/mL, 1 mg protein/sample) was prepared in PBS and
irradiated alone or in the presence of 100 uM of GFT, DMT-GFT or
DMOR-GFT with a UVA dose of 15 J/cm?®. The amount of HSA
oxidation in each sample was determined immediately after
irradiation by incubating the samples for 60 min at room
temperature with 200 uL of 2,4-dinitrophenylhydrazine (DNPH)
10 mM to create stable protein-DNP hydrazone adducts. After
incubation, proteins were precipitated with 20% TCA solution
and incubated on ice for 15min. Next, samples were washed
twice with ethanol/ethyl acetate 1:1 (v/v) containing 20% TCA,
in order to reduce the protein loss, followed by its resolubilization in
100 pL guanidine buffer (6 M). Finally, absorbance at 375 nm was
registered using the Synergy H1 microplate reader and the HSA
oxidation degree was expressed as nmol of carbonyl per mg protein
as displayed in the next equation:

N (A375/ SMM)
Carbonyl content (nmol/mg protein) = —p X100

Where Ajs is the absorbance of the sample at 375 nm, e™ is the
corrected millimolar extinction coefficient (6.364) and P the amount
of protein from standard well.

The statistical analysis of the data was conducted using a Two-
way ANOVA (Analysis of Variance) method.

2.9 Nuclear DNA damage by single cell gel
electrophoresis (comet) assay

The comet assay (single-cell gel electrophoresis) was performed
as already detailed in Garcia-Lainez et al. (2018) in order to detect
both single and double strand breaks and alkaline labile sites on
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TABLE 1 In vitro HaCaT NRU phototoxicity assay of GFT and its metabolites®.

Compound 1Cs dark (uM)

cpz 80 + 17 4409
GFT® 6443 5417
DF-GFT 1,015 + 222 1,099 + 406
DMT-GFT 34+3 5+0.1
DMOR-GET 144+6 3406
SDS 133 £ 31 136 + 23

ICso UVA light (uM)

10.3389/fphar.2023.1208075

Photoirritant factor (PIF)°
20

13

1

7

48

1

“Data represent the mean + SD from 4 independent dose-response curves. CPZ and SDS were selected as positive and negative controls of phototoxicity, respectively.
PAccording to the OECD 432 Guide (OECD, 2019), PIF <2 means “no phototoxicity”, 2< PIF <5 means “probable phototoxicity” and PIF >5 means “phototoxicity.”

“The PIF value of GFT was taken from the literature (Tamarit et al., 2021).
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FIGURE 2

Photosensitized lipid peroxidation. Solutions of linoleic acid (LA)

in PBS alone or with GFT/metabolites (100 pM) were kept in darkness
(M Dark) or exposed to a UVA dose of 15 J/cm? (0 UVA Light), and
TBARS content was monitored with TBA method. Ketoprofen

(KP) 200 uM was selected as a reference. Data represent mean + SD of
at least 4 independent experiments. Asterisks indicate significant
changes in relation to TBARS formation under darkness by the
Student's t-test (**p < 0.01, ***p < 0.001 and ns: non-significant)

nuclear DNA. Briefly, HaCaT cells in exponential growth were
harvested by trypsinization and kept in ice-cold PBS for 2h to
neutralize any DNA damage produced during trypsinization step, as
has been previously demonstrated in FSK cells (Agtndez et al.,
2020). Then, 24-wells plates (1.0 x 10" cells/well) were seeded and
treated with 100 uM of GFT or its metabolites (DMT-GFT or
DMOR-GFT) for 30 min at 4°C in darkness to minimize cell
aggregation and inhibit DNA  repair. The reference
photogenotoxic control of this assay was CPZ (10 uM).
Afterwards, one plate was irradiated under 2J/cm*> UVA light
dose (4]/cm?® for DMT-GFT and DMOR-GFT) while the other
one was kept in darkness as the negative control. Later, both
irradiated and non-irradiated cells were detached from the plates
and 100 pL of cell suspension was mixed with 100 uL 1% low melting
point agarose solution and loaded onto FLARE" slides. Then, slides
were incubated on ice to allow drop jellification. Finally, slides were
embedded in a box with lysis buffer to initiate the lysis of cells and
incubated overnight at 4°C. Next day, slides were placed in

electrophoresis  tank filled with 1L of cold alkaline

1.2

1.0+

0.8

0.6

0.4

Normalized AA

0.21

FIGURE 3

Decays at 610 nm for DMOR-GFT alone (black) or in the

presence of an increasing amount of DMBA (0.1-10 mM) (gray) in
deaerated acetonitrile solution after the 355 nm laser excitation. Inset:
triplet-triplet absorption spectra of DMOR-GFT (from

0.2 to 3 ps).

electrophoresis buffer (0.2M NaOH, 1 mM EDTA in distilled
water and pH > 13). The electrophoresis was run at 21V (1V/
cm) for 30 min and kept at 4°C. Then, slides were washed twice with
MilliQ water and DNA fixation accomplished by a serial
dehydration with 70% ethanol and 100% ethanol solutions
during 5min and followed by drying for 2h at 37°C. Nuclear
DNA was stained with a SYBR Gold® bath (1:10,000 in Tris-
EDTA buffer) for 30 min at 4°C and slides were kept in darkness
until its visualization. Comets (nucleoids and tails) were visualized
using a fluorescence microscope (Leica DMI 4000B). DNA damage
was quantified by counting and analyzing at least 100 DNA comets.
Finally, total comet score (TCS) was obtained with the classification
of six DNA damage types (Moller, 2006) applying the formula:

[(CLOXx0)+ (CL1x1)+ (CL2x2)+ (CL3x3)
+[(CL4x4)+ (CL5%x5)+ (CL6x6)]/6

Where Cl. is the class of DNA damage according to the visual
scoring.
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FIGURE 4

Protein carbonyl content assay. HSA solutions in PBS (5 mg/mL),
alone (HSA) or in the presence of 100 uM of GFT, DMT-GFT and
DMOR-GFT were irradiated with a UVA dose of 15 J/cm? (CDUVA Light)
or kept in dark conditions (ll Dark). Protein oxidation was
spectrophotometrically evaluated by the determination of carbonyl
content with 2,4-dinitrophenylhydrazine (DNPH) derivatization assay.
Data are the mean + SD of 4 independent determinations. Asterisks
indicate significant changes in relation to the carbonyl content of HSA
under darkness by the Student's t-test (**p < 0.01, ***p < 0.001 and ns:
non-significant). 1, Carbonyl content value of GFT was taken from the
literature (Tamarit et al.,, 2021).

The results are expressed in 1-100 arbitrary units, where class
0 comets are comets with no DNA damage while class 6 comets
represent comets with maximum DNA damage. Two-way ANOVA
(Analysis of Variance) method was used for the statistical analysis of
the data.

2.10 Measurement of cell death

2.10.1 Caspase 3/7 activity assay

HaCaT cells were seeded in 96-well plates at a concentration of
2 x 10° cell/mL. The next day, cells, in fresh DMEM medium without
phenol red, were treated with the compounds at two different
concentrations representing 100% and 50% of cell viability
according to NRU dose-response curves. After 1h incubation at
37°C, one plate was irradiated with UVA light (5]J/cm®) and the
other one was kept in dark conditions. Later, plates were incubated
for another 24 h at 37°C with fresh DMEM medium. Then, samples
were analyzed by the Apo-ONE Homogeneous Caspase-3/7 assay
according to the manufacturer’s instructions. Immediately after, the
fluorescence was monitored at 0 h and 4 h after the addition of the
substrate using Synergy HI1 multi-mode microplate reader
(excitation at 499 nm and emission at 521 nm). The data was
subjected to statistical analysis using the Two-way ANOVA
(Analysis of Variance).

2.10.2 Lactate Dehydrogenase release assay
Lactate Dehydrogenase activity assay was performed according
to the manufacturer’s protocol. Briefly, HaCaT cells were seeded in
96-well plates (2 x 10° cell/mL) and incubated for 24 h. Then, after
replacement of the medium with fresh no-phenol red DMEM, cells
were incubated for 1h with the compounds in two different
concentrations representing 100% and 50% of cell viability

10.3389/fphar.2023.1208075
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FIGURE 5

Emission spectra (Aexc = 320 nm) of GFT (A), DMT-GFT (B) and
DMOR-GFT (C) alone (black) or in the presence of methyl linoleate
(red), HSA (blue), ctDNA (magenta), or inside HaCaT cells (green)

according to NRU dose-response curves. Next, one plate was
irradiated with UVA light (5 J/cm?) while the other one was kept
in dark conditions. Next day, samples were analyzed by CytoTox-
ONE™
solution (9% weight/volume solution of Triton X-100 in water)

Homogeneous Membrane Integrity Assay and a lysis
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TABLE 2
media®.

gth of GFT and metabolites in different

Emission (Amax)

DMT-GFT DMOR-GFT
ML 380 384 384
HSA 386 394, 448 432
CtDNA® 390 450 448
HaCaT cells 388 392, 448 392, 448

“Excitation at 320 nm.
"Methyl linoleate (ML).
“Calf thymus DNA (ctDNA).

was used to determine the maximum amount of LDH present. The
fluorescence was measured 10 min after the addition of the substrate
using Synergy H1 multi-mode microplate reader (excitation at
560 nm and emission at 590 nm). The percent of LDH release
was determined following the following equation:

Experimental LDH release

% LDH release = x100

Maximum LDH release

The data was analyzed statistically employing the Two-way
ANOVA (Analysis of Variance) method.

2.11 Data analysis and statistics

Results are presented as mean + standard deviation retrieved
from the results of at least three independent experiments. Data were
analyzed and regression methods were developed using either
GraphPad or OriginLab software. Statistical significance was
obtained from the Student’s t-test and p values lower than
0.05 were considered significant (*p < 0.05; **p < 0.01; ***p < 0.001).

3 Results and discussion
3.1 Phototoxicity of gefitinib metabolites

In vitro phototoxicity testing enables the early detection and
screening of substances or compounds that may exhibit phototoxic
properties. Thus, in a first stage, in vitro neutral red uptake (NRU)
phototoxicity studies were performed with HaCaT cells to determine
the phototoxic potential of GFT and its metabolites upon exposure
to UVA light (5 J/cm?).

3.1.1 In vitro neutral red uptake phototoxicity test

Viability of HaCaT cells was measured after treatment with the
compounds employing as vital dye the neutral red, both in darkness
and in the presence of UVA light. Non-linear regression dose-
response curves were obtained and ICs, values were determined
(Supplementary Figure S1). Then, the photoirritation factor (PIF)
value was calculated as a ratio between the 1Cs, with and without
UVA irradiation for GFT and its metabolites. The obtained values
are collected in Table 1. As already found in our previous study, GFT
is undoubtedly phototoxic with a PIF value of 13. The demethylated

10.3389/fphar.2023.1208075

FIGURE 6

Intracellular colocalization of (A) GFT; (B) DMT-GFT and (C)
DMOR-GFT 15 pM in HaCaT cells by confocal microscopy. A
cytoplasmic distribution is observed for both drug and metabolites

metabolite (DMT-GFT) showed a decrease in the phototoxic
potential; however, following the OECD 432 Guide (OECD,
2019), DMT-GFT can still be considered phototoxic. Conversely,
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FIGURE 7

(A) Alkaline comet assay and DNA damage repair ability of

HaCaT cells treated with 100 pM of GFT or metabolites. Cells were
irradiated with UVA light at 2 J/cm? dose, 4 J/cm? for DMT-GFT and
DMOR-GFT (0, followed by 6 h (M) or 18 h (H) of cell recovery,

or kept in the dark (M. Data are displayed as the percentage of DNA
damage calculated following the six visual scoring categories. Data
represent the mean + SD of 3 independent experiments. Asterisks
indicate significant differences by the Student's t-test (***p < 0.001,
ns: non-significant). (B) Representative microscopy images of
irradiated (UVA Light) or non-irradiated (Dark) cells non-treated or
treated with GFT, DMT-GFT or DMOR-GFT and followed by 6 h of cell
recovery (UVA Light + Time recovery 6 h).

replacement of the fluorine substituent with OH (DF-GFT) resulted
in a negligible phototoxic activity. Surprisingly, dealkylation of the
propoxy-morpholine side chain (DMOR-GFT) led to a notable
enhancement of the phototoxic potential with a PIF value as high
as 48.

3.1.2 Lipid photoperoxidation
Photoinduced lipid peroxidation can be one of the processes
involved in cellular phototoxicity. A previous investigation has

10.3389/fphar.2023.1208075

confirmed that various phototoxic drugs induce the peroxidation
of linoleic acid, leading to high levels of thiobarbituric acid reactive
(TBARS) Tsuda, 2006).
photosensitized lipid peroxidation properties were studied for
GFT and its metabolites upon UVA light irradiation in the

substances (Onoue and Herein,

presence of linoleic acid (1 mM). Results are given in Figure 2.
According to expectations, KP (200 uM) generated a significant
amount of TBARS, which confirms the suitability of this compound
as a reference for photo induced peroxidation of linoleic acid. On the
contrary, neither GFT nor DMT-GFT showed detectable changes in
the amount of TBARS, whereas irradiation with DMOR-GFT
produced a remarkable enhancement in photosensitized lipid
peroxidation comparable to the reference.

In principle, photodynamic lipid peroxidation may occur via
Type I (radical-mediated) or Type II (trough singlet oxygen, 'O,)
mechanisms, where a common intermediate is the triplet excited
state of the photosensitizer. In the case of GFT and DMOR-GFT, the
triplet states (*GFT* and DMOR-GFT*) have been previously
identified and characterized by means of their transient
absorption at ca. 600 nm. The capability of these species to
produce 'O, was studied by time-resolved NIR emission at
1,270 nm, and the quantum yields (5 < 0.1) were found to be
very low. This indicates a marginal participation of Type II process
and suggests that it would be interesting to investigate the possible
involvement of the Type I oxidative mechanism in the lipid
peroxidation photosensitized by DMOR-GFT. For this purpose,
*DMOR-GFT* quenching experiments were performed using 1,4-
dihydro-1,2-dimethylbenzoic (DMBA) as a lipid model, which
contains double allylic hydrogens and is a suitable probe for
studying the reactivity of lipids with photosensitizing drugs
(Andreu et al,, 2011). Thus, using the laser flash photolysis (LFP)
technique, triplet decay traces were obtained in deaerated
solutions of DMOR-GFT after the addition of
increasing quencher concentration. As shown in Figure 3, the
DMOR-GFT triplet species was efficiently quenched by DMBA
with a rate constant (kg) of 196M™s' x 10°M™s
(Supplementary  Figure S2). This is consistent with the
photoreaction between DMOR-GFT metabolite and DMBA
model system proceeding by a Type I mechanism.

acetonitrile

3.1.3 Protein photooxidation

The pharmacological target of GFT, as a tyrosine kinase
inhibitor, is the ATP-rich site of plasmatic membrane receptor
EGFR in cancer cells. It is known that GFT is highly protein
bound in human plasma, specially to human serum albumin
(HSA) (Li et al.,, 2006). Thus, the protein oxidation photoinduced
by GFT, DMT-GFT and DMOR-GFT was studied using HSA as a
model. To this end, PBS solutions of HSA and GFT, DMT-GFT or
DMOR-GFT were irradiated, and then the carbonyl content, as an
early biomarker of oxidative damage, was determined by the 2,4-
dinitrophenylhydrazine (DNPH) derivatization method. As
illustrated in Figure 4, no significant differences were found
between irradiated and non-irradiated HSA, indicating the
suitability of the UVA dose selected for this assay. In accordance
with NRU phototoxicity results, GFT and DMOR-GFT displayed a
significant oxidative effect towards HSA, although GFT showed a
higher activity than the metabolite. It is interesting to recall that
DMOR-GFT showed the highest PIF value among the compounds
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evaluated; hence, the phototoxic potential seems to be better
correlated with lipid peroxidation than with protein oxidation.
Lastly, DMT-GFT did not exhibit any lipid or protein oxidative
damage, consistent with the NRU phototoxicity assay outcome.

3.2 Fluorescence properties and in vitro
cellular uptake of GFT and its metabolites

Having established the phototoxic potential of GFT (Tamarit
etal,2021), DMT-GFT and DMOR-GFT (Table 1), the fluorescence
spectral characteristics of these compounds were analyzed in order
to investigate the photophysical differences between GFT and its
metabolites in different biological media. Thus, the emission spectra
(Aexc = 320 nm) were recorded in PBS solution and in the presence of
different biomolecules (lipids, protein and DNA) or inside
keratinocyte cells. As displayed in Figure 5 and Table 2, an
evident red shift in the emission maximum occurred for the
metabolites in all models, probably due to emission from the
phenolate form. Expectedly, in terms of fluorescence intensity,
the protein environment increased fluorescence emission in all

cases, especially for the DMOR-GFT metabolite, which was
markedly enhanced. On this basis, it can be foreseen that this
effect is also observed once the compounds are inside
keratinocyte cells (Figure 5).

In parallel, fluorescence quantum yield (®g) of the internalized
compounds were also determined, by comparison with anthracene
as standard (@ = 0.27 in ethanol) [26]. Hence, both GFT and DMT-
GFT showed similar values, @ = 0.07 and ®g = 0.04, respectively. In
contrast, DMOR-GFT fluorescence inside the cells revealed a
measurable enhancement of the quantum yield (@ = 0.1)
(Supplementary Figure S3).

Considering the intrinsic fluorescence properties stated above,
confocal microscopy was used to define the intracellular
colocalization of the compounds. Keratinocytes were seeded in
coverslips and treated with GFT 15 uM, DMT-GFT 25 uM and
DMOR-GFT 15 uM and further labeled with both RedDot™ Far-
Red Nuclear (far red fluorescence) and CellMask™ Orange Plasma
membrane stains (red fluorescence). After 1h incubation, the
uptake was efficiently observed in all compounds. A cytoplasmic
distribution was shown in all cases without a predominant specific

localization in any organelle (Figure 6).



El Quardi et al.

3.3 Photogenotoxicity

Single-cell gel electrophoresis (comet assay) under alkaline
conditions was carried out to disclose DNA damage as a result of
single strand and double strand breaks as well as alkali-labile sites on
chromosomic DNA of individual human keratinocytes. Hence,
HaCaT cells were embedded in low melting point agarose on a slide
and incubated with the compounds for 1h. Then, samples were
exposed to UVA light for 5min (10min for DMT-GFT and
DMOR-GFT) and alkaline electrophoresis was performed after cell
lysis. During electrophoresis, damaged DNA migrates from the nucleus
yielding to formation of comet nucleoids and tails, which were
visualized by fluorescence after SYBR Gold staining. Percentage of
DNA damage was calculated following the classification of the images in
six different classes. As shown in Figure 7, GFT displayed a significant
damage (around 72%) after 5 min of UVA light irradiation. Likewise,
DMT-GFT generated high percentage of DNA damage (around 54%).
In contrast, irradiation of DMOR-GFT for 5 min did not promote DNA
damage given that the nucleoids remained intact compared to control
cells. Further irradiation of DMOR-GFT up to 10 min led to a
significant degree of DNA damage (around 45%).

Generally, cells have evolved a number of repair mechanisms to
reduce DNA damage; however, if the repair is faulty, DNA lesions
can result in long-term mutations that can ultimately result in
carcinogenic effects. For this reason, a complementary set of
experiments were performed for the purpose of studying the
capability of HaCaT cells to repair the DNA
photodamage produced by GFT and its metabolites after UVA
light irradiation. In brief, HaCaT cells containing GFT, DMT-
GFT or DMOR-GFT were irradiated and processed for comet
assay with two different incubation time (6 h and 18 h) before
cell lysis was performed. Finally, DNA damage was monitored as

nuclear

mentioned earlier. Apparently, cells treated with GFT recovered
considerably from the initial DNA damage although a residual
damage was still remanent even when the recovery time reached
18 h (41%) (Figure 7). This trend was not found either with DMT-
GFT or with DMOR-GFT treated cells, which maintained the initial
damage intact (Figure 7). More details are provided in the
supplementary information (Supplementary Figure S4).

3.4 Cell death mechanisms (apoptosis vs.
necrosis)

Apoptosis, frequently referred to as programmed cell death, plays
a crucial role in the regulation of the cellular lifecycle (Kumar, 2007),
however; excessive activation of this process can lead to critical
diseases (Kam and Ferch, 2000). The apoptosis event involves, in
most cases, the activation of the so-called zymogens, which are
evidenced to be the precursors of the well-known caspase enzymes
(Kumar, 2007). Upon apoptotic signals, caspases are activated and,
through their proteolytic activity, initiate protein digest inducing cell
death (Morgan and Thorburn, 2001). The key effector caspases in
mammals are caspase-3, -6 and -7, being caspase-3 the most frequently
involved in apoptosis (Kumar, 2007). Based on these facts, the
contribution of GFT or its metabolites to apoptosis upon UVA
light exposure was investigated in HaCaT cells using Apo-ONE
homogeneous caspase-3/7 assay. The kit contains a profluorescent
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Rhodamine 110 (Z-DEVD-R110), which serves as a substrate for both
caspase-3 and caspase-7. Consequent to the cleavage and removal of
the DEVD peptide by caspase-3/7, Rhodamine 110 (the leaving group)
becomes intensely fluorescent. Considering this, caspase-3/7 activity
was monitored by fluorescence and represented as a relative change,
indicating the level of apoptosis activation inside the cells. Thus, both
GFT and DMOR-GFT induce a concentration dependent activation of
caspase-3/7 after UVA light exposure, as shown in Figures 8A, C,
specially at the concentration close to the ICs, value (5 uM and 3 uM,
respectively). In the case of DMT-GFT (Figure 8B), caspase-3/
7 activity was similar between the concentration of 2.5 uM and the
concentration corresponding to ICsy (5 uM).

L-Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme that
catalyzes the conversion of lactate to pyruvate, as it converts NAD" to
NADH during glycolysis (Kaja et al,, 2015). LDH-release assay is used to
assess the level of plasma membrane damage since the permeabilization
of the membrane cause the leakage of this enzyme out of the cells (Chan
et al,, 2013). Bearing in mind that the key factor for necrotic cells is the
permeabilization of the plasma membrane, the measurement of LDH-
release can be considered an indicator for necrosis. However, it is
interesting to highlight that the leakage of LDH may also be involved in
apoptotic events in late stages (Parhamifar et al., 2013). As shown in
Figure 8D, a small but significant percent of LDH-release was displayed
for both GFT at a concentration near the ICs, respectively. Contrary,
DMT-GFT (Figure 8E) did not show any effect on the LDH release.
Additionally, in Figure 8F, a significant percentage of LDH-release is
also observed.

In summary, gefitinib represents an important targeted therapy
for certain types of cancer, offering personalized treatment options
and potentially improved outcomes. However, it is crucial to
carefully consider the photo(geno)toxic potential of both the
parent drug and its metabolites.

4 Conclusion

Phase I biotransformation of GFT leads to reactive metabolites.
This chemical event generates non-negligible modifications in the
quinazoline chromophore, leading to a significant change in its
light-absorbing properties. Here, it has been investigated the
photobehavior of GFT and its reactive metabolites (DMT-GFT
and DMOR-GFT) towards biomolecules (lipids, proteins and
DNA) as well as in cellular milieu using human keratinocytes.
The metabolite DMOR-GFT is markedly more phototoxic to cells
than the parent drug, according to the NRU in vitro studies, whereas
DMT-GFT is much less phototoxic. As regards the photosensitized
lipid peroxidation, only DMOR-GFT is clearly effective in the
TBARS assay; the weak production of singlet oxygen, combined
with the efficient triplet excited state quenching by a lipid model
containing double allylic hydrogens, support the involvement of a
Type I mechanism. Protein photooxidation (monitored by carbonyl
content measurements) is mainly mediated by GFT and, to a lesser
extent, by DMOR-GFT; in contrast, protein oxidation associated
with DMT-GFT is nearly detectable. This reaction is explained by
initial electron transfer from the oxidizable amino acid residues to
the quinazoline moiety. Damage to cellular DNA, as revealed by the
comet assay, occurs upon irradiation in the presence of the parent
GFT and its two metabolites. Interestingly, the most efficient
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photosensitizer in this case is DMT-GFT; moreover, the DNA
damage induced by this metabolite is hardly repaired by the cells
after several hours.

Overall, the observed cellular phototoxicity can be satisfactorily
correlated with the results from the mechanistic studies. Thus,
DMOR-GFT, which displays the highest phototoxicity, produces the
most remarkable lipid photoperoxidation and is also significantly active
in the protein oxidation and DNA damage studies. Conversely, DMT-
GFT is the weakest phototoxic, but it shows the highest photogenotoxicity
in the comet assay. The parent drug GFT constitutes an intermediate case.
Hence, cellular phototoxicity seems to be rather related to photooxidation
of membrane components through a Type I (radical-mediated)
mechanism. These findings highlight that the biotransformation of the
anticancer drug gefitinib leads to a double-edged sword cellular
photo(geno)toxicity. This knowledge is crucial for the development of
new TKIs to anticipate and mitigate potential phototoxic side effects. All
these considerations have to be taken into account by oncologists when
prescribing TKIs to cancer patients, in order to establish the conditions of
use and to recommend photoprotection guidelines.
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Photoprocesses of the tyrosine kinase inhibitor
gefitinib: from femtoseconds to microseconds and
from solution to cellst

Lorena Tamarit, ©2 Meryem El Ouardi,®® Inmaculada Andreu, ©® 2
Ignacio Vaya®*® and Miguel A. Miranda ® *2

Gefitinib (GFT) is a tyrosine kinase inhibitor currently used for the treatment of metastatic non-small cell
lung cancer. Although it has been suggested that GFT can be phototoxic, there are no systematic studies
on this issue. Here, the photosensitizing potential of GFT has been assessed by means of NRU assays and
protein photooxidation. In addition, a thorough photophysical study is presented based on ultrafast
transient absorption spectroscopy, fluorescence and laser flash photolysis. Transient species generated
after excitation of GFT have been characterized in solution and in biological environments (i.e. HSA and
HaCaT cells) to gain insight into the mechanisms involved in photodamage. The photobehavior of GFT
was strongly medium-dependent. Excitation of the drug resulted in the formation of locally excited (LE)
singlet states ('GFT*), which were found to be the main emissive species in non-polar solvents and also
within HSA and HaCaT cells. By contrast, in polar solvents, LE states rapidly evolved (~1 ps) towards the
formation of longer-lived intramolecular charge transfer (ICT) states. The triplet excited state of GFT
(GFT*) can be formed through intersystem crossing from 'GFT* in non-polar solvents and from ICT
states in the polar ones, or in the particular case of ethanol, by photosensitization using 2-
methoxyacetophenone as an energy donor. In the HSA environment, 3GFT* was hardly detected due to
quenching of its LE "GFT* precursor by Trp through an electron transfer process. Accordingly, HSA
photooxidation by GFT was demonstrated using the protein carbonylation method. In summary, a good
correlation is established between the photophysical behavior and the photobiological properties of GFT,
which provides a mechanistic basis for the observed phototoxicity.

tyrosine kinase inhibitors (TKIs) are of high interest due to their
ability to block the kinase activity of these receptors.*?®

The epidermal growth factor receptor (EGFR) family is
composed of four members (HER1-4), which are trans-
membrane glycoproteins with tyrosine kinase activity. They are
able to regulate a number of signaling pathways within cells
including cell proliferation, migration, differentiation, tissue
repair and wound healing." Mutations and overexpression of
tyrosine kinase receptors, especially HER1 and HER2, may
result in the appearance of different types of cancers and may
promote solid tumor growth.® Therefore, EGFRs are major
targets for the design of anticancer agents. In this regard,
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Geltinib (GFT) is an orally active Crst-generation TKL® It is
clinically used for patients with locally advanced or metastatic
non-small cell lung cancer; the mode of action involves specill
binding of GFT to the ATP site of HERI preventing autophos-
phorylation in tumor cells.” Although the benells of this drug
are evident, it can also induce adverse effects, which are normally
associated with rash, diarrhea, dry skin, nausea and vomiting."

Many drugs are known to absorb solar radiation and can
induce photosensitivity reactions, such as phototoxicity or photo-
allergy, but also photoaging, weakening of the immune system and
skin cancer." These side effects can be associated with damage to
biomolecules (lipids, proteins and DNA) caused by radicals or
reactive oxygen species (ROS) arising from excited singlet or triplet
states.”™"® Interestingly, drugs containing the quinazoline moiety
are known to produce photodermatosis.” In this regard, it has
recently been reported that lapatinib (LAP), a TKI used for the
treatment of breast and lung cancer, can induce protein photo-
oxidation and phototoxicity.” The excited states arising from
irradiation of LAP with UV light have been investigated by means
of spectroscopic techniques in solution and in the presence of
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human serum albumin (HSA)."** It has been shown that short-
lived (ps scale) intramolecular charge transfer states (ICT) are
formed in the bulk solution, while longer-lived locally excited (LE)
states predominate in the protein-bound LAP; these states must be
related to the photosensitizing potential of the drug.

In this context, preliminary in vitro studies suggest that GFT
may be phototoxic,* although there are no reports about the
involved photochemical mechanisms. In the present work, the
photobiological response of GFT is investigated; thus, its
phototoxic potential is evaluated by means of the NRU assay,
while its photooxidation activity is assessed towards HSA, the
main transport protein in human serum.* Besides, fluores-
cence and transient absorption spectroscopies from the
femtosecond to the microsecond time-scale are used to inves-
tigate the photobehavior of GFT in solution and in the presence
of HSA, in addition to human keratinocytes (HaCaT) cells. As
aresult, it has been observed that the excited state properties of
the drug are strongly affected by the environment: LE states are
mainly formed in organic non-polar solvents and within HSA or
HaCaT cells, while ICT sates are predominant in organic polar
solvents. The triplet excited state of gefitinib (*\GFT*) has been
identified and completely characterized for the first time, and
its potential to generate ROS has been assessed. All these
features are of key importance in connection with the photo-
sensitizing potential of this drug.

Experimental
Chemicals and reagents

Gefitinib was purchased from Quimigen. Chlorpromazine
hydrochloride (CPZ), sodium dodecyl sulphate (SDS), anthra-
cene, human serum albumin (HSA) were purchased from
Sigma-Aldrich. For cell culture experiments, HaCaT cells and
Dulbecco's Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), and penicillin-streptomycin (1.0 x 10° U mL™ ",
1.0 x 10° pg mL ') were supplied by invitrogen. Trypsin-EDTA
(0.25-0.02%) and glutamine solutions were provided by Cultek.
2,4-Dinitrophenylhydrazine = hydrochloride = (DNPH) was
purchased from Santa Cruz Biotechnology (Dallas, USA). PBS
buffer was prepared by dissolving phosphate-buffered saline
tablets (Sigma) using ultrapure water from a Millipore (Milli-Q
Synthesis) system. Spectrophotometric HPLC solvents were
obtained from Scharlab and used without further purification.

Irradiation equipment

Irradiations were performed using a LCZ-4 photoreactor fitted
with six top and eight side Hitachi lamps (An.x = 350 nm,
Gaussian distribution; Luzchem, Canada). Irradiation for in
vitro NRU assay was performed in 96-well transparent plates
while 6-well transparent plates were used for photooxidation
assay. All experiments were performed keeping the plates on ice
inside the photoreactor to avoid overheating.

Spectroscopic measurements

Steady-state absorption spectra were recorded in a JASCO V-760
spectrophotometer. Steady-state fluorescence spectra were
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obtained using a JASCO spectrofluorometer system provided
with a monochromator in the wavelength range 200-900 nm,
with an excitation wavelength of 340 nm at 25 °C. Measure-
ments on drug@protein complexes were performed in aerated
PBS of 1 : 1 molar ratio mixtures at 10 pM. The absorbance of
the samples at the excitation wavelength was kept below 0.1.
Phosphorescence measurements were performed in a Photon
Technology International (PTI, TimeMaster TM-2/2003) spec-
trophotometer equipped with a pulsed Xe lamp, operating in
a time-resolved mode with a delay time of 0.5 ms. The sample
was dissolved in ethanol, introduced in a quartz tube of 5 mm of
diameter and cooled with liquid N, (77 K).

Time-resolved fluorescence measurements were performed
using an EasyLife X system containing a sample compartment
composed of an automated peltier cuvette holder to control the
temperature, a pulsed LED excitation source and a lifetime
detector. The employed LED excitation source was 340 nm, with
an emission filter of WG370.

Laser Flash Photolysis (LFP) measurements were performed
using a pulsed Nd:YAG L52137 V LOTIS TII at an excitation
wavelength of 355 nm. The single pulses were ca. 10 ns dura-
tion, and the energy was ~12 mJ per pulse. The laser flash
photolysis system consisted of the pulsed laser, a 77250 Oriel
monochromator and an oscilloscope DP04054 Tektronix. The
output signal from the oscilloscope was transferred to
a personal computer. The absorbances of all solutions were
adjusted at ~0.20 at 355 nm. All UV, fluorescence and LFP
measurements were performed using 10 x 10 mm” quartz
cuvettes at room temperature under deaerated conditions
(25 min N, bubbling), or in the case of the protein complexes
and/or singlet oxygen detection in an aerated atmosphere.
Control experiments indicated that the degree of decomposi-
tion of the samples after photolysis was lower than 5%.

Femtosecond transient absorption experiments were per-
formed using a typical pump-probe system. The femtosecond
pulses were generated with a compact regenerative amplifier
that produces pulses centered at 800 nm (tpu1se 100 fs approx., 1
m] per pulse). The output of the laser was split into two parts to
generate the pump and the probe beams. Thus, tunable
femtosecond pump pulses were obtained by directing the
800 nm light into an optical parametric amplifier. In the present
case, the pump was set at 330 nm and passed through a chopper
prior to focusing onto a rotating cell (1 mm optical path) con-
taining the samples in organic or aqueous solution. The white
light used as a probe was produced after part of the 800 nm light
from the amplifier travelled through a computer controlled 8 ns
variable optical delay line and impinged on a CaF, rotating
crystal. This white light was in turn split in two identical
portions to generate reference and probe beams that then are
focused on the rotating cell containing the sample. The pump
and the probe were made to coincide to probe the sample. The
power of the pump beam was set to 180 uW. Under these
conditions, the degree of photodegradation of the samples was
lower than 5%. A computer-controlled imaging spectrometer
was placed after this path to measure the probe and the refer-
ence pulses to obtain the transient absorption decays/spectra.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The experimental data were treated and compensated by the
chirp using the ExciPro program.

Phototoxicity assay

A neutral Red Uptake phototoxicity test (NRU) was selected for
the study of the cellular phototoxic properties of GFT. The assay
was performed in accordance with the OECD Guideline 432
(OECD 2019) in HaCaT cells instead of the 3T3 cell line from
BALB/c, the standard method, due to the similarity with human
skin cells.”

The positive and negative phototoxic controls were CPZ and
SDS, respectively. Chlorpromazine is a commonly used anti-
psychotic drug which has demonstrated relevant phototoxic
properties.* Briefly, two 96-well plates were seeded at a density
of 2.0 x 10* cells per well, and cells were treated the next day
with GFT at eight concentrations ranging from 2.5 to 500 uM.
Additional plates were treated with CPZ (from 1.57 uM to 500
uM) and SDS (from 3.13 pM to 500 uM) as the references for this
experiment. Then, one plate was irradiated with 5 J cm™> UVA
dose (UVA light) whereas the other plate was kept in a dark box
(DARK). The next day, cells were incubated with neutral red
solution (50 ug mL™ ') and further dye extraction from lyso-
somes was accomplished with a mix buffer [distilled water 50%
(v/v), ethanol 49.5% (v/v) and acetic acid 0.5% (v/v)]. Afterwards,
the absorbance of the plates was read at 540 nm on a Synergy H1
microplate reader. Dose-response curves for GFT and controls
were obtained to determine the concentration causing a reduc-
tion of 50% of the neutral red uptake (ICs,) under dark and UVA
light conditions. Lastly, the photoirritation factor (PIF) values
were calculated using the following equation:

IC5;DARK

PIF = ————
IC50UVA llght

Conforming to OECD guideline 432, a substance is labelled
as “non-phototoxic” when PIF is <2, “probably phototoxic” if PIF
is between 2 and 5 and “phototoxic” if PIF is >5.

Protein carbonyl content assay

Protein carbonyl content assay was carried out following the
protocol described elsewhere,* but with minor modifications.
Briefly, a solution of HSA (5 mg mL™"', 1 mg protein/sample) was
prepared in PBS and irradiated alone or in the presence of 100
uM of GFT followed by the exposure to UVA light at doses of 5,
10 and 15 J cm 2 Then, the amount of HSA oxidation was
monitored spectrophotometrically after incubation of the
samples with 2,4-dinitrophenylhydrazine (DNPH) 10 mM in
order to generate quantifiable DNPH adducts. Later, proteins
were precipitated with 20% trichloroacetic acid solution and
a sequence of two washes was performed with ethanol/ethyl
acetate 1:1 (v/v) containing 20% trichloroacetic acid. Finally,
dried protein pellets were resolubilized with guanidine buffer (6
M) and absorbance was registered at 375 nm using a Synergy H1
microplate reader. Conclusively, the potential of protein
oxidation was measured based on the content of carbonyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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generated (nmol of carbonyl per mg protein) in the presence of
GFT.

Results and discussion

As mentioned in the introduction, TKIs can exhibit photo-
sensitizing potential in combination with sunlight.”” Hence, it
appeared interesting to assess the phototoxicity of GFT in vitro
based on the established neutral red uptake (NRU) method.
Thus, human keratinocytes were incubated with GFT and irra-
diated with a UVA light dose of 5 J cm ™2 The cytotoxic profiles
were determined by measurements of the irradiated samples in
comparison with those kept in the dark, using neutral red as
a vital dye. Thus, from the obtained dose-response curves (see
Fig. S1 in the ESI{), ICs, was determined, and the photo-
irritation factor was calculated as the ratio of IC5, between dark
and UVA conditions (see the Experimental section). The PIF
value of GFT was found to be 13. Therefore, following the OECD
432 guide (OECD 2019), GFT can be considered a phototoxic
drug (Fig. 1 and 2).

In view of the phototoxic potential of GFT, its photobehavior
was studied by means of fluorescence and transient absorption
spectroscopies. The photophysical properties of the drug were
first investigated in organic solvents of different polarities. The
UV absorption spectra barely varied from acetonitrile to

~ N‘.ﬁ
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Fig.1 Chemical structure of GFT.
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Fig. 2 In vitro phototoxicity of GFT in the NRU assay. The concen-
tration causing a reduction of 50% of the neutral red uptake (ICso) was
calculated both in the dark (filled bars) and under UVA light conditions
(empty bars). The represented data correspond to the mean + SD from
4 independent dose-response curves. Chlorpromazine (CPZ) and
sodium dodecyl sulfate (SDS) represent the selected positive and
negative phototoxicity controls, respectively. The PIF value was
determined from the ratio between ICso dark and ICso UVA for each
compound. According to the OECD 432 guide (2019), PIF < 2 means
“non-phototoxic”; 2 < PIF < 5 means "probable phototoxicity” and PIF >
5 means “phototoxicity”. Asterisks indicate significant differences by
the t-Student test (ns: non-significant, ***p < 0.001).
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Fig. 3 Normalized fluorescence spectra (A) and decays (B) under
aerated conditions for GFT in acetonitrile (black), 1,4-dioxane (red),
toluene (blue) and cyclohexane (green) after excitation at 340 nm.

cyclohexane (see Fig. S2 in the ESIf) while the fluorescence
properties were strongly affected by the polarity. This is in
agreement with previous observations in n-hexane, chloroform
or in alcohol solutions, where no detailed explanation was
given.”*?® The results show that the emission spectra of GFT
were broad and unstructured in polar solvents (see Fig. 3A),
displaying low quantum yield (¢r) and peaking at long wave-
lengths (Amax > 450 nm). By contrast, ¢ values were much
higher in non-polar solvents, and emission occurred at much
shorter wavelengths with a lower fwhm (see Table 1). To give
a comparison, the fluorescence quantum yield of GFT in
acetonitrile was 0.05, with A,,,x ~ 473 nm and a fwhm of about
118 nm, while in cyclohexane ¢r was 0.19, and the spectrum
showed a fwhm of ca. 71 nm and A, ~ 378 nm. In addition,
the fluorescence decay kinetics (see Fig. 3B) showed the longest
lifetime for the emitting species in acetonitrile, while the
shortest one was detected in cyclohexane. Due to the short
fluorescence lifetimes (1-3 ns), the presence or absence of
oxygen had only a marginal effect (see Fig. S3 in the ESIT).

Table 1 Fluorescence properties of GFT in solvents of different
polarities and within HSA and HaCaT cells at Aexc = 340 nm

Amax/NM fwhm/nm o TE/ns
MeCN 473 118 0.05 3.4
1,4-Dioxane 458 116 0.09 2.5
Toluene 421 101 0.18 2.6
Cyclohexane 378 71 0.19 1.3
HSA 390 95 0.02 1.3
HacCaT cells 390 70 0.05 —

“ ¢ were determined using anthracene in ethanol as ref. 27.
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The combined results from both steady-state and time-
resolved measurements can be interpreted as emission from
locally excited (LE) singlet states in non-polar solvents or from
intramolecular charge transfer (ICT) states in the polar ones.
The energy of LE in cyclohexane, determined from the crossing
point between the normalized excitation and emission spectra
(see Fig. S4 in the ESIT), was ~82 kcal mol !, while that of ICT in
MeCN was roughly estimated to be of about 64 kcal mol ' from
the bathochromic shift between the maxima spectra of cyclo-
hexane and MeCN. At low temperatures, the fluorescence signal
of GFT in a solid cyclohexane matrix at 77 K was very similar to
that found in solution at 298 K. For acetonitrile, it was not
possible to record the spectrum of a solid sample. Hence, low
temperature measurements in a polar medium were performed
in frozen ethanol, where two components were clearly distin-
guished in the 350-425 and 430-550 nm regions (see Fig. S5 in
the ESI}), attributed to the LE and ICT states, respectively. From
the wavelength corresponding to the first maximum of the ICT
emission, a value of 65 kcal mol " was obtained for the energy
of this state, which is compatible with the 64 kecal mol ™" esti-
mated in MeCN from the bathochromic shift of the maximum
(see above). In ethanol solution, at room temperature, the
emission was very weak and no clear spectrum was recorded.

In order to get more insight into the formation of both LE
and ICT states, femtosecond transient absorption measure-
ments were performed on GFT in toluene, acetonitrile and
ethanol (cyclohexane was not used due to solubility limitations).
This is a highly sensitive technique which allows studying the
formation of transient species in terms of spectral shape and
kinetics resolution, and provides direct information on
processes such as intersystem crossing (ISC), energy or electron
transfer (ET) and charge separation.”*** Thus, excitation of the
drug at 330 nm in toluene gave rise to an absorption band
peaking at Anax ~ 460 nm. It evolved through two nearly iso-
sbestic points (415 and 560 nm) towards the formation of a new
band with two maxima ca. 605 and 410 nm (see Fig. 4A), which
became clearly defined on the nanosecond scale. This band,
mostly formed in about 10 ps (see Fig. S6 in the ESI}), can be
tentatively ascribed to the triplet excited state of gefitinib
(*GFT*). By contrast, in acetonitrile, the band at around 460 nm
evolved in about 1 ps towards other species with a maximum ca.
430 nm, which persisted up to the nanosecond scale (see
Fig. 4B). This behavior is comparable to that previously
observed for LAP in MeCN, where LE was the precursor species
of the ICT state, formed in about 1.5 ps and decayed in the
nanosecond time-scale.'® Accordingly, a similar interpretation
can be done for GFT in MeCN; thus, the band at 460 nm is
associated with LE, while that at 430 nm to a ICT state. Inter-
estingly, the transient absorption band at ~605 nm was again
visible on the ns scale, coexisting with that of ICT. A similar
photobehavior was detected in ethanol; so, LE rapidly evolved
(ca. 1.4 ps) towards the formation of ICT, which disappeared in
about 700 ps (see Fig. 4C). Surprisingly, the long-lived band
associated to *GFT* with maxima around 410 and 605 nm was
not detected.

In order to further characterize the excited species of the
drug at longer time scales, nanosecond LFP measurements were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectra were recorded from 0.5 ps (black line) to 2 ns (blue line) in (A)
and (B), and from 0.5 ps (black line) to 0.7 ns (blue line) in (C).

performed at A = 355 nm. The transient spectra obtained in
toluene showed two maxima around 400 and 600 nm (see
Fig. 5A), very similar to those detected in the ns window from
ultrafast spectroscopy; the two bands decayed in a similar
manner (ca. 2 ps), indicating that both are associated with the
same species in the excited state. The photobehavior in aceto-
nitrile (see Fig. 5B) was very similar to that observed in toluene,
but with slightly lower efficiency and the excited species dis-
playing shorter lifetimes (~1.7 ps).

The signal at 600 nm, assigned to *GFT*, was strongly
quenched by oxygen (kq ~ 5.6 x 10° M~ ' s™"). In order to better
characterize its triplet nature, photosensitization LFP measure-
ments using naproxen (NPX) as an acceptor were performed. The
energy of *NPX* is 62 kcal mol "> while that of *GFT*, deter-
mined from the 4% rise of its phosphorescence spectrum in
a solid matrix of ethanol at 77 K (see Fig. S7 in the ESIt), was of
about 69 kcal mol . Selective excitation of GFT at 355 nm in the
presence of NPX resulted in a strong quenching of the signal at
600 nm with a concomitant formation of >NPX* (Apax ~ 430 nm)
through a triplet-triplet energy transfer process from GFT to NPX
(see Fig. S8 in the ESIt). Therefore, the transient band peaking at
~600 nm can be undoubtedly assigned to the first triplet excited
state of the drug. It is worth noting that *GFT* was much lower in
ethanol (see Fig. S9 in the ESI{); all these results are in agreement
with those obtained from ultrafast spectroscopy.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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deaerated conditions.

In this context, an interesting point of discussion is the
formation of *GFT* in both non-polar and polar solvents, as it
can arise from different precursors (LE and/or ICT states,
respectively). Interestingly, excitation of the drug in non-polar
solvents such as toluene gives rise to LE states, which would
evolve towards the formation of *GFT* in ca. 10 ps through ISC.
In contrast, ICT predominates in polar solvents such as aceto-
nitrile; therefore, in this case, >GFT* would be mainly formed
from ICT rather than from LE states, as the latter disappear in
a few ps. The minor formation of *’GFT* in ethanol might be due
to an enhanced stabilization of the ICT species, whose energy
becomes lower than that of *GFT* (65 vs. 69 keal mol™"),
resulting in an endothermic ISC. However, markedly higher
formation of triplet gefitinib was accomplished through triplet-
triplet energy transfer from 2-methoxyacetophenone (MAP) as
the photosensitizer.>* Thus, excitation of a mixture containing
GFT and MAP in deaerated ethanol resulted in enhanced
formation of *GFT* (see the difference spectrum in the inset in
Fig. 6A). The growth and decay of this species at its absorption
maximum (ca. 600 nm) are clearly shown in Fig. 6B.

From a photobiological point of view, triplet excited species
are key intermediates that can induce damage to proteins and
other biological targets.”® This can involve radical pathways
initiated by electron transfer or hydrogen abstraction (type I
mechanism), and/or energy transfer from a photosensitizer to
molecular oxygen, leading to singlet oxygen (*O, type Il mech-
anism).**** In this context, it has been observed by means of LFP
(Aexe = 355 nm) that GFT can induce formation of '0,, which
has been detected by time-resolved NIR emission at 1270 nm. In
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Fig. 6 (A) Transient absorption spectra of GFT (black), MAP (red) and
a mixture of GFT/MAP (blue). The inset shows the spectrum obtained
from subtraction of the MAP spectrum to that of the GFT/MAP spec-
trum 0.6 ps after the laser pulse. (B) LFP decay traces at 610 nm for GFT
(black), MAP (red) and a mixture of GFT/MAP. All measurements were
performed in deaerated ethanol at Aexc = 355 Nnm at concentrations of
40 puM for GFT and 30 mM for MAP.

the case of GFT, the singlet oxygen quantum yields, determined
using ketoprofen as a reference,*® were of about 0.17 and 0.1 in
aerated toluene and MeCN, respectively; this agrees with the
enhanced triplet formation in the former.

As GFT is phototoxic to cells (see above) and membrane
proteins are major targets for photosensitized oxidation,*”* the
photobehavior of GFT was investigated in the presence of
human serum albumin, a model protein which is the most
abundant in plasma.* It is known that GFT highly binds to
HSA.* Selective excitation of the protein-bound gefitinib at
340 nm (see Fig. S10 in the ESIf) evidenced a significant
enhancement of its fluorescence compared with the drug free in
aqueous solution, which is insignificant (see Fig. 7A). The
stronger emission of complexed gefitinib may result from the
higher restrictions in its degrees of freedom for conformational
relaxation within HSA. Interestingly, the spectrum profile
displays its maximum at ~390 nm, and decays with a lifetime of
about 1.3 ns, showing a very similar behavior to that observed in
cyclohexane (see Table 1). Accordingly, the excited species
detected for GFT@HSA can again be associated with LE singlet
states. However, the lower fluorescence quantum yield of the
drug within the protein compared with cyclohexane (0.02 vs.
0.19) is worth noting; this decrease can be the result of an
electron transfer process to GFT in its excited state from
appropriate donors, for instance the only tryptophan (Trp)
residue of HSA.*® A similar process was previously observed for
other drug@HSA systems.*"** In order to check this possibility,
application of the Weller equation,” considering the singlet
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Fig. 7 (A) Fluorescence spectra of isoabsorptive solutions at the
excitation wavelength for GFT in the bulk aqueous solution (dashed
line) and GFT@HSA at 1 : 1 molar ratio (solid line). The inset shows the
normalized fluorescence decay for GFT@HSA at 1: 1 molar ratio (10
uM) in PBS. (B) Normalized fluorescence spectra of GFT within HaCaT
cells. All measurements were performed at Aexc = 340 nm. The vertical
dotted line marks the maximum emission at ca. 390 nm.

energy of GFT and the corresponding redox potentials,”” agrees
with an exergonic electron transfer from Trp to the excited drug
(AG = —18.5 kecal mol ™). As a matter of fact, the feasibility of
this process was confirmed experimentally from fluorescence
measurements. Thus, decay kinetics of 'GFT* was recorded in
the non-polar solvent cyclohexane in the presence of increasing
amounts of 3-methylindole, the chromophore present in the
Trp residue (see Fig. S11 in the ESIT); a quenching rate constant
of ~4.3 x 10*° M~ ! s was determined. Therefore, the low ¢
observed for gefitinib within HSA can be explained as a result of
an electron transfer from Trp to the LE 'GFT*.

An interesting point to highlight is the similarity of the
emission spectra detected for GFT within HSA and HaCaT cells
after selective excitation of the drug at 340 nm. As it can be
observed, the emission of the drug in a cellular milieu (see
Fig. 7B) was centered at the same position as in the protein
(~390 nm), showing a slightly higher quantum yield of about
0.05 (see Table 1). This may suggest that the photobehavior of
GFT in the protein environment is similar to what could be
expected in cells.

In order to obtain further information about the early
processes occurring inside HSA, femtosecond transient
absorption measurements were performed upon selective exci-
tation of the protein-bound gefitinib at 330 nm. This resulted in
the formation of a single transient band with a maximum at
~460 nm (see Fig. 8A), assigned to LE 'GFT*. This species
decays following a multi-exponential law (see Fig. 8B), which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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can be associated with parallel processes arising from the drug
located in different binding sites of HSA. Thus, the shortest
component, of ca. 5 ps, can be related to the binding of GFT in
a site close to the Trp residue, where the electron transfer
process from the amino acid to 'GFT* might take place. By
contrast, the longest component, which persists up to the
nanosecond time-scale, could correspond to the location of GFT
in another site far from Trp, where the electron transfer process
cannot occur.

It should be emphasized that *GFT* was hardly detectable in
the protein medium, where the band at ~600 nm is marginal. In
this regard, nanosecond LFP measurements on GFT@HSA at
Aexe = 355 nm indicated a very weak absorption around 600 nm
compared with MeCN (see Fig. S12 in the ESIT). This may be the
result of the LE 'GFT* quenching through electron transfer
from the Trp residue of HSA. As stated above, this process might
occur in about 5 ps, which is faster than ISC (~10 ps); conse-
quently, the yield of *GFT* within HSA is greatly decreased. This
has clear biological implications, since the photosensitization
of GFT in biological media could involve the participation of LE
singlet states rather than *GFT*.

In this context, as the electron transfer process from Trp to
'GFT* has been detected not only in solution but also in the
HSA-bound drug, it appeared interesting to evaluate the capa-
bility of GFT to induce protein photooxidation, since this
process could be the origin of the above mentioned GFT-
photosensitized damage occurring in HaCaT cells. To this
end, the protein carbonylation method was used, which repre-
sents the most frequent irreversible oxidative modification
affecting proteins. In this regard, PBS solutions containing HSA
and GFT were irradiated at different UVA light doses (5, 10 and

© 2021 The Author(s). Published by the Royal Society of Chemistry

Chemical Science

GFTS0uM  GFT100uM

o
6 *EE
£ T —
28
£
g 8 44
= w
>
eL ns
2 E —
- ] HH
D_lll
HSA

Fig.9 Protein photooxidation by GFT. Solutions of HSA (5 mg mL™) in
the presence or absence of 50 uM or 100 uM of GFT were irradiated at
53 cm~? UVA dose (dark gray bar), 10 J cm~2 (light gray bar) and 15 J
cm~2 (empty bar) of UVA dose or kept under dark conditions (black
bar). The carbonyl content was quantified spectrophotometrically
after derivatization with 2,4-dinitrophenylhydrazine (DNPH). Data
represent the mean + SD of 4 independent experiments. Asterisks
indicate significant differences relative to the carbonyl content in HSA
in darkness by the t-Student test (*p < 0.05, **p < 0.01, ***p < 0.001,
ns: non-significant).

15 J cm™?), and the carbonyl content, as an early biomarker of
oxidative damage, was quantified using 2,4-dinitrophenylhy-
drazine (DNPH). The results shown in Fig. 9 revealed that GFT
promotes a consistent photooxidative effect towards HSA,
which agrees with the results obtained from the phototoxicity
NRU assay.

Scheme 1 summarizes the main species generated upon
excitation of the drug in different media. In all cases, an
instantaneous formation of LE 'GFT* is observed. In non-polar
solvents, this species emits light at wavelengths around 380 nm
within ca. 1 ns; in addition, LE 'GFT* undergoes ISC to the
triplet excited state (~10 ps), which displays a maximum at ca.
600 nm. By contrast, in polar solvents, LE rapidly evolves (~1 ps)
towards the formation of ICT states, which emit at longer
wavelengths (~470 nm) with much lower yields. In these media,
3GFT* is mainly populated from ICT states; surprisingly, it is
formed in very low efficiency in ethanol solution, where
conversion of ICT 'GFT* to *GFT* is thermodynamically dis-
favored. Finally, in the biological environment, i.e. HSA and
HaCaT cells, LE 'GFT* is the only detected species; its lifetime is
significantly decreased through ET-quenching by electron
donors.

non-polar IGFT*
e 1[LE-GFT]* - T Sethanol
h ST HICT-GFT]*
GFT = olar
—X— SGFT*
——— 1[LE-GFT]* — )
Protein/Cell ET-Quenching by

electron donors

Scheme 1 Schematic representation of the main species arising from
the excited gefitinib in different environments: non-polar or polar
organic solvents, and biological media such as protein or cells.
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Conclusions

The photophysical behavior of GFT has been investigated in
solution and in biological environments, from the femtosecond
to the microsecond time-scales, whereas the photosensitizing
properties of the drug have been studied by means of the NRU
and protein carbonylation methods. In vitro NRU assay using
human keratinocytes (HaCaT) has proven the phototoxic
potential of GFT. The main excited species arising from selec-
tive irradiation of the drug are the locally excited (LE) and
intramolecular charge transfer (ICT) singlet states, as well as the
triplet state. In general, the LE singlet is the only emitting
species both in organic non-polar solution and in biological
media (i.e. HSA and HaCaT cells). In the former, intersystem
crossing to the triplet excited state of GFT occurs in the pico-
second scale. By contrast, in organic polar solvents, LE states
rapidly evolve towards the formation of ICT states. This species
emits at longer wavelengths and shows higher lifetimes than LE
states; they are also able to populate *GFT* in acetonitrile.
Surprisingly, ISC is not observed in ethanol, since ICT states are
rapidly deactivated (in about 0.7 ns); however, *GFT* is gener-
ated in this solvent by photosensitization with 2-methox-
yacetophenone as an energy donor. In the HSA binding sites,
formation of *GFT* is hardly detected; instead, quenching of its
LE singlet precursor by Trp through an electron transfer
mechanism is observed. Accordingly, GFT photosensitized
oxidation of HSA is demonstrated using the protein carbonyl-
ation method. In summary, a good correlation is established
between the photophysical behavior and the photobiological
properties of GFT, which provides a mechanistic basis for the
observed phototoxicity.
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Abstract

Dasatinib (DAS) is an anticancer drug employed in the treatment of certain hematological malignancies, such as chronic myeloid
leukemia and Philadelphia chromosome-positive acute lymphoblastic leukemia. Although DAS has been mainly developed for
oral administration, it has recently garnered attention for its potential application in topical dermatological formulations.
However, the use of topical drugs is far from innocuous, introducing a noteworthy consideration such as photosensitivity, which
is not listed as an adverse reaction for DAS. Thus, considering that DAS has a UVA-absorbing chromophore, it could induce
photosensitivity reactions such as phototoxicity. In these phenomena oxidative damage to cellular targets, such as lipids, proteins,
and DNA, may occur through Type I (via free radical intermediates) or Type II (singlet oxygen-mediated) mechanisms. With this
background, the aim of the present study is to investigate whether DAS exhibits phototoxic reactions on primary cellular targets,
not only in solution, but also in artificial skin, to emulate the topical administration of the drug. In addition, the potential to
generate highly reactive intermediates like organic radicals and reactive oxygen species (ROS) has also been investigated, since
these intermediates could be responsible for triggering photosensitivity reactions. As a matter of fact, the first transient species
detected upon DAS irradiation in the UVA region was the diradicaloid triplet excited state (*‘DAS"), with an absorption maximum
at ca. 490, which was subsequently quenched by oxygen, yielding singlet oxygen. The latter species is capable to induce Type 11
photooxidative reactions in biomolecules. Independent triplet quenching experiments using linoleic acid and 3-methylindole as
models for lipids and proteins, respectively, revealed that radical-mediated (Type I) photosensitized damage to membrane
components is also feasible.
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Accordingly, the neutral red uptake (NRU) phototoxicity test (photoirritation factor of 5) and the comet assay, revealed that this
drug is phototoxic and photogenotoxic to keratinocyte cells (HaCaT). Further investigations were performed on lipid
photoperoxidation in fibroblast cells (FSK), using a lipid-soluble fluorescent marker C11-Bodipy581/591, as well as on protein
photooxidation, by means of carbonyl content measurements. The obtained results suggest that cellular membranes are likely



Submitted (March-2024)

targets for DAS phototoxicity. Regarding its potential application in topical dermatological formulations, an O/W emulsion of
DAS was prepared and tested in reconstructed human epidermis, using the cell viability MTT assay. As anticipated from the
results obtained in NRU experiments, a significant phototoxicity was demonstrated. Fortunately, this undesired side effect

disappeared upon formulation of DAS along with a sunscreen (tinosorb S). Thus, for topical treatments, the photosensitivity

reactions induced by DAS can be prevented by using formulations including appropriate UVA filters.

Introduction

Dasatinib (DAS), a potent tyrosine kinase
inhibitor, has become a significant player in
targeted cancer therapy [1]. It is particularly
efficacious in the treatment of certain
hematological malignancies, such as chronic
myeloid leukemia (CML) and Philadelphia
chromosome-positive  acute  lymphoblastic
leukemia (Ph+ ALL) [2-5]. Like any medication,
it is associated with potential adverse events, and
the commonly reported for DAS include

headache, fatigue, nausea, diarrhea, fluid

retention, muscle pain, and skin rash [6,7].

Although DAS has been mainly developed for
oral administration, it has recently garnered
attention for its potential application in topical
dermatological ~ formulations. The unique
properties of DAS, including its ability to target
specific signaling pathways implicated in various
skin conditions, make it a compelling candidate
for novel topical treatments [8—10]. This shift in
focus from systemic to localized application
opens pathways for exploring DAS therapeutic
benefits in dermatology, presenting opportunities
for developing innovative topical formulations
for skin disorders. However, the use of topical
drugs is far from innocuous, introducing a
noteworthy consideration such as
photosensitivity, which is not listed as a specific

dermal response [11]. As shown in Fig. 1, DAS

chromophore, highlighted in violet, exhibits
absorption in the UVA region and is therefore
capable to induce photosensitivity reactions such
as phototoxicity. These reactions occur when a
drug absorbs light and undergoes a chemical
change, potentially leading to skin reactions or
other adverse effects upon exposure to sunlight
[12,13]. In phototoxicity, oxidative damage to
cellular targets, such as lipids, proteins, and
DNA, may occur through Type I or Type II
mechanisms. The former involves radical
pathways (generally initiated through electron
transfer or hydrogen abstraction), and the latter
entails energy transfer from a photosensitizer to
molecular oxygen, leading to singlet oxygen.
Thus, understanding this type of adverse reaction
will help implement photoprotection strategies to

minimize photosensitivity disorders phenomena

and to reduce the risk of suffering skin cancer.
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Fig. 1. Absorption spectra of DAS in PBS (red) and
ethanol (blue) (4 pM). Inset: Chemical structure of
DAS.

Considering all the above-mentioned, this study

aims to investigate whether DAS exhibits

phototoxic reactions on the primary cellular
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targets, both in solution and artificial skin to
emulate the topical administration of the drug.
Moreover, following the absorption of sunlight
by DAS, the potential exists to generate highly
reactive intermediates like organic radicals and
reactive oxygen species (ROS). Thus, we have
also investigated these transient species that
could potentially underlie the photosensitivity
reactions. In addition, to prevent these side
effects, drug formulations containing a sunscreen
have been prepared and tested on a skin model in
an attempt to mitigate the negative impact of the

sun.

Material and methods

Chemicals and reagents

Dasatinib (DAS; CAS 302962-49-8) was
provided by TargetMol (Boston, USA), and stock
solutions were prepared in DMSO as vehicle. (S)-
(+)-Ketoprofen (KP; CAS 22161-81-5),
guanosine  (Guo; CAS 118-00-3), 3-
methylindole (CAS; 83-34-1), linoleic acid (LA;
CAS 60-33-3), 1H-phenalen-1-one (PN; CAS
548-39-0), anthracene (ANT; CAS 120-112-7),
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) and trypan blue
(CAS 72-57-1) were retrieved from Sigma-
Aldrich (Madrid, Spain). Spectrophotometric
HPLC solvents were commercially available and
used without additional purification. Dulbecco’s
Modified Eagle Medium (DMEM, low glucose
with pyruvate and glutamine), Dulbecco’s
Modified Eagle Medium (DMEM, low glucose
with pyruvate and without glutamine and phenol

red), penicillin-streptomycin (1.0-10° U/mL, 1.0

10° ug/mL) and ethylenediaminetetraacetic acid
(EDTA) were obtained from Honeywell Fluka
(North Carolina, U.S.). Fetal bovine serum (FBS)
and Trypsin—EDTA (0.25-0.02 %) were supplied
by Cultek (Madrid, Spain). Fetal bovine serum
(FBS) and Trypsin—-EDTA (0.25-0.02 %) were
provided by Cultek (Madrid, Spain).
Reconstructed human epidermis (Epi-200-PHO
kit) was acquired from MatTek (Bratislava,
Slovakia), and cultures were shipped every
Monday and received on the following Tuesday
for immediate utilization. Decyl oleate, glycerol
monostearate 40-55 and propyleneglycol were
purchased from Guinama (Valencia, Spain).
Ceteareth-12 was obtained from PCC Group
(Brzeg Dolny, Poland). Bemotrizinol (tinosorb

S) was retrieved from TCI (Zwijndrecht,
Belgium).

Cell culture conditions

Keratinocyte cells (HaCaT) and human skin
fibroblast cell line (FSK) were retrieved from
CLS (Eppelheim, Germany) and cultured in a
CO; incubator (100 % relative humidity, 5 %
CO») at 37 °C, using DMEM supplemented with
10 % FBS, 4 mM L-glutamine, and
penicillin/streptomycin (100 U/mL and 100
pg/mL). The cells were grown in 75 cm? plastic
flasks and split at 90 % confluence. To ensure

cell viability, trypan blue exclusion assay was

regularly performed.

Irradiation conditions
Irradiation was performed in a Luzchem multi-

lamp LCZ-4 photoreactor fitted with six top and
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eight side Hitachi lamps (Amax = 350 nm,
Gaussian distribution; Luzchem, Canada). The
plates were placed on ice during the irradiation

process to prevent overheating.

Spectroscopic techniques
Absorption measurements
The UV-1800 UV/Vis spectrophotometer
(Shimadzu, Kyoto, Japan) was used to record the
absorption spectra of DAS in both PBS and
ethanol (EtOH). The measurements were
performed using 1 cm Suprasil quartz cells
(Hellma Analytics, Miillheim, Germany) with a

capacity of 3.5 mL, at room temperature.

Fluorescence experiments

A spectrofluorometer FP-8500 (JASCO, Tokyo,
Japan) was used to record the fluorescence
spectra with an excitation wavelength of 325 nm,
using both PBS and EtOH. As regards the
quantification of the fluorescence quantum yield
(®r) in keratinocyte cells, the area under the
emission curve (Aexe = 320 nm) between DAS and
anthracene (ANT) was compared. ANT was used
as fluorescence standard with a quantum yield
(®r) 0of 0.27 in EtOH [14]. Isoabsorptive samples

(A320nm ~ 0.2) were used in the measurements.

Phosphorescence experiments

Phosphorescence  emission  spectrum  was

measured  using  Edinburg  instruments
spectrofluorometer FS5, which was outfitted
with a 150 W CW Ozone-free xenon arc lamp
and a SC-70 module with liquid nitrogen EPR
Dewar. DAS was dissolved in EtOH, then placed

in a 5 mm diameter quartz tube, and a solid

matrix was formed by cooling it with liquid

nitrogen (77 K).

Laser Flash Photolysis

Laser flash photolysis (LFP) experiments were
conducted as described elsewhere by a pulsed
Nd:YAG L52137 V LOTIS TII laser at an
excitation wavelength of 355 nm (Sp Lotis Tii,
Minsk, Belarus) [15—17]. The single pulses were
approximately 10 ns in duration, with each pulse
having an energy of less than 30 mlJ. The
detecting light source used was a pulsed L0255
Oriel Xenon lamp. Additionally, the LFP setup
included a pulsed Lo255 Oriel Xe lamp
(Newport, Irvine, CA, USA), a 77,200 Oriel
monochromator, a photomultiplier (Oriel, model
70705PMT) system, and a TDS-640A Tektronix
oscilloscope (Betashire, UK). A customized
Luzchem Research LFP-111 system was used to
collect and transfer the output signal from the
oscilloscope to a personal computer for data
processing. All the measurements were taken in
a | cm Suprasil quartz cells and deareated
atmosphere was achieved by bubbling DAS
solution for 15 min with nitrogen gas. The
absorbance of the samples was adjusted to
approximately 0.30 at 355 nm, and the rate
constant for the quenching of the triplet excited
state (kq) upon the addition of quencher was

determined using the Stern-Volmer equation

(eq.1).

1 1
-=—+k h .1
e q [quencher] eq
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Where © and 1o are the lifetime of transient

species with and without quencher, respectively.

The detection of singlet oxygen ('O, 'Ag)
species was accomplished through near-infrared
emission using the same LFP equipment
previously described, with a single pulse energy
of 15 mJ per pulse and laser excitation at 355 nm.
The emission of the generated 'O, was measured
at 1275 nm using a Hamamatsu NIR emission
detector (Shizuoka, Japan), which was peltier
cooled at -62.8 °C and operated at 800 V, coupled
with a grating monochromator. The absorbance
of the samples was adjusted to approximately
0.55 at 355 nm and decay traces were recorded in
a 1 cm Suprasil quartz cells and aerated
atmosphere. The rate constant for the quenching
of '0; (kqa) generated upon the excitation of 1H-
phenalen-1-one (PN) after the addition of DAS

was determined using the Stern-Volmer equation

(eq.2).

1 1
— = — + kq, [DAS .2
T T, qa [DAS]  eq
Where 15 and T, are the lifetime of 10, species

with and without DAS, respectively.

To determine the quantum yield (®a) of singlet
oxygen, ketoprofen (KP) was used as a standard
with a ®, value of approximately 0.39 in
acetonitrile (MeCN) [18]. The @4 value of DAS
was calculated using equation 3, which considers
the ®, value of the standard, as well as the

emission intensity of DAS and KP, and the

refractive index of the solvent used for the

measurement.

CDDAS _ CDKP x IDAS x NpecN
A= —_

eq.3
KP n;

Where ®KF is the quantum yield of the standard
(KP), Ipas and Ikp are the emission intensity of
DAS and KP, nmecn and nj the refractive index of
standard solvent (MeCN) and the sample solvent,

respectively.

In vitro neutral red uptake (NRU)

Phototoxicity assay was carried out in
compliance with the OECD Guideline 432 [19]
and using human keratinocyte cells (HaCaT
cells) instead of 3T3 fibroblast cells as explained
in detail in previous studies [15,20].
Chlorpromazine (CPZ) and sodium dodecyl
sulfate (SDS) were chosen as positive and
negative controls, respectively. Concisely, two
96-well plates were seeded with HaCaT cells at a
density of 2 x 10* cells/well and serial dilutions
of DAS were added to each plate, ranging from
500 to 2.5 uM. After incubation at 37 °C in the
dark for 1 h, one plate was irradiated with a non-
cytotoxic UVA light dose of 5 J/cm?, while the
other plate was kept in the dark. The next day, a
neutral red solution with a concentration of 50
pg/mL was added to each well and incubated for
2 h at 37 °C. Neutral red was extracted from
lysosomes and the absorbance was measured at
550 nm. Dose-response curves were established
for each compound to determine the
concentration producing a 50 % decrease in the

neutral red uptake (IC50) under both dark and
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UVA light conditions, using non-linear
regression methods with GraphPad 5.0 software.
Finally, the photoirritant factor (PIF) values were

calculated using equation 4.

1C50 DARK
PIF= ——X_ eq.4
IC50 UVA LIGHT

Lipid photoperoxidation

C11-Bodipy>®"*!, is a fatty acid analogue which
serves as a fluorescent reporter molecule used to
evaluate lipid peroxidation in living cells [15,21].
This sensor undergoes a fluorescence shift from
red to green when it is oxidized [22,23]. Thus, in
this study, human skin fibroblast cells (FSK)
were seeded in two 12-well plates with a density
of 6.0 x 10* cells/well. The following day, the
cells were treated with 20 or 50 uM of DAS
solutions and incubated in the dark for 30 min.
One plate was then exposed to irradiation (5
J/cm?) while the other plate was kept in the dark
as a negative control. After incubation, the cells
were labeled with C11-Bodipy>®""*! (10 uM) for
30 min at 37 °C. The cultures were then examined
by fluorescence microscope to detect both non-
oxidized (red fluorescence, Aexe 535 nm) and
oxidized (green fluorescence, Aexe 490 nm) forms
of the probe. To determine the extent of lipid
peroxidation in each condition, the fluorescence
intensity ratio (FIR) was calculated using

equation 5.

I red fluorescence

= eq.5
I green fluorescence d

Protein photooxidation

The extent of protein oxidation induced by DAS
through photoirradiation was assessed using
human serum albumin (HSA) as a model, and by
a method similar to as previously described
[15,24]. Briefly, 5 mg/mL solutions of HSA in
PBS were treated with different concentrations of
DAS (20 and 50 pM) at room temperature for 1
h. Following the incubation, the samples were
either exposed to a UVA dose ranging from 5 to
15 J/cm? or kept in the dark as a control. After
irradiation, the degree of HSA oxidation was
measured using spectrophotometry through
derivatization with 2,4-dinitrophenylhydrazine
(DNPH). The extent of HSA oxidation was
determined by measuring the absorbance at 375

nm and the results were expressed as nmol of

carbonyl moiety per mg protein.

DNA photodamage

Single cell gel electrophoresis technique, also
called comet assay, was conducted in accordance
with the method described previously [15,25].
The purpose of this study was to identify any
strand breaks or alkaline labile sites present in the
nuclear DNA after the exposure to a UVA light
source. HaCaT cells, suspended in cold PBS,
were seeded in two 24-well plates with 5.0 x 10*
cells/well and treated with 50 pM DAS solution
for 30 min at 4 °C. CPZ was used as the reference
compound for photogenotoxicity at a
concentration of 5 uM. After the incubation
period, one plate was placed in the photoreactor
to irradiate the cells (5 J/cm?), while the other

was kept in the dark as a negative control. After
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irradiation, drops containing 1.0 x 103
cells/agarose gel were placed onto treated slides
on a tray cooled with ice to permit solidification.
Slides were then immersed in a lysis buffer and
incubated overnight at 4 °C. In the DNA recovery
experiments slides were maintained in DMEM
medium at 37°C for 18 h and then lysing as
above. Then, electrophoresis was carried out in a
cold alkaline buffer at 21 V for 30 min to allow
for DNA unwinding. Finally, after fixation and
staining with SYBR Gold, comet nucleoids and
tails were visualized using a fluorescence
microscope. The percentage of DNA damage
was calculated using a formula based on visual
scoring of at least 100 DNA comets: [(Nclass 0
comets x 0) + (Nclass 1 comets x 1) + (Nclass 2
comets x 2) + (Nclass 3 comets x 3) + [(Nclass 4
comets x 4) + (Nclass 5 comets x 5) + (Nclass 6
comets x 6)]/6, where class 0 comets indicate

comets with no DNA damage and class 6 comets

indicate comets with maximum DNA damage.

Pharmaceutical formulations

DAS 0.45 % cream was chosen as the test
material by formulating an oil-in-water (O/W)
emulsion. DAS emulsion was prepared according
to the Spanish Pharmacopeia and the National
Formulary [26] consisting of a non-ionic O/W
emulsion in which the drug was incorporated in
the inner oil phase because of its lipophilic
nature. Parallelly, a formulation of DAS
combined with bemotrizinol (tinosorb S), as a
broad-spectrum UV filter, was also prepared.
Similarly, tinosorb S was added in the oil phase

of the O/W emulsion at a concentration of 3 %.

Both formulations were applied topically on the
top of the tissue inserts and covering the surface
completely. Due to the opacity of the cream
samples, residues remaining on top of the
emulsion were removed minutes before
irradiation to avoid the blockage of the UVA

light.

Reconstructed human epidermis (RhE)
phototoxicity test

The EpiDerm System is composed of human-
derived epidermal keratinocytes which have been
cultured to create a complex, multi-layered, and
highly differentiated model of the human
epidermis. The model consists of well-organized
basal, spinous, and granular layers, as well as a
multi-layered stratum corneum that contains
intercellular lamellar lipid layers arranged in
patterns in a cell culture insert (Milicells, 10 mm)
similar to those found in living tissues. Upon
receipt, the RHE tissue samples were incubated
for 1 h (100 % relative humidity, 5 % CO,) at 37
°C in 6-well plates containing assay medium.
After the equilibration period, the medium was
exchanged with fresh medium, and plates were
incubated overnight according to the instructions
provided by the supplier. The next day, test
materials were applied to the surface of the
epidermis. Chlorpromazine (CPZ) and the
vehicle (EtOH) served as the positive and
negative control for phototoxicity, respectively.
Subsequently, CPZ, as a water-soluble substance,
was incorporated in a volume of 50 uL, whereas
DAS in both EtOH (10 mM) and O/W emulsion
(0.45 %) was added in a volume of 25 pL.
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Tissues were incubated for another 24 h (100 %
relative humidity, 5 % COy) at 37 °C to allow the
compounds to penetrate through the epidermis
layers. Then, one set of tissues was exposed to 7
J/em? UVA and the other set was kept in the dark
for the same period. Culture inserts were then
rinsed with DPBS buffered solution until the
compounds  were completely  removed.
Afterwards, tissues were transferred to new 6-
well plates with fresh medium and incubated
overnight. Next day, assay medium was replaced
by MTT solution (1 mg/mL), and inserts were
incubated for 3 h in the same conditions. After
the incubation is complete, the formazan was
extracted with isopropanol for at least 2 h at room
temperature, then small aliquots of the final
solution were transferred to a 96-well plate. The
optical density of the blue formazan was
determined at 540/570 nm using isopropanol as a
blank. The cell viability for each tissue was
determined as the percentage of the
corresponding vehicle control (EtOH). Mean
values were obtained and then the results of
non-irradiated

irradiated or were

OECD

samples
compared. Thus, according to the
guidelines [27], a substance is predicted to be
phototoxic when the tissues treated with one or
more test concentrations and subsequently
exposed to irradiation, show a decrease in
relative viability of > 30 % compared to the
relative values of the

viability same

concentrations without irradiation.

Histological analysis

For histological observation, RhE tissues were
fixed overnight in 10 % formalin at room
temperature, dehydrated in an EtOH gradient
prior to vitrification by xylene. Then, tissue
membranes were embedded in paraffin wax and
sections 5 um thick were cut using a Leica rotary
microtome (RM2235, Germany). Slices were,
then, stained with hematoxylin and eosin (H&E),
mounted in covered slides, and examined under
light microscopy (Leica DMDI108 optical

microscope).

Data analysis and statistics

Results are expressed as mean = standard
deviation (SD) and are based on at least three
independent experiments. GraphPad 5.0 software
was used for the regression methods, while
Image-J software was used to quantify the
fluorescence intensity. Statistical significance
was determined using the Student's t-test, and p
values less than 0.05 were considered statistically

significant (*p<0.05; **p<0.01; ***p<0.001).

Results and discussion

Photophysical studies

The ability of a drug to induce photosensitization
damage to biomolecules can be linked to the
formation of reactive oxygen species (ROS) or
radicals arising from excited states of the
molecule [28,29]. Accordingly, to predict the
phototoxicity  of

dasatinib,  preliminary

investigations on its photobehavior were

conducted using several  photophysical

techniques such as fluorescence, transient
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absorption, and near-infrared luminescence

spectroscopy.

Emission spectra

The fluorescence spectra of DAS, in PBS and
within cells, displayed a maximum centered at
374 nm (Fig. 2). Similar findings were observed
when employing EtOH as solvent, emulating the
lipophilic environment present in the cellular
milieu (Fig. S1A). Additionally, the fluorescence
quantum yield (®r) of DAS in keratinocyte cells
(HaCaT) was determined using ANT in EtOH as
a reference (®r = 0.27) [14] and it was found to
be around 0.001 (Fig. S1B). Furthermore, the
energy of the singlet excited state (Es) was
calculated from the intersection point between
the normalized excitation and emission spectra
(Fig. S2), yielding a value of ca. 343 kJ/mol for
both PBS and EtOH solution.

IF a.u
~

400 450 500 550 600
Wavelength / nm

Fig. 2. Fluorescence emission spectra of DAS.
Emission spectra of DAS recorded at an excitation
wavelength of 350 nm in PBS (black) or within
HaCaT cells (blue).

Laser flash photolysis

Laser flash photolysis (LFP) technique was
employed to investigate, in the microsecond
timescale, the transient species generated upon

excitation of DAS. Thus, the excitation of DAS,

in deareated EtOH solution, with a nanosecond
laser pulse at 355 nm resulted in a transient
absorption with a maximum exhibited at 490 nm
(Fig. 3A and Table Sl1). Furthermore, this
transient species displayed a lifetime ca. 2 ps in
dearcated atmosphere. Similar results were found
in  aprotic MeCN,
dichloromethane (DCM) and 1,4-dioxane (DX)

solvents such as

(Fig. S3 and Table S1). Moreover, as presented
in Fig. 3B and Table S1, the detected species
displayed effective quenching by molecular
oxygen with a rate constant (kq) of 6.9 x 10'° M-
I 571, determined by a mono-exponential decay
function (Fig. S4). Hence, the results strongly
suggest that the transient species corresponds to

a triplet excited state of DAS (*DAS").
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Fig. 3. Transient absorption experiments (Aexc = 355
nm, EtOH). (A) Normalized transient absorption
spectra (from 1 to 16 ps) for DAS in deareated
conditions. (B) Decay kinetics of 3DAS" monitored at
490 nm in deareated (black), acrated (red) and oxygen
saturated atmosphere (blue). Inset: Decay trace of
DAS in deareated solution on a longer timescale. (C)
Transient absorption spectra of DAS (black) and for a
mixture containing DAS and NPX 10 mM (violet). (D)
Decay traces at 490 nm for DAS (black) and for a
mixture containing DAS and increasing amounts of
NPX (1-10 mM) (violet).

Moreover, to better characterize the triplet nature
of DAS excited species, photosensitization LFP
measurements were conducted using naproxen
(NPX) as an acceptor. The energy level of ’NPX"
is 259.4 kJ/mol [30], whereas that of *DAS",
determined through a 15 % increase in its
phosphorescence emission recorded in an EtOH
solid matrix at 77 K (Fig. S5), was approximately
274.5 kJ/mol. Thus, selective excitation of DAS

at 355 nm in the presence of NPX resulted in

significant quenching of the signal at 490 nm (kq
=1.02 x 10" M 571 (Fig. 3C, Fig. 3D and Fig.
S6), accompanied by the generation of *NPX"
(Amax ~430 nm) through a triplet—triplet energy
transfer process from DAS to NPX (Fig. 3C).
Hence, the transient band with a maximum at
~490 nm can unambiguously be assigned to the

triplet excited state of the drug.

It is well known that the interaction between
triplet excited species and molecular oxygen
mainly leads to the generation of singlet oxygen
(02 0r 'Ag), typically known as Type Il oxidative
reaction [31]. Moreover, 'O, species can induce
significant oxidative damage to cellular targets.
This includes the formation of lipid

hydroperoxides
[22,23], oxidation of proteins [32], and DNA

through lipid peroxidation
nucleosides oxidation [33]. Thus, to investigate
Type II photodamage to biomolecules, time-
resolved near-infrared spectra of DAS aerated
solution were recorded upon excitation at 355
nm. Consequently, a luminescence signal
indicative of 'O, was detected at 1270 nm, which
displayed a quantum yield (®a) ca. 0.1 in EtOH
solution. Similar ®a was obtained for MeCN,
while in DCM and DX, the values were enhanced
(®aca. 0.2) (Fig. 4A and Table S1). All ®a were
calculated considering ketoprofen (KP) in MeCN
as the standard (®a= 0.39) [18]. Surprisingly, the
10, lifetimes (ta) for DAS (Fig. 4A and Table S1)
were lower than those expected for organic

solvents [34—36]. This can be associated with the

reaction 'O, with tertiary aliphatic amines that
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are typical 'O, quenching agents. In this case,
DAS contains a piperazine moiety in its structure,
which exhibits a 'O, quenching rate of around 1.0
x 10® M! 57! [37]. To confirm this observation,
the quenching of the luminescence emitted by
1H-phenalen-1-one, also known as
perinaphthenone (PN), upon the addition of DAS
was conducted. It is considered as one of the most
effective 'O, sensitizers in both polar and non-
polar environments, exhibiting a @, close to
unity [38]. Therefore, 'O, NIR-luminescence
signal for PN at 1270 nm was recorded upon
increasing amounts of DAS. As illustrated in Fig.
4B, 'O, generated from PN was quenched by
DAS (0.2-4 mM), displaying a rate constant (kqa)

1 in aerated

of approximately 1.20 x 107 M! s
DCM. Similar result was shown in MeCN
solution (kqa ca. 9.2 x 10 M s!) (Fig. S7 and
Fig. S8). Thus, it was evidenced that DAS exerts
a 'O, quenching effect, likely attributed to the
interaction between piperazine and 'O,, which
constitute the

might primary mechanism

underlying the observed low ta values.

Overall, DAS demonstrated its ability to

photogenerate 'O,  species, which can
subsequently initiate Type II photooxidative
reactions towards biomolecules. Additionally,
the potential involvement of Type I oxidative
mechanism was also investigated using linoleic
acid (LA), 3-methylindole (in lieu of tryptophan),
and guanosine (Guo) as models for lipids,
and DNA,

proteins, respectively. Hence,

transient absorption decays for DAS were

registered at 490 nm in deareated EtOH solution

with increasing concentrations of quencher.
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Fig. 5. Singlet oxygen emission measurements (Aexc =
355 nm). (A) Kinetic traces for DAS in aerated EtOH
(black), MeCN (red), dichloromethane (blue) and
dioxane (magenta) solutions. Ketoprofen (KP) in
MeCN (green) was used as reference (®a ca. 0.39)
[18]. (B) Kinetic traces of singlet oxygen emission
quenching for PN in the presence of DAS (0.2-4 mM)
in aerated DCM.

As illustrated in Fig. 5, a significant quenching
of the triplet excited species by LA and 3-
methylindole becomes evident, displaying a kq
around 1.7 x 108 M s! and 4.3 x 107 M! s,
respectively. This suggests the potential
implication of radical formation photoinduced by
DAS in the photodamage to lipids and proteins
(Type I mechanism). Conversely, Guo did not
exhibit the ability to quench *DAS" species (Fig.
S9), and mechanism

therefore, Type 1



Submitted (March-2024)

involvement in the photooxidation of guanine

bases was not evidenced.
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Fig. 5. Decays at 490 nm for DAS in deareated EtOH
in the presence of increasing concentrations of A) 3-
methylindole or B) linoleic acid, LA (5-30 mM).
Insert: Stern-Volmer plots.

Phototoxicity assessment

In the initial stage, phototoxicity of DAS in
HaCaT cells was evaluated using the in vitro
neutral red uptake (NRU) phototoxicity test
according to the OECD Guideline 432 [19]. For
this aim, cell viability was analyzed with DAS
treated cells before and after UVA irradiation.
From the dose-response curves obtained, the
IC50 values were estimated for both dark and
UVA light conditions (Fig. 6). Finally, the

photoirritant factor (PIF) was calculated, which

corresponds to the ratio of the IC50 values
obtained under both light and dark conditions
(IC50park =55 + 8 uM, IC50uva tight = 12 + 3 pM),
and it was approximately 5, therefore, DAS can

be considered a phototoxic compound.
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Fig. 6. Dose-response curves obtained by NRU
phototoxicity assay using HaCaT cells, after treatment
with DAS in Dark (e) and UVA light conditions (5
J/cm?, m). Data are the mean + SD from four
independent experiments.

Photoamage to biomolecules

Given the significant lipophilic properties and the
high affinity to plasma proteins exhibited by
DAS, its phototoxicity may potentially target
membrane components such as proteins and
lipids. To confirm this hypothesis, both lipid and
protein photooxidation were investigated. In this
context, the detection of lipid peroxidation was
carried out using a lipid-soluble fluorescent

marker C11-Bodipy>$3%!

, which is designed to
penetrate the plasmatic membrane and exhibits a
notable distinction in the spectral range between
the non-oxidized (595 nm) and oxidized forms
(520 nm) [15,22,23]. Thus, upon oxidation, the
reporter shifts the fluorescence emission from red

(Aexe 535 nm), corresponding to the native

structure of the probe, to green (Aexe 490 nm),
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which is attributed to the oxidized products. For
this purpose, human skin fibroblast cells (FSK)
were exposed to DAS (50 uM), followed by
irradiation (dose: 5 J/cm?), or were maintained in
darkness as a control. Then, images of cells
labelled with C11-Bodipy>*"**! were obtained
using a fluorescence microscope and the rate of
lipid peroxidation was expressed as the ratio
between red and green fluorescence intensity.
The images displayed in Fig. 7A and Fig. S10 A
show a significant increase in the green
fluorescence intensity after the exposure of
fibroblasts to UVA light, specially at a
concentration of 50 uM. Likewise, results from
the quantitative analysis indicate a substantial
decrease in the ratio of red to green fluorescence
intensity in treated FSK cells (Fig. S10 B). These
findings suggest that the lipid membrane could

be a feasible target for DAS phototoxicity.

In addition, photoinduced protein oxidation was
assessed by carbonyl content quantification using
the 2,4-dinitrophenylhydrazine (DNPH)
derivatization method as described elsewhere
[15,24]. Human serum albumin (HSA) was
selected as a protein model. Thus, HSA incubated
in the presence of DAS (20 or 50 uM) was
exposed to 15 J/cm? UVA radiation and labelled
with DNPH which reacts with the carbonyl
groups from the inner core of the protein to form
HSA-bound hydrazones measurable by UV/Vis
spectrophotometer. As revealed by this method,
DAS triggered a dose-dependent carbonylation
in HSA protein, reaching ca. 3-fold increase at 50

uM (Fig. 7B). As for non-treated HSA control,

carbonyl content remained unchanged after
irradiation, thereby the selected UVA dose was

suitable for this experiment.
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Fig. 7. Evaluation of the photo(geno)toxicity profile of
DAS. (A) Photosensitized lipid peroxidation. Human
fibroblast cells (FSK) were treated with DAS 50 pM,
and either kept under darkness conditions or UVA
irradiation at a dose of 5 J/cm?. Subsequently, cells
were stained with 10 uM C11-Bodipy3*'*°!, and the
degree of lipid peroxidation was determined based on
the intensity of the oxidized Bodipy fluorescence
(green). Scale bar: 100 pm. Images are representative
of three independent experiments. (B) Photooxidation
of HSA protein. Samples were treated either with 20
or 50 uM DAS in the presence (10 J/cm?, o) or absence
of UVA light (m), and carbonyl content was monitored
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by 2,4-dinitrophenylhydrazine derivatization method
(A =375 nm). Data represent the mean + SD of three
independent experiments. Asterisks show significant
differences between irradiated and non-irradiated
samples by the Student’s t-test (***p <0.001, ns: non-
significant). (C) Alkaline comet assay experiment.
Keratinocyte cells (HaCaT) were kept in dark
conditions or exposed to UVA light at a dose of 5
J/em?, either alone or after treatment with DAS (50
uM). Scale bar: 250 um. Images are representative of
three independent experiments.

The alkaline comet assay is a commonly used
method for measuring various forms of DNA
damage, including single-strand breaks (SSB),
double-strand breaks (DSB), and alkali labile
sites (ALS), although particularly prevalent in
detecting SSB [39]. In this experiment,
keratinocyte cells were subjected to a 1 h
incubation with DAS followed by the exposure
to UVA radiation. Agarose embedded cells were
lysed, and electrophoresis was performed in
order to facilitate the migration of damaged DNA
fragments out of the cell nucleus, thereby
resulting in the formation of comet nucleoids and
tails. After staining with SYBR Gold, the comets
were observed under a fluorescence microscope,
and a visual scoring system comprising six
different categories was used to calculate the
extent of nuclear DNA damage [40].
Chlorpromazine (CPZ) was selected as the
positive control based on its well described
photogenotoxic profile [41]. As reflected in Fig.
7C and Fig. S11, the level of DNA damage
photoinduced by DAS was significant (around 55
%) and as revealed by recovery experiments, the
extent of damaging DNA remained persistent

after a time period of 18 h. It is well established

that deficient DNA repair can lead to genomic

instability, apoptosis, or senescence and

ultimately, carcinogenesis.

All in all, the phototoxicity of DAS in skin cell
culture was successfully proven by the in vitro
NRU assay and the approach on the biomolecular
damage mechanisms revealed that DAS could
trigger oxidative reactions targeting lipids,

proteins, and genomic DNA.

Phototoxicity evaluation of dasatinib
formulations in reconstructed human
epidermis (RhE)

Evaluating percutaneous permeation and

ensuring safety are pivotal aspects when
assessing dermal or transdermal delivery systems
to successfully develop new drug formulations
intended for human use. Accordingly, the neutral
red uptake assay in keratinocytes provided a clear
determination of DAS phototoxic potential,
however, this current approach relies on a
monolayer cell culture and might not be suitable
for topically applied chemicals. Given the
evolving regulations on animal testing, artificial
skin models are increasingly recognized as viable
alternatives for evaluating drug formulations
[42-44]. Thus, a 3D human skin model, which
better reflect the penetration and barrier function
of the stratum corneum, is more appropriate for
testing the phototoxicity of drugs with topical

application.

In this study, DAS was tested in both EtOH
solution (10 mM) and O/W emulsion (0.45 %)
using MTT assay on reconstructed epidermis
[45]. The UVA light dose was 7 J/cm? and the

positive control was CPZ as previously used for
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the initial NRU experiments. The Fig. 8A depicts
the effect of different formulations of DAS on
EpiDerm tissues. Thus, compared to non-
photoexposed tissues, DAS applied topically as a
solution (10 mM in EtOH) caused a reduction in
the tissue viability of 41%. This result is in good
agreement with the aforementioned phototoxic
potential revealed by the in vitro NRU
experiments. Moreover, DAS formulated in a
O/W emulsion at similar concentration (0.45 %)
displayed a comparable reduction in the tissue
%) upon UVA radiation.

expected, DAS

viability (~ 45
Additionally, as emulsion
combined with tinosorb S 3 %, a photostable UV
broad-spectrum filter (Fig. S12), showed lower
reduction in the tissue viability (20 %) compared
to the original emulsion, thus, demonstrating the

protection effect of tinosorb S against UVA

radiation.

In order to get insight into the phototoxicity
effect of DAS, the characterization of the
histological sections of the reconstructed
epidermis by hematoxylin and eosin staining was
performed. As displayed in Fig. 8B, no
significant alterations in the morphology were
observed for the untreated skin tissues. Similarly,
non-irradiated samples treated with DAS
emulsion 0.45 % showed no major modification
of the epidermis histology. Conversely, some
disorders in the basal layers became visible after
the exposure of the tissue to a UVA dose of 7
J/em?,

Specifically, disorganization of the

epidermal layer, vacuoles/spongiosis and

parakeratosis (retention of nuclei in the stratum

corneum).
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Fig. 8. Phototoxicity of DAS in the reconstructed
human skin model. (A) Tissue viability after treatment
with different formulations of DAS; SOL (10 mM of
DAS in EtOH), EMUL (DAS 0.45 % O/W emulsion),
or EMUL + F (DAS 0.45 % O/W emulsion combined
with 3 % UV filter, tinosorb S). Tissues where either
kept in dark conditions (filled bar) or exposed to UVA
dose of 7 J/cm? (empty bar). Chlorpromazine 300 uM
was used as the positive control. (B) Histological
examination of the reconstructed skin model by
hematoxylin and eosin (H&E) staining. Tissues were
treated with vehicle (EtOH) or DAS 0.45 % O/W
emulsion alone (EMUL) or combined with UVA filter
(tinosorb S) 3 % (EMUL + F) in the presence or
absence of UVA radiation 7 J/cm?, and paraffin
embedded sections were processed for hematoxylin
and eosin staining. Represented alterations: spongiosis
(black arrow), parakeratosis (red arrow) and
disorganization in the epidermal layers (blue arrow).
Scale bar: 50 pm. Images are representative of three
independent experiments.
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Altogether, these alterations indicate
morphological disfunction which compromises
the skin barrier integrity and resistance. Finally,
as expected, the incorporation of a UV filter was
associated with a protective effect against the

photosensitization reaction upon DAS treatment.

Conclusions

Dasatinib (DAS) exhibits a significant absorption
band in the active region of sunlight, and
therefore, it has the potential to induce
photosensitivity reactions. As a matter of fact, in
vitro NRU and comet cellular assays have
revealed that DAS is both phototoxic and
photogenotoxic to HaCaT cells. Moreover,
studies focused on lipid photoperoxidation in
FSK cells, using a lipid-soluble fluorescent
marker C11-Bodipy581/591, as well as on
protein photooxidation, by means of carbonyl
content measurements, strongly support that
cellular membranes are potential targets for

DAS-induced phototoxicity.

The main transient species generated upon DAS
irradiation in the UVA region is the diradicaloid
triplet excited state (DAS®). This species
presents an absorption maximum at 490 and is
efficiently quenched by oxygen, generating
singlet oxygen. The latter is a proven Type II
photooxidative reagent towards biomolecules.
Likewise, triplet quenching experiments using
linoleic acid and 3-methylindole as models of
lipids and proteins, respectively, have revealed
that radical-mediated (Type I) photosensitized

membrane damage may also be operating.

Finally, in connection with the introduction of
DAS for topical application, topical O/W
emulsions of the drug have been prepared and
tested in reconstructed human epidermis.
Although a significant drug phototoxicity has
been demonstrated in the cell viability MTT
assay, this side effect has been markedly
mitigated by including a broad-spectrum UV
filter (tinosorb S) in the formulation. Thus, the
present work has proven that triggering of DAS-
mediated photosensitivity reactions may be
prevented by including UVA filters in topical
formulations, thus providing a photoprotection
strategy that should be considered in topical

treatments.
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Photosensitization by drugs is directly related with the excited species and the photoinduced processes
arising from interaction with UVA light. In this context, the ability of gefitinib (GFT), a tyrosine kinase
inhibitor (TKI) used for the treatment of a variety of cancers, to induce phototoxicity and photooxidation
of proteins has recently been demonstrated. In principle, photodamage can be generated not only by
a given drug but also by its photoactive metabolites that maintain the relevant chromophore. In the
present work, a complete study of O-desmorpholinopropyl gefitinib (GFT-MB) has been performed by
means of fluorescence and ultrafast transient absorption spectroscopies, in addition to molecular
dynamics (MD) simulations. The photobehavior of the GFT-MB metabolite in solution is similar to that of
GFT. However, when the drug or its metabolite are in a constrained environment, i.e. within a protein,
their behavior and the photoinduced processes that arise from their interaction with UVA light are
completely different. For GFT in complex with human serum albumin (HSA), locally excited (LE) singlet
states are mainly formed; these species undergo photoinduced electron transfer with Tyr and Trp. By
contrast, since GFT-MB is a phenol, excited state proton transfer (ESPT) to form phenolate-like excited
species might become an alternative deactivation pathway. As a matter of fact, the protein-bound
metabolite exhibits higher fluorescence yields and longer emission wavelengths and lifetimes than
GFT@HSA. Ultrafast transient absorption measurements support direct ESPT deprotonation of LE states
(rather than ICT), to form phenolate-like species. This is explained by MD simulations, which reveal
a close interaction between the phenolic OH group of GFT-MB and Vall1l6 within site 3 (subdomain IB)
of HSA. The reported findings are relevant to understand the photosensitizing properties of TKIs and the

Received 10th June 2022
Accepted 2nd August 2022

DOI: 10.1039/d2sc03257k

rsc.li/chemical-science role of biotransformation in this type of adverse side effects.

excited drug in different media is crucial to better understand
the mechanism leading to photodamage, since either their

Introduction

The photosensitizing potential of a drug is directly related with
the excited species that can be formed upon its interaction with
UVA light. In this regard, photo(geno)toxicity or photoallergy
are associated with damage to biomolecules such as proteins,
lipids or DNA caused by radicals or reactive oxygen species
(ROS), which can be generated from excited singlet or triplet
states.” Therefore, investigation of the transient species of an

“Departamento de Quimica/Instituto de Tecnologia Quimica UPV-CSIC, Universitat
Politecnica de Valéncia, Camino de Vera s/n, 46022 Valéncia, Spain. E-mail:
mmiranda@qim.upv.es; igvapre@qim.upv.es

“Instituto de Investigacion Sanitaria La Fe, Hospital Universitari i Politécnic La Fe,
Avenida de Fernando Abril Martorell 106, 46026 Valencia, Spain

“Centro Singular de Investigacion en Quimica Bioloxica e Materiais Moleculares
(CiQUS), Departamento de Quimica Organica, Universidade de Santiago de
Compostela, Jenaro de la Fuente s/n, 15782 Santiago de Compostela, Spain. E-mail:

oo hell,

e.

P
T Electronic supplementary
https://doi.org/10.1039/d2sc03257k

information (ESI) available. See

9644 | Chem. Sci,, 2022, 13, 9644-9654

yields of formation, spectral profile and kinetic evolution may
be strongly affected by the surroundings. To this end, fluores-
cence and transient absorption spectroscopies are suitable
techniques that allow studying in depth the photophysical
properties of a drug, in addition to getting a better under-
standing of fundamental photoinduced processes such as
energy or electron transfer, charge separation, proton transfer,
etc.*

In this context, gefitinib (GFT) is a tyrosine kinase inhibitor
(TKI) clinically used for the treatment of different types of
cancer, including lung cancer and locally advanced or meta-
static non-small cell lung cancer.>® The mechanism of action of
this drug involves targeting the ATP binding pocket of the
epidermal growth factor receptor to block its kinase activity
preventing autophosphorylation.”** The photosensitizing
potential of GFT has recently been demonstrated by in vitro
neutral red uptake (NRU) assays and protein photooxidation.*
This drug is administered orally, and the main route of its
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elimination is through hepatic metabolism via CYP3A4 and
biliary excretion.” One of its metabolites is shown in Fig. 1: O-
desmorpholinopropyl gefitinib (GFT-MB). As it can be observed,
both the drug and its metabolite maintain the quinazoline
moiety in its structure; drugs containing this chromophore are
known to induce photodermatosis.'* Besides, the ability of
other TKIs to mediate photodamage has also been proven with
lapatinib (LAP),* a drug currently used for the treatment of lung
and breast cancer. Interestingly, not only LAP is phototoxic and
photogenotoxic, but also one of its photoactive metabolites, the
N-dealkylated derivative (N-LAP).

Previous studies on the photobehavior of LAP and its
metabolites by means of spectroscopic techniques have shown
that their photophysical properties are strongly medium-
dependent.’” A similar result was recently obtained for the
parent drug GFT." Thus, excitation of these anticancer drugs in
organic non-polar solvents or in biological media leads to the
formation of locally excited (LE) singlet states. By contrast, in
organic polar solvents LE states rapidly evolve to the formation
of longer-lived intramolecular charge transfer (ICT) singlet
states. Actually, LE species have been proposed to be respon-
sible for the photoinduced biological damage mediated by GFT,
LAP and its metabolite N-LAP.">**

With this background, the aim of the present work is to
compare the photobehavior of GFT with that of GFT-MB in
solution and in the presence of human serum albumin (HSA)*
using fluorescence and transient absorption spectroscopies,
from the femtosecond to the microsecond time-scales. Besides,
molecular dynamics (MD) simulations have been used to
investigate in atomic detail the binding of this drug and its
metabolite to the protein, in order to achieve a better under-
standing of the experimental results.” In this context, MD
simulation has proven to be a powerful tool for studying the
strength and characteristics of the interactions of a drug with
the amino acids of the protein binding sites.'®** All these
features are relevant as they can be directly connected with the
photosensitizing properties of GFT and its metabolite.

Experimental
Chemicals and reagents

Gefitinib (GFT) was purchased from Quimigen. O-Desmorpho-
linopropyl gefitinib (GFT-MB) was purchased from Fluorochem.
N-Acetyl-i-tyrosine methyl ester (NAc-TyrMe), N-acetyl-L-trypto-
phan methyl ester (NAc-TrpMe), anthracene, 3-methylindole,
ibuprofen, warfarin and human serum albumin (HSA) were
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Fig. 1 Chemical structure of gefitinib (GFT) and its O-desmorpholi-
nopropyl metabolite GFT-MB.
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purchased from Sigma-Aldrich. PBS buffer was prepared by
dissolving phosphate-buffered saline tablets (Sigma) using
ultrapure water from a Millipore (Milli-Q Synthesis) system.
Spectrophotometric HPLC solvents were obtained from Schar-
lab and used without further purification.

Spectroscopic measurements

Steady-state absorption spectra were recorded in a JASCO V-760
spectrophotometer. Steady-state fluorescence spectra were ob-
tained using a JASCO spectrofluorometer system provided with
a monochromator in the wavelength range 200-900 nm, with an
excitation wavelength of 340 nm at 25 °C. Measurements on
ligand@protein complexes were performed of 1 : 1 molar ratio
mixtures at 10 uM in aerated PBS. The absorbance of the
samples at the excitation wavelength was kept below 0.1.
Phosphorescence measurements were performed in a Photon
Technology International (PTI, TimeMaster TM-2/2003) spec-
trophotometer equipped with a pulsed Xe lamp, operating in
a time-resolved mode with a delay time of 0.5 ms. The sample
was dissolved in ethanol, introduced in a quartz tube of 5 mm of
diameter and cooled with liquid nitrogen (77 K).

Time-resolved fluorescence measurements were done using
an EasyLife X system containing a sample compartment
composed of an automated Peltier cuvette holder to control the
temperature at 24 °C, a pulsed LED excitation source and
a lifetime detector. The employed LED excitation source was
340 nm, with emission filter of WG370.

Laser flash photolysis (LFP) measurements were performed
using a pulsed Nd:YAG L52137 V LOTIS TII at the excitation
wavelength of 355 nm. The single pulses were ca. 10 ns dura-
tion, and the energy was ~12 mJ per pulse. The laser flash
photolysis system consisted of the pulsed laser, a 77250 Oriel
monochromator and an oscilloscope DP04054 Tektronix. The
output signal from the oscilloscope was transferred to
a personal computer. Absorbances of all solutions were
adjusted at ~0.20 at 355 nm. All UV, fluorescence and LFP
measurements were recorded using 10 x 10 mm® quartz
cuvettes at room temperature in deaerated conditions (25 min
N, bubbling), or in the case of the protein complexes in aerated
atmosphere. Control experiments indicated that the degree of
decomposition of the samples after photolysis was lower than
5%.

Femtosecond transient absorption experiments were per-
formed using a typical pump-probe system. The femtosecond
pulses were generated with a compact regenerative amplifier
that produces pulses centered at 800 nm (t,uisc ~ 100 fs, 1 m]J
per pulse). The output of the laser was split into two parts to
generate the pump and the probe beams. Thus, tunable
femtosecond pump pulses were obtained by directing the
800 nm light into an optical parametric amplifier. In the present
case, the pump was set at 330 nm and passed through a chopper
prior to focus onto a rotating cell (1 mm optical path) con-
taining the samples in organic or aqueous solution. The white
light used as probe was produced after part of the 800 nm light
from the amplifier travelled through a computer controlled 8 ns
variable optical delay line and impinge on a CaF, rotating
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crystal. This white light was in turn split in two identical
portions to generate reference and probe beams that then are
focused on the rotating cell containing the sample. The pump
and the probe were made to coincide to interrogate the sample.
The power of the pump beam was set to 180 pW. Under these
conditions, the degree of photodegradation of the samples was
lower than 5%. A computer-controlled imaging spectrometer
was placed after this path to measure the probe and the refer-
ence pulses to obtain the transient absorption decays/spectra.
The experimental data were treated and compensated by the
chirp using the ExciPro program.

Molecular docking

These calculations were performed using GOLD program
version 2020.2.0,”" and the protein coordinates were taken from
the crystal structure of HSA in complex with hemin and myristic
acid (PDB entry 109X).*> The experimental procedure was
similar to that described for LAP, N-LAP and O-LAP in HSA."”

Molecular dynamics simulation studies

The highest score solution obtained by docking was subjected
to 100 ns of dynamic simulation. The experimental protocol
involved: (i) the minimization of the ligands (GFT, GFT-MB); (ii)
the generation and minimization of the binary GFT@HSA and
GFT-MB@HSA complexes using the poses obtained by docking;
and (iii) simulations of the resulting minimized ligand @HSA
complexes. The protocol was performed as described for LAP, N-
LAP and O-LAP in HSA."” The cpptraj module in AMBER 17 was
used to analyze the trajectories and to calculate the rmsd of the
protein and the ligand during the simulation.>® The molecular
graphics program PyMOL** was employed for visualization and
depicting enzyme structures. For figures related to HSA, the
amino acid numbering described in PDB entry 109X was
employed.

Binding free energies

The binding free energy for GFT and GFT-MB was calculated by
the MM/PBSA approach as implemented in Amber.> The ante-
MMPBSA.py module was used to create topology files for the
complexes, protein and ligands, while the binding free energies
were calculated with the MMPBSA.py module. Only the last 80
ns of the 100 ns MD trajectories were used to calculate binding
free energies. The Poisson-Boltzmann (PB) and generalized
Born (GB) implicit solvation models were employed. Both
models provided similar results.

Results and discussion

In view of the photosensitizing potential recently demon-
strated for GFT,**> which is assumed to arise from the excited
species formed upon interaction with UVA light, it seemed
relevant to study the photophysical properties of GFT-MB,
since this metabolite maintains the quinazoline moiety and
is structurally similar to the parent drug. To this end, the
species formed after excitation of GFT-MB with UVA light were
first explored in organic solvents of different polarities by
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means of fluorescence and ultrafast transient absorption
spectroscopies.

The UV absorption spectra of GFT-MB hardly changed with
the polarity of the organic solvent, while the fluorescence
properties (Table 1 and Fig. 2) were strongly affected. This
behavior is similar to that previously observed for GFT."
Accordingly, a similar interpretation can be done for the
metabolite and its parent drug: emission from intramolecular
charge transfer (ICT) states is detected in polar solvents such as
acetonitrile, while locally excited (LE) states are formed in the
non-polar ones, ie. cyclohexane. The latter emit at shorter
wavelengths and display higher yields (¢g) than ICT states. In
addition, the fluorescence lifetimes (tx) were found to be much
shorter for LE (ca. 1.2 ns) than for ICT states (~3 ns).

In order to investigate the formation of LE and ICT states in
more detail, femtosecond transient absorption experiments
were performed for GFT-MB in acetonitrile. This is a very
sensitive and precise technique that allows investigating
processes occurring at the very early steps after excitation, such
as photoinduced energy and electron transfer, charge separa-
tion, photoinduced proton transfer and intersystem crossing
(ISC).>” Hence, excitation of GFT-MB at 330 nm in acetonitrile
gave rise to the instantaneous formation of a band centered at
480 nm (Fig. 3A, black line). In line with the behavior previously
observed for GFT," this species was assigned to LE states, which
rapidly evolved towards the formation of a band with maximum
at ~435 nm (Fig. 3A, dark gray line), associated to ICT states.
This process took place in ca. 2.4 ps: as it can be deduced from
the kinetic traces of Fig. 3B, the decay at 480 nm (black line) is
directly associated with the formation of the trace at 435 nm
(dark gray line). Once ICT states were formed, they disappeared
in a temporal scale reaching the nanosecond time profile. These
results are in line with the observations from the fluorescence
experiments. Finally, it is worth to mention that a new
absorption band displaying a maximum ~610 nm (blue line),
remained in the ns timescale; this species was assigned to the
triplet-triplet absorption of GFT-MB (*GFT-MB*).

As *GFT-MB* was detected from ultrafast transient absorp-
tion spectroscopy, and triplet species normally survive up to the
microsecond time scale, it seemed relevant to use the laser flash
photolysis (LFP) technique to study in more detail not only their

Table 1 Fluorescence properties (lexe = 340 nm) of GFT-MB in
organic solvents of different polarity and within HSA, compared with
those of GFT

GFT® GFT-MB

Ama/DM P’ NS Ama/nm ¢ Tp/nS
MeCN 473 0.05 3.4 468 0.03 3.2
1,4-Dioxane 458 0.09 2.5 456 0.08 3.1
Toluene 421 0.18 2.6 442 0.14 2.9
Cyclohexane 378 0.19 1.3 375° 0.16° 1.2¢
HSA 390 0.02 1.3 432 0.15 2.5

“ Data from ref. 12. ” ¢r were determined using anthracene in ethanol
as ref. 26. “Due to solubility requirements, 10% of toluene was
needed to solubilize GFT-MB in cyclohexane.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Normalized fluorescence spectra (A) and decay traces (B) for
GFT-MB in acetonitrile (black), 1,4-dioxane (red), toluene (blue) and
cyclohexane (green) after excitation at 340 nm.
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Fig. 3 (A) Femtosecond transient absorption spectra from 0.5 ps
(black) to 2 ns (blue) for GFT-MB. (B) Kinetic traces monitored at 480

(black) and 435 nm (dark gray). Measurements were performed in
acetonitrile after excitation at 330 nm.

formation but also the reactive species that may arise from
triplets, i.e. radicals and/or ROS,*® since they can be responsible
for the photosensitized damage to biomolecules (lipids,
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View Article Online

Chemical Science

proteins or DNA).'” In this context, it is known that light-
absorbing drugs are able to induce photodamage to biomole-
cules through two different mechanisms: type I, involving
formation of radicals via electron transfer and/or hydrogen
abstraction, or type II mechanism occurring through energy
transfer from the excited drug to molecular oxygen, yielding
formation of the highly reactive singlet oxygen (0,) species.?*®

The main transients arising from excitation of GFT-MB in
deaerated MeCN upon LFP at A = 355 nm are shown in
Fig. 4A. In agreement with previous observations from the
parent drug GFT, triplets were the main excited species
detected for the metabolite. Hence, *GFT-MB* displayed
a maximum absorption band at ca. 600 nm, which dis-
appeared in about 1.3 ps. A similar trend was also observed in
the less polar solvent toluene (Fig. 4B), but displaying slightly
higher triplet yields and decaying with similar lifetimes as in
MeCN. The energy value of *GFT-MB*, determined from the
phosphorescence spectra in a solid matrix of ethanol at 77 K
(Fig. S11), was 67 kcal mol™, similar to that of GFT
(69 keal mol ™ 1).*2

As stated above, from a photobiological point of view,
formation of triplet excited species is important since they can
induce a cascade of reactions that could finally result in damage
to biomolecules (e.g. proteins). In this regard, since a type I
mechanism may operate in the photobiological damage, the
ability of both the drug and its metabolite to photoinduce
formation of radical species was also investigated in the pres-
ence of tyrosine (Tyr) and tryptophan (Trp). These are key amino
acids located in different binding sites of transport proteins,
which play a significant role in drug@protein interactions.** In
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Fig. 4 LFP spectra (from 0.2 to 3 us) and decay traces at 600 nm for
GFT-MB in MeCN (A) and toluene (B) under deaerated conditions after
excitation at 355 nm.
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order to check this possibility, application of the Weller equa-
tion,** considering the triplet energy of the drug (or metabolite)
and the redox potentials of model compounds such as quina-
zoline, phenol and 3-methylindole,**** agrees with an exergonic
electron transfer from the amino acid to the excited drug (AG ca.
—6 keal mol ™" for Tyr, and AG ca. —4 keal mol ™ for Trp). As the
energies of the singlet excited states are markedly higher, the
electron transfer from these states would be even more favor-
able. In fact, the feasibility of this process was confirmed
experimentally as explained below.

Laser flash photolysis measurements at .. = 355 nm were
performed in deaerated MeCN on mixtures containing the drug
(or its metabolite) and increasing amounts of the corresponding
amino acid (due to solubility requirements, the N-acetyl methyl
ester amino acid derivatives, namely NAc-TyrMe or NAc-TrpMe,
were used). Thus, selective excitation of GFT in the presence of
Tyr or Trp induced deactivation of its triplet excited state with
Amax ~ 600 nm (Fig. S21); quenching rate constants (kq) of ca.
1.4 x 10°M™" s7" and 1.5 x 10" M~" s™" were determined for
Tyr and Trp, respectively. This quenching is attributed to
a photoinduced electron transfer (PET) process, since energy
transfer from the excited drug to the amino acid is energetically
disfavored, as the triplet energies of Tyr and Trp (82 and
71 keal mol™", respectively)® are higher than that of GFT
(69 kecal mol™"). Interestingly, formation of the Tyr radical at
~400 nm (ref. 34) was detected for GFT/Tyr mixtures (Fig. 5).
PET processes have previously been observed for other drug/Tyr
and drug/Trp systems.*®
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Fig. 5 (A) LFP spectra monitored 0.08 ps after the laser pulse for GFT
(black) and a mixture of GFT/NAc-TyrMe in a molar ratio of 1: 200
(blue); the concentration of GFT was 120 pM. (B) Kinetic trace at
400 nm. Measurements were performed in deaerated MeCN after
excitation at 355 nm.
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A similar behavior was observed for GFT-MB. Hence,
quenching of its triplet excited state was observed upon addi-
tion of increasing amounts of the Tyr and Trp derivatives. In
this case, kq values of ca. 6.0 x 10’ M~ s™" and 2.5 x 10° M™*
s~ ' were determined, respectively. Again, as shown above for
GFT, formation of the Tyr radical was also detected (Fig. S31). As
stated above, electron transfer processes can also occur from
singlet excited states. In fact, this was previously observed for
'GFT* in toluene in the presence of increasing amounts of 3-
methylindole, the chromophore of the Trp residue; a kq value of
~4.3 x 10" M " s~ " was determined.*? A similar result has also
been obtained here using NAc-TyrMe (Fig. S4Af), with
a quenching rate constant of ca. 6.3 x 10° M~ ' s™'. As expected,
quenching of 'GFT-MB* through electron transfer from 3-
methylindole or NAc-TyrMe takes actually place, displaying kq
values of ca. 8.7 x 10° M ' s ' and 5.8 x 10° M~ ' s ' (Fig. S4B
and Ct), respectively, which are slightly lower than those
observed for 'GFT*.

So far, the results have only been discussed in organic
solvents, where both GFT and GFT-MB are in their neutral
forms. However, the scenario may change in aqueous solution,
since the quinazoline and morpholine moieties can be
protonated at sufficiently low pH; moreover, in the case of the
metabolite, the -OH group can be deprotonated leading to
phenolate-like species. In this context, the pK, values for the
quinazoline moiety and the morpholine side chain of GFT are
5.4 and 7.2, respectively.*® By contrast, for the main chromo-
phore of GFT-MB, 6-hydroxyquinazoline, these values are 3.2
and 8.2, which are associated with deprotonation of the qui-
nazoline moiety and the -OH group, respectively.*” In view of
the above pK, values, GFT should be fully protonated at pH 2.
However, at physiological pH 7.4, the protonated amino group
of the morpholine moiety should be in equilibrium with its
neutral form while the quinazoline moiety should be deproto-
nated. Besides, in basic media GFT would be fully deproto-
nated, and its absorption band at ca. 330 nm peaks at lower
wavelengths compared with the acidic medium (Fig. S5AT). As
regards GFT-MB, it should also be fully protonated at pH 2,
while at physiological pH its neutral form would predominate.
By contrast, at basic pH the metabolite starts to deprotonate to
form phenolate-like species, whose UV absorption band
appears at longer wavelengths (Fig. S5B7).

Considering the capability of both the drug and its metab-
olite to participate in photoinduced electron transfer with Tyr
and Trp, which could finally result in damage to biomolecules,
it seemed appropriate to investigate their interactions with
human serum albumin (HSA) in aqueous PBS solution. This is
the most abundant protein in human plasma, and it is
responsible for a number of relevant processes including
transport of endogenous and exogenous agents (e.g. drugs,
metabolites, fatty acids, etc.) for their selective delivery to
specific targets.*® In this regard, the binding of drugs to trans-
port proteins is important since it regulates drug solubility in
plasma, susceptibility to oxidation, toxicity and in vivo half-
life.’*

The stoichiometry of the protein-bound drug or metabolite
has been determined by means of Job's plot analysis,* which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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provides evidence for the formation of a 1 : 1 complex; this has
been further confirmed by MD simulations, where only a single
molecule of GFT (or GFT-MB) can bind within HSA (Fig. S6T).

The photophysical properties of GFT interacting with HSA
have been recently investigated.*? In this case, emission from LE
singlet states (LE 'GFT*) with Apax ~ 390 nm is predominantly
observed. However, the photobehavior of GFT-MB bound to
HSA remains unexplored. Thus, fluorescence and transient
absorption spectroscopies were used to study in detail the
photobehavior of the protein-bound metabolite upon its selec-
tive excitation with UVA light (A = 340 nm); this excitation
wavelength is relevant from a photobiological point of view
since HSA does not absorb light at 340 nm and, therefore, the
photoinduced processes would only arise from the excited
metabolite.

The fluorescence spectra of GFT@HSA and GFT-MB@HSA
are compared in Fig. 6. Emission from the drug or the metab-
olite free in solution is almost negligible; however, it is strongly
enhanced within the protein cavities as a result of the higher
restrictions in their degrees of freedom for conformational
relaxation. Interestingly, this effect is more important for GFT-
MB@HSA, which displays a much higher ¢z value than
GFT@HSA (~0.15 vs. ~0.02, respectively; Table 1). The strength
and preferential site of interaction for GFT-MB within HSA has
been studied using displacement probes for site 1 (warfarin,
WREF),* site 2 (ibuprofen, IBP).** In the case of GFT, it was
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Fig. 6 Fluorescence spectra (A) and normalized spectra (B) for GFT
(gray line), GFT-MB (dashed gray line), GFT@HSA (black line) and GFT-
MB@HSA (black dashed line) after excitation at 340 nm in aqueous PBS
under air. For the protein complexes, mixtures were at 1:1
ligand@HSA molar ratio, using isoabsorptive solutions at the excitation
wavelength. The inset in (A) shows a zoom of the weakly emitting
species, while in (B) shows the normalized fluorescence spectra for
GFT-MB@HSA and GFT-MB in PBS.
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previously reported that it interacts with site 3 of HSA with
a binding constant (k,) of 1.7 x 10* M~*.*> Under physiological
conditions, ca. 97% of GFT is bound to plasma proteins, namely
HSA.** For GFT-MB@HSA at 1 : 1 molar ratio, addition of IBP or
WREF did not result in its displacement from the binding site;
instead, a slight fluorescence enhancement was observed due to
an allosteric effect. By contrast, addition of GFT induced a clear
displacement of the metabolite from its binding site (Fig. S77).
These results are consistent with site 3 as the preferred site for
GFT-MB@HSA, with a binding constant in the order of that of
GFT@HSA. This was further confirmed by theoretical studies.
The binding free energies of GFT and GFT-MB to site 3 of HSA
were calculated using the MM/PBSA method in explicit water
(generalized Born, GB) as implemented in Amber.* The affinity
of GFT-MB to HSA proved to be slightly weaker (13.1 keal mol )
than that of the parent drug.

An interesting point to discuss is the bathochromic shift of
the emission band of the protein-bound metabolite (Ayayx ~ 432
nm) compared with that of GFT@HSA (Amax ~ 390 nm, Fig. 6B),
whose emission arises from LE states. These results point to the
occurrence of different photoinduced processes for the drug
and the metabolite within HSA upon interaction with UV light.
In this context, and as stated above, photoinduced electron
transfer from electron donors (Tyr and/or Trp) to the excited
drug might occur in GFT@HSA, which explains its low fluo-
rescence yield." By contrast, since the metabolite is a phenol,
although electron transfer might also occur, as it has been
observed for GFT-MB/Tyr (or Trp) mixtures in organic solvent,
excited state proton transfer (ESPT) to form phenolate-like
excited species might be a competitive process within the
protein; these species are known to absorb and emit at wave-
lengths longer than phenols.***¢ In this regard, not only emis-
sion from GFT-MB@HSA was shifted to longer wavelengths, but
also its absorption spectrum revealed a red-shifted shoulder at
ca. 375 nm compared to GFT-MB in the bulk aqueous solution
(Fig. 7A). In fact, the UV absorption spectra of GFT@HSA was
hardly affected for aqueous solutions with pH above 6, in
contrast to what was observed for GFT-MB@HSA, whose
maximum shifted progressively towards longer wavelengths at
increasing pH (Fig. S8t). This strongly suggests that phenolate-
like species predominate in the GFT-MB@HSA complex;
indeed, the shoulder at ca. 375 nm became more important at
low GFT-MB/HSA ratios, supporting the prevalence of phenolate
species within the protein (Fig. S97). As it can be anticipated,
this effect was not observed for GFT@HSA, since ESPT is not
possible (Fig. 7B and S9AT). In this connection, fluorescence of
GFT in the bulk solution was negligibly affected by the pH,
while it was increased only slightly within HSA in aqueous
solutions from pH 6 to 10 (Fig. S10A and Ct); this is probably
associated with the protonation-deprotonation equilibrium of
the morpholine's nitrogen. By contrast, emission from GFT-MB
was highly affected by the pH; this effect was even greater in the
presence of HSA (Fig. S10B and DY), which is related with the
formation of phenolate-like species within the protein. The
small differences in the fluorescence maxima for GFT-MB in the
bulk basic solution or within HSA (inset in Fig. 6B) arise from
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Fig. 7 (A) Absorption spectra for GFT-MB (black line), HSA (gray line)
and GFT-MB@HSA (dashed black line). (B) Absorption spectra for GFT
(black line), HSA (gray line) and GFT@HSA (dashed black line). All
solutions were prepared at 10 uM in aqueous PBS. For the protein
complexes, mixtures were at 1 : 1 ligand@HSA molar ratio.

the constrained environment provided by the protein, but in
both cases this emission is associated to phenolate-like species.

The high ¢r value for GFT-MB@HSA may have implications
in connection with its photosensitizing potential. Accordingly,
fluorescence for the protein-bound metabolite decays at times
longer than that observed for GFT@HSA (2.8 vs. 0.8 ns,
respectively; Fig. S11+).

Since diverging photoinduced processes may arise from
GFT@HSA or GFT-MB@HSA, i.e. electron or proton transfer,
respectively, it seemed appropriate to study the photobehavior
of the protein-bound metabolite by means of ultrafast spec-
troscopy upon excitation with UVA light (Aexe = 330 nm). Thus,
the transient absorption spectra for GFT-MB@HSA from 1 ps to
0.5 ns are shown in Fig. 8A. For comparison, the spectra of
GFT@HSA have also been included; in the latter case, formation
of a single transient with maximum at 460 nm is assigned to LE
'GFT* states. It decays following a multi-exponential law
(Fig. 8B); the shortest component is associated to electron
transfer from appropriate donors to gefitinib."> By contrast,
a broad absorption band (410-600 nm) centered at ~500 nm
was instantaneously formed for GFT-MB@HSA. We assign this
species to phenol-like LE '"GFT-MB* states. The absorption
maximum shifted over time to longer wavelengths (from 500 to
ca. 530 nm). This process can be related to intermolecular ESPT
from LE 'GFT-MB to a proper acceptor located in the protein
cavity to form phenolate-like excited species. Such assignment
is consistent with the ultrafast transient absorption spectra
previously observed for phenolate anions.*” The kinetic trace for
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Fig. 8 (A) Femtosecond transient absorption spectra from 1 ps (black)
to 0.5 ns (blue) for GFT-MB@HSA; the absorption spectra of
GFT@HSA® from 1 ps (light gray) to 1 ns (light blue) is also shown for
comparison. (B) Kinetic traces for GFT-MB@HSA at 500 nm (black) and
for GFT@HSA at 460 nm (light gray) after excitation at 330 nmofal: 1
molar ratio ligand@protein complexes in aerated aqueous PBS
solution.

GFT-MB@HSA can be satisfactorily fitted using a multi-
exponential function; the shortest component, on the ps time
scale, is associated to the proton transfer process, while the
longer one, on the ns scale, is assigned to the decay of the
phenolate-like excited species. This agrees with the UV and
steady-state fluorescence results, where a bathochromic shift is
observed. It is worth to mention that *GFT-MB* was practically
not observed in the protein medium, since the signal at ca.
600 nm is insignificant; this species was not even detected at
longer time scales by means of LFP measurements (Fig. S127).
This result agrees with the formation of phenolate-like species
within HSA, which hinders the formation of triplet excited
species through ISC.

Finally, to get an insight in atomic detail into the ligand®@-
protein interactions responsible for the photophysical proper-
ties experimentally observed, the binding mode of GFT and
GFT-MB to HSA was explored by molecular docking using the
GOLD program version 2020.2.0 (ref. 21) and further studied by
molecular dynamics (MD) simulation studies. It should be
noted that HSA is a large protein (60 kDa) that contains three
main domains, namely I (residues 1-195), II (196-383) and III
(384-585) (Fig. 9A). Each domain is divided into two sub-
domains, namely A and B, with different recognition patterns,
which explains the huge capacity of this protein to transport
a large variety of endogenous and exogenous compounds.*® HSA
employs three main binding sites for recognition: site 1

© 2022 The Author(s). Published by the Royal Society of Chemistry



ec)

Edge Article

Val122 Try138
Phe134 Ty
Phet 5rb s Y
Tyr161 Marl
Pro118
Ala158 Q— 5
‘Leuw&
. Tyr138 Val116
Phe149 - il
A £ Leutts GFT-MB captured by two Y2116
Leu154 lle142 Tyr residues and Val116

GFT-MB buries itself
into the pocket

View Article Online

Chemical Science
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Fig.9 Binding mode of GFT and GFT-MB with subdomain IB (site 3) of HSA obtained by MD simulation studies. (A) Overall and detailed views of
GFT (yellow) binding mode. Snapshot after 100 ns is shown. Protein subdomains and main binding sites 1-3 of HSA are labelled and highlighted in
the overall view. (B) Detailed view of GFT-MB (violet) binding mode. Snapshot after 90 ns is shown. Note how GFT-MB is anchored in the pocket
thanks to a strong hydrogen bonding interaction with Vall16 (yellow shadow) and a double 7t—7 stacking interaction with two tyrosine residues
(green spheres), which are located on both sides of the aromatic ring. (C) Superposition of the arrangements of GFT and GFT-MB with subdomain
IB of HSA. Note the different arrangements of GFT and GFT-MB, which is more buried in the pocket. Hydrogen bonding interactions between the
ligands and the protein are shown as red dashed lines. Relevant side chain residues are shown and labelled. The tyrosine residues Tyr161 and

Tyrl38 are highlighted in green color.

(subdomain IIA), site 2 (subdomain ITIA) and site 3 (subdomain
IB). Based on the structural similarity of the basic core of GFT
(N-phenylquinazolin-4-amine moiety) with lapatinib, which was
reported to bind to site 3, this region was selected for docking.
The protein coordinates found in the crystal structure of HSA in
complex with hemin (PDB entry 109X),”> which also binds to
subdomain IB, was used for these studies. The GFT@HSA and
GFT-MB@HSA complexes obtained by docking were immersed
in a truncated octahedron box of water molecules and then
subjected to 100 ns of dynamic simulation for validation using
the molecular mechanics force field AMBER ff14SB and
GAFF.49,50

The results of these MD simulation studies revealed the
significant differences in the binding mode of GFT and GFT-MB
with HSA (Fig. 9A vs. Fig. 9B). For GFT@HSA, the existence of
a flexible side chain with a terminal morpholine group

© 2022 The Author(s). Published by the Royal Society of Chemistry

determines the arrangement of the compounds within the
pocket. Thus, the most relevant interaction with the protein is
the hydrogen bond between the quaternary amino group in its
morpholine moiety and the side chain residues in the vicinity
(Val116, Asp183), mainly through a network of water molecules
(Fig. 9A). In this case, no direct polar contacts with protein
residues were observed. Although the side chain of GFT is
flexible and some motion is observed, the position of the qui-
nazoline moiety is frozen within the pocket. Thus, the analysis
of the root-mean-square deviation (rmsd) of the quinazoline
core in GFT during the whole simulation revealed average
values of 1.9 A (Fig. $131). This is due to the interaction of its
quinazoline ring with the side chain of Tyr161, which is located
on top, establishing a strong m-7 stacking between them. The
analysis of the variation of the relative distance between the
mass center of the phenol group in Tyr161 and the quinazoline
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(A) Comparison of several snapshots of GFT-MB@HSA during 100 ns of MD simulation. GFT-MB and Val116 are shown as sticks. Note that

during the simulation GFT-MB was displaced towards the bottom part of the pocket to locate its hydroxyl group pointing towards the main
carbonyl group of Vall16, remaining in this arrangement after ~15 ns of simulation. (B) Variation of the relative distance between the oxygen atom
(OH group) of the quinazoline moiety in GFT-MB and the oxygen atom of the main carbonyl group of Valll6 in the GFT-MB@HSA protein
complex during whole simulation. (C) Variation of the relative distance between the mass center of the phenol groups in Tyr138 and Tyr161 and
GFT-MB in the GFT-MB@HSA protein complex during whole simulation. Note how, after stabilization, both residues remain in close contact with

the ligand during the simulation.

moiety of GFT in the complex during the whole simulation
showed average distances of 3.7 A (Fig. S141). In addition, the
arrangement of GFT in subdomain IB of HSA is further stabi-
lized by numerous lipophilic interactions with the non-polar
residues within the pocket, specifically Leull5, Pro118,
Met123, Phe134, Tyr138, Leul39, Ile142, Phe149, Leul54,
Phe157, Ala158, Phe165, Leu182, and Gly189.

The binding mode of GFT-MB was clearly different from that
observed for GFT, since the lack of the flexible chain allows it to
bury itself in the pocket, stabilizing its arrangement through
a strong hydrogen bonding interaction with the protein,
specifically between its hydroxyl group and the main carbonyl
group in Val116 (Fig. 9B). In fact, after ~15 ns of simulation,
GFT-MB moved away from the position identified by docking
(like GFT) towards the bottom of the pocket to establish a direct
contact with Val116, remaining fixed in this arrangement
during the rest of the simulation (Fig. 10A). The average
distance of the latter interaction during the last 50 ns of
simulation was 3.2 A (Fig. 10B). The position of GFT-MB is also
frozen through strong m-m stacking with the phenol groups of
Tyr161 and Tyr138, which are located on both faces of the

9652 | Chem. Sci, 2022, 13, 9644-9654

ligand. The average distance between the mass center of the
phenol groups and the quinazoline moiety in GFT-MB during
the last 50 ns of simulation was 3.8 A (Fig. 10C). As for GFT,
diverse lipophilic interactions with the non-polar residues of
the pocket, specifically Leu115, Prol18, Met123, Phel34,
Leu135, Ile142, Phe149, Leu154, Phe157, and Ala158, were also
identified.

Conclusions

The photobehavior of GFT-MB, a photoactive GFT metabolite,
has been compared with that of its parent drug in different
media, i.e. in solution and within HSA. To this end, fluorescence
and transient absorption spectroscopies, from the femtosecond
to the microsecond time scales have been used. Besides, MD
simulations have been performed to explain in atomic detail the
experimental results. The main excited species detected for
both GFT and GFT-MB in solution are very similar. Thus, locally
excited (LE) states are mainly formed in non-polar solvents,
whereas intramolecular charge transfer (ICT) species predomi-
nate in polar solvents. Triplet excited states are detected in both

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polar and non-polar organic solvents; from this species, a type I
mechanism seems to operate in the photodamage to biomole-
cules, since the resulting radicals have been detected by means
of LFP. By contrast, significant differences are observed in the
photobehavior of both the drug or the metabolite within the
constrained environment provided by HSA. Thus, for
GFT@HSA, LE species are instantaneously formed, which can
photoinduce electron transfer with appropriate donors (e.g. Tyr
or Trp residues). On the contrary, since the metabolite is
a phenol, excited state proton transfer to form phenolate-like
excited species occurs in GFT-MB@HSA. MD simulations have
confirmed the occurrence of this process, which might hinder
the formation of triplet species in the protein-bound metabo-
lite. Since phenolate-like excited species exhibit much higher
fluorescence yields and longer lifetimes than GFT@HSA, this
might have consequences in the photosensitizing potential of
GFT-MB, which can be anticipated to be higher than that of
GFT.
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ARTICLE INFO ABSTRACT
Keywords:

Antiviral agent

Binding to proteins

Cellular photo(geno)toxicity
Photodamage to biomolecules
Triplet excited state

Hepatitis C, a liver inflammation caused by the hepatitis C virus (HCV), is treated with antiviral drugs. In this
context, simeprevir (SIM) is an NS3/4A protease inhibitor used in HCV genotypes 1 and 4. It is orally admin-
istered and achieves high virological cure rates. Among adverse reactions associated with SIM treatment,
photosensitivity reactions have been reported. In the present work, it is clearly shown that SIM is markedly
phototoxic, according to the in vitro NRU assay using BALB/c 3T3 mouse fibroblast. This result sheds light on the
nature of the photosensitivity reactions induced by SIM in HCV patients, suggesting that porphyrin elevation in
patients treated with SIM may not be the only mechanism responsible for SIM-associated photosensitivity.
Moreover, lipid photoperoxidation and protein photooxidation assays, using human skin fibroblasts (FSK) and
human serum albumin (HSA), respectively, reveal the capability of this drug to promote photodamage to cellular
membranes. Also, DNA photo lesions induced by SIM are noticed through comet assay in FSK cells. Photo-
chemical and photobiological studies on the mechanism of SIM-mediated photodamage to biomolecules indicate
that the key transient species generated upon SIM irradiation is the triplet excited state. This species is efficiently
quenched by oxygen giving rise to singlet oxygen, which is responsible for the oxidation of lipids and DNA (Type
II mechanism). In the presence of HSA, the photobehavior is dominated by binding to site 3 of the protein, to give
a stable SIM@HSA complex. Inside the complex, quenching of the triplet excited state is less efficient, which
results in a longer triplet lifetime and in a decreased singlet oxygen formation. Hence, SIM-mediated photoox-
idation of the protein is better explained through a radical (Type I) mechanism.

1. Introduction cure rates. Moreover, it has a favorable tolerability profile when used in

combination with peginterferon-alfa plus ribavirin or with sofosbuvir

Hepatitis C virus (HCV) infection is a health service problem of the
first magnitude in Europe and especially in the Mediterranean countries,
where prevalence rates are in the range 1-3% [1-3]. Moreover, hepatitis
C can lead to liver cirrhosis and liver cancer, being a leading cause of
liver transplantation [4].

Simeprevir (SIM) is an NS3/4A protease inhibitor for use in HCV
genotypes 1 and 4. It is orally administered and achieves high virological

[5-8].

Recently, it has been reported that SIM is an especially promising
drug for treating COVID-19 because it potently reduces SARS-CoV-2
viral load by multiple orders of magnitude [9,10]. In this context, the
viral protease inhibitors nelfinavir and simeprevir revealed good plasma
exposures and based on their described mode of action, they may inhibit
SARS-CoV-2 directly [11]. Therefore, SIM could prevent coronavirus
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Fig. 1. Absorption spectrum of SIM in PBS. Inset: Chemical structure of SIM.

from replicating and might help in Covid-19 treatment.

The most commonly occurring adverse events associated with SIM
treatment are rash, itching, sun sensitivity, muscle pain, shortness of
breath, and nausea [5,12-14]. In particular, photosensitivity reactions
have been reported in phase III studies [15]. Moreover, dermatological
side-effects could be a problem in the management of SIM administra-
tion, and pharmacokinetic analysis is a valuable tool in a “real-life”
clinical setting. In a previous study, it has been evaluated a possible
relationship between plasma levels and the onset of skin complaints.
With regard to this, SIM plasma concentrations were significantly
related to dermatological side effects at early time points and the best
predictive factor for skin symptoms was simeprevir concentrations at
one week. Photosensitive condition (grade-1 sunburn) was found after
the first month [16].

In this context, SIM is associated with phototoxicity, but there is no
clear evidence for an increased risk of keratinocyte carcinoma [17].
Thus, SIM would act as a light-activated photosensitizer triggering a
cascade of chemical events that may finally result in important biolog-
ical disorders. This damage would occur by direct modification of bio-
molecules (isomerization, bond breaking, oxidation, etc.) or through the
involvement of free radical intermediates, including singlet oxygen. As a
result, cell constituents such as unsaturated lipids, proteins, or bases of
nucleic acids can be altered. In this situation, if the repair mechanisms
are not efficient, there can be irreversible lesions.

Given the above, a better understanding of the photodermatologic
adverse reactions of SIM, based on a thorough photochemical and
photobiological mechanistic study is necessary.

With this background, the aim of the present work is to investigate
the direct photodamage to cells induced by SIM itself, using a method-
ology previously set up in our group to study photosensitivity reactions
[18-21]. This makes sense since SIM displays a significant absorption
band in the UVA region, which is an active fraction of solar light able to
produce photosensitivity disorders. As shown in Fig. 1, the spectrum has
two maxima centered at 288 nm and 332 nm that correspond to the
thiazole-quinoline chromophore (Fig. 1). After light absorption by SIM,
highly reactive intermediates could be formed including organic radi-
cals and reactive oxygen species (ROS). Short-lived transients of these
types could be in the origin of the clinically observed photosensitivity
reactions.

2. Material and methods
2.1. General

Experimental descriptions such as chemicals and reagents, irradia-
tion equipment, spectroscopic measurements, cell culture conditions,
data analysis and statistics are provided in the supplementary material.

2.2. Laser flash photolysis

Laser flash photolysis (LFP) measurements were performed using a
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pulsed Nd:YAG L52137 V LOTIS TII laser at 355 nm as the excitation
wavelength (Sp Lotis Tii, Minsk, Belarus). The LFP equipment consisted
of a pulsed laser, a 77 250 Oriel monochromator, and an oscilloscope
DP04054 Tektronix. The single pulses were ~10 ns of duration, and the
energy was ~12 mJ/pulse. For processing, the output signal from the
oscilloscope was transferred to a personal computer. The measurements
were recorded under aerated atmosphere, or in the case of triplet excited
state decays, the solutions were deaerated by bubbling nitrogen (15
min). The absorbance of the samples was adjusted at ~0.30 at 355 nm
and the rate constant of triplet excited state quenching by oxygen (kq)
was determined using the Stern-Volmer equation (eq. (1)).

I 1

-=—+k, [O 1
T ,[U+q[2] €q.

Where 7 and 7y are the lifetime of transient species with and without
quencher (Oy), respectively.

For the rate constant of triplet excited state quenching by 2-methyl-
cyclohexa-2,5-dienecarboxyl acid (MBA), the following Stern-Volmer
equation (eq. (2)) was used:

1 1
-=—+k, [MBA .2
P kg | ] €q

Where t and 7, are the lifetime of transient species in the presence and
absence of MBA, respectively. Concentrations between 0.1 and 3 mM
were used for MBA.

The rate constant of triplet excited state quenching by lapatinib
(LAP) was calculated using the next Stern-Volmer equation (eq. (3)):

1 1
—=—+k, [LAP] eq.3
T Tq

Where 7 and 74 are the lifetime of transient species in the presence and
absence of LAP, respectively. Concentrations up to 3 mM were used for
the quencher.

Singlet oxygen (104, 1Ag) species was detected by NIR emission upon
excitation with the Nd:YAG L52137 V LOTIS TII laser at 355 nm in
aerated atmosphere. The absorbance of samples was adjusted at ~0.55
at 355 nm and decay traces were recorded at 1274 nm. Tetramethyl-p-
benzoquinone (DQ) was used as a standard with a 0, quantum yield
(®,) in MeCN, ca. 0.89 [22]. The ®, of SIM was calculated following
equation (4).

ASIM x IMsCN

&M — P
A 5 " Ang L

eq.4

Where dng is the quantum yield of the standard (DQ), Aspv and Apq are
the absorbances of SIM and DQ, Iyecy and I the refractive index of
acetonitrile and the sample solvent, respectively.

All transient absorption experiments were performed in PBS, MeOH
or MeCN at room temperature.

2.3. Invitro 3T3 neutral red uptake (NRU) phototoxicity test

The in vitro 3T3 NRU phototoxicity assay was basically performed
according to the OECD Guideline 432 [23] as described in Garcia-Lainez
et al. [19]. As positive and negative control were selected chlorproma-
zine (CPZ) and sodium dodecyl sulphate (SDS), respectively. In brief,
two 96-well plates were seeded at a density of 2.5 x 10* cells/well.
Then, serial dilutions of the drug ranging from 100 pM to 0.25 uM were
added to each plate. After 1 h incubation at 37 °C in dark conditions, one
plate was irradiated with a non-cytotoxic UVA light dose of 5 J/cm?
whereas the other one was kept in the dark. Once UVA irradiation
finished, culture medium was replaced, and plates were incubated
overnight. Next day, 50 pg/mL neutral red solution was added into each
well and incubated for 2 h at 37 °C. Cells were then washed once with
PBS. In order to extract neutral red from lysosomes, 100 pL of desorption
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solution (50% distilled water, 49.5% absolute ethanol and 0.5% acetic
acid) was added per well. Absorbance was measured at 550 nm on a
Synergy H1 microplate reader. Dose-response curves were established
for each compound to determine the concentration producing a 50%
decrease in the neutral red uptake (IC50) in dark and UVA light condi-
tions by non-lineal regression methods using the Graph Pad 5.0 soft-
ware. Finally, photoirritant factor (PIF) values were -calculated
according to equation (5).

IC50 DARK
IC50 UVA LIGHT
As stated in the OECD Guideline 432, a compound is labeled as “non-

phototoxic” when PIF is < 2, “probably phototoxic” if PIF is between 2
and 5 and “phototoxic” if PIF is > 5.

PIF = eq.5

2.4. Photoinduced lipid peroxidation assay

The compound 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-
3a,4a-diaza-s-indacene-3-undecanoic acid, also known as C11-Bodipy
581/591 is a molecular probe to assess lipid peroxidation in living
cells that shifts its fluorescence from red to green when the molecule is
oxidized [24,25]. To this end, human skin fibroblast cells (FSK) were
seeded in two 12-well-plates at a density of 6.0 x 10* cells/well. Next
day, the cells were treated with 5 uM of SIM solutions and incubated for
30 min in dark conditions. After incubation, one plate was irradiated
(2.5 J/cm?) and the other one was kept in dark conditions as negative
control. Cells were labeled with the lipid peroxidation sensor C11
Bodipy 581/591 (10 pM) for 30 min at 37 °C. Finally, the cultures were
visualized using a Leica DMI 4000B fluorescence microscope in
sequential mode to detect both the non-oxidized (red fluorescence, Aexc
535 nm) and the oxidized (green fluorescence, Zexc 490 nm) forms of the
probe. To determine the extent of lipid peroxidation in each condition,
the fluorescence intensity ratio (FIR) was calculated following equation
(6) using the Image-J software image analyzer (NIH).

I red fluorescence

= eq.6
1 green fluorescence 4

2.5. Protein photooxidation assay

Protein oxidation photoinduced by SIM, using human serum albumin
(HSA) as model, was evaluated as previously described [26] with minor
modifications. In brief, HSA solutions in PBS were prepared (5 mg/mL, 1
mg/sample) and incubated with increasing concentrations of SIM (1 pM,
2.5 pM and 5 pM) at room temperature for 1 h. Then, mixtures were
irradiated with a UVA dose of 10 J/cm? or maintained in dark conditions
as control of the assay. Immediately after irradiation, the extent of HSA
oxidation was measured in all experimental conditions spectrophoto-
metrically by derivatization with 2,4-dinitrophenylhydrazine (DNPH).
Thus, 200 pL of DNPH (10 mM) was added and incubated at room
temperature for 1 h to form stable dinitrophenyl hydrazone adducts.
Proteins were then precipitated with a 20% (v/v) trichloroacetic (TCA)
solution and incubated on ice for 15 min. Afterwards, pellets were
washed twice with ethanol/ethyl acetate 1:1 (v/v) containing 20% TCA
to remove the unbound DNPH and dried at 60 °C. The adducts were
resolubilized in 100 pL of 6 M guanidine-hydrochloride at 4 °C by
overnight incubation. Finally, absorbance at 375 nm was recorded using
the Synergy H1 microplate reader and the HSA oxidation degree was
expressed as nmol of carbonyl moiety per mg protein.

2.6. Assessment of DNA photodamage

2.6.1. Plasmid DNA photosensitized damage

Samples containing 250 ng of supercoiled circular DNA (pBR322,
4361 base pairs) in the presence or absence of SIM (100 pM) in PBS
supplemented with 1 mg/mL HSA were prepared. Mixtures were
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irradiated as described above using a UVA light dose of 15 J/cm? (30
min). Immediately, loading buffer (0.25% bromophenol blue and 30%
glycerol, in water) was added to each sample. Moreover, to characterize
chemical modifications towards DNA bases promoted by the drug,
samples were digested after irradiation with an excess of Endo V, Endo
III or FPG (0.5 U) at 37 °C for 1 h and then, loading buffer was added as
detailed above. Afterwards, all samples were loaded on a 0.8% agarose
gel containing SYBR® Safe as nucleic acid stain. Electrophoresis run was
carried out in TAE Buffer (0.04 M Tris-acetate, 1 mM EDTA) at 100 V for
2 h. DNA bands were visualized with the Gel Logic 200 Imaging System
(Kodak) and densitometry was quantified with the Image-J software.
Thus, the relative percentage of the nicked relaxed form (Form II) of the
pBR322 plasmid was calculated for each condition.

2.6.2. 8-Oxo-dG quantitation assay as a biomarker of oxidative DNA
damage

FSK cells were seeded in two 24-well plates at a density of 7.5 x 10°
cells/well. Next day, they were treated with 2.5 pM SIM solutions for 30
min at 4 °C in dark conditions. After incubation, one plate was irradiated
(2.5 J/cm?) and the other one was kept in darkness. Afterwards, cells
were harvested from the plates and then genomic DNA extraction was
performed in all samples according to the manufacturer’s protocol. DNA
samples were quantified using a Nanodrop 2000c (Thermo Scientific).
Later, samples containing 2 ug DNA (100 ng/mL) were digested with
DNase I (1 U) at 37 °C for 1 h, followed by alkaline phosphatase incu-
bation (1 U) at 37 °C for 1 h. Lastly, 8-oxo-dG concentration was
determined in all samples by a competitive Elisa assay following the
manufacturer’s instructions. Data were expressed in nanomoles of 8-
oxo-dG formed by interpolating the sample concentrations from the
standard curve.

2.6.3. Nuclear DNA photodamage by comet assay

Single cell gel electrophoresis assay (comet assay) was carried out as
previously described [20] in order to detect strand breaks and alkaline
labile sites on nuclear DNA. Briefly, FSK cells were trypsinized, resus-
pended in cold PBS and allowed to stand for 2 h at 4 °C for repairing the
damage generated after detachment with trypsin. Then, two 24-well
plates were seeded at a density of 1.0 x 10° cells/well and treated
with 2.5 pM SIM solution for 30 min at 4 °C in dark conditions. In this
assay, CPZ (10 pM) was selected as the photogenotoxic reference com-
pound. After incubation, one plate was placed in the photoreactor to
irradiate the cells (2.5 J/cm?) and the other one was kept in dark con-
ditions as negative control. Immediately, irradiated and non-irradiated
cells were harvested from the plates. Then, 100 pL of each sample was
homogenized with 100 pL of 1% low melting point agarose solution and
mixtures were placed forming drops (2.0 x 10* cell/gel) onto Trevigen®
treated slides, allowing their jellification. Next, slides were immediately
immersed in a container filled with lysis buffer (2.5 M NaCl, 0.1 M
NagEDTA, 0.01 M Tris, 1% Triton X-100) and incubated overnight at
4 °C. In DNA recovery experiments to promote intrinsic cellular
DNA-repair mechanisms, slides were maintained in DMEM medium at
37 °C for 20 h, and then lysed as stated above. Next day, all slides were
transferred to a Trevigen® comet assay electrophoresis tank and covered
with cold alkaline buffer (0.2 M NaOH, 1 mM EDTA, pH > 13) and let
during 40 min for DNA unwinding at 4 °C. Afterwards, the electropho-
resis was carried out at 21 V (1 V/cm) for 30 min at 4 °C. Once the
electrophoresis finished, the slides were washed twice in PBS for 5 min.
DNA was fixed by two subsequent incubations with 70% and 100%
ethanol solutions. Then, DNA was stained with SYBR Gold® (1:10.000
dilution in TE buffer — Tris-HCl 10 mM pH 7.5, EDTA 1 mM) for 30 min
at 4 °C in darkness. Finally, the slides were air-dried and kept in dark
conditions. Comet nucleoids and tails were visualized using a Leica DMI
4000B fluorescence microscope (Aexc 490 nm). At least 100 cells/sample
were analyzed to determine DNA damage. The percentage of DNA
damage of each sample was calculated with the visual scoring of at least
100 DNA comets using the subsequent formula [27]: [(Nclass O comets
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Fig. 2. 3T3 NRU phototoxicity assay. Dose-response curves for cell viability of
BALB/c 3T3 mouse fibroblast cells treated with SIM in Dark (l) and UVA light
conditions (5 J/cm? [J). Data are the mean + SD from four independent
experiments.

x 0) + (Nclass 1 comets x 1) + (Nclass 2 comets x 2) + (Nclass 3 comets
x 3) + [(Nclass 4 comets x 4) + (Nclass 5 comets x 5) + (Nclass 6
comets x 6)]/6, where class 0 comets indicate comets with no DNA
damage and class 6 comets indicate comets with maximum DNA
damage.

2.7. Molecular docking

These studies were carried out using our previously reported proto-
col for lapatinib against HSA [28,29]. The protein coordinates obtained
in the crystal structure of HSA in complex with hemin and myristic acid

(PDB entry 109X) [30] and the docking program GOLD version
2020.2.0 [31] were used.

2.8. Molecular dynamics simulation studies

The highest score solution obtained by docking was subjected to 100

ROS

attack
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ns of dynamic simulation, which was performed as previously described
by us for trifusal [32]. The cpptraj module in AMBER 17 was used to
analyze the trajectories and to calculate the rmsd of the protein and the
ligand during the simulation [33]. The molecular graphics program
PyMOL (DeLano) was employed for visualization and depicting enzyme
structures.

3. Results and discussion
3.1. Phototoxicity of simeprevir

Sunlight activated drug can trigger a cascade of chemical events that
finally result in important biological disorders including phototoxicity.
This process can be evaluated through in vitro 3T3 NRU phototoxicity
test following the OECD Guideline 432 [23].

3.1.1. Invitro 3T3 neutral red uptake (NRU) phototoxicity assay
Assessment of the phototoxicity of simeprevir (SIM) was performed
according to the in vitro 3T3 NRU phototoxicity test [23]. To achieve this
goal, BALB/c 3T3 mouse fibroblast cells were treated with increasing
concentrations of SIM and cell viability was analyzed by neutral red as
vital stain. From dose-response curves, half maximal inhibitory con-
centrations (IC50) under dark or UVA light conditions were estimated.
As shown in Fig. 2, SIM displayed a cytotoxic profile in dark conditions
with an IC50 in the micromolar range (68 uM). It is noteworthy that its
toxicity was enhanced in combination with UVA light (IC50 = 1.7 uM).
Consequently, phototoxicity was determined by the calculation of the
photoirritant factor value (PIF), defined as the ratio between the IC50
under dark and light conditions. The PIF obtained was around 40, which
is 8-fold higher than the cut-off value for a phototoxic compound as
stated by the OECD guide [23]. Remarkably, this result sheds light on
the nature of the photosensitivity reactions induced by SIM in HCV
patients. So, it confirms that porphyrin elevation in patients treated with
SIM may not be the only mechanism responsible for SIM-associated
photosensitivity. Thus, phototoxic mechanisms usually comprise the
generation of cellular oxidative stress that promotes damage to bio-
molecules such as lipids, proteins and DNA, leading ultimately to cell

PUFAS

Non-oxidized C11-Bodipy
Mexorern: 335/590 nm

Oxidized products of
C11-Bodipy

hexcrem: 490/510 nm

Scheme 1. Lipid photoperoxidation detection in human skin fibroblast cells (FSK) by C11-BODIPY (581/591) probe.
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Fig. 3. Protein photooxidation promoted by SIM in human serum albumin
(HSA) model. HSA was irradiated (10 J/cm?) in the presence of SIM and the
carbonyl content was evaluated spectrophotometrically by monitoring its
carbonyl moiety after derivatization with 2,4-dinitrophenylhydrazine (1 = 375
nm). Non-irradiated solutions were analyzed as control (). Data are the mean
=+ SD of three independent experiments. Asterisks show significant differences
by the Student’s t-test compared to dark conditions (***p < 0.001, ns:
non-significant).

death [34].

3.1.2. Lipid and protein photooxidation

As SIM displays highly lipophilic properties, membrane components
(lipids and proteins) could be the targets for its phototoxicity. To
confirm this hypothesis, first, lipid photoperoxidation was investigated
using the fluorescent reporter C11-Bodipy 581/591, which consists of a
boron dipyrromethene difluoride core attached to a fatty acid tail and a
phenyl moiety connected by a diene bond (Scheme 1). This assay is
based on the capability of this molecular probe to penetrate the plas-
matic membrane and to shift the fluorescence emission upon its oxida-
tion from red (exc 535 nm), which corresponds to the native structure of
the probe, to green (Aexc 490 nm), attributed to its oxidation products. As
it is described in the literature, the Bodipy is exclusively sensitive to free
radical species generated from hydroperoxides, but not to hydroperox-
ides per se [35,36]. With this aim, FSK cells were treated with SIM (5 pM)
and subsequently irradiated (2.5 J/cm?) or maintained in darkness as
control. Then, cells were stained with the C11-Bodipy 581/591 after
irradiation to rule out direct photochemical reactions between the drug
and the probe, and finally, they were visualized under the fluorescent
microscope. The images shown in Scheme 1 and Fig. S1 revealed an
increase in the green fluorescence intensity (oxidized product) in UVA
light conditions in comparison with non-irradiated treated cells, indi-
cating a high degree of lipid peroxidation. By contrast, lipid peroxida-
tion in non-treated cells was negligible. Accordingly, the quantitative
analysis showed a significant reduction of the red to green fluorescence
intensity ratio (Fig. S1). These results support that lipid membrane is
indeed a potential target for SIM phototoxicity.

Moreover, protein photooxidation was investigated using the human
serum albumin (HSA) as protein model. Thus, solutions of HSA con-
taining SIM were UVA irradiated with a dose of 10 J/cm? and after-
wards, the carbonyl moiety, as a biomarker of protein oxidation, was
quantified by the derivatization method using 2,4-dinitropheynlhydra-
zine (DNPH). According to Fig. 3, irradiated HSA without treatment
showed similar concentration of carbonyl moiety as non-irradiated HSA,
indicating the suitability of the dose selected. Interestingly, for SIM, a
dose-dependent enhancement of the carbonyl content of HSA was
observed after irradiation in comparison with non-irradiated mixtures,
reaching ca. 3-fold increase at 5 pM. This assay confirmed the capability
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Fig. 4. Cellular photogenotoxicity. (A) 8-oxo-dG formation in human skin fi-
broblasts cells (FSK) upon SIM treatment. FSK cells alone (FSK) or treated with
SIM (2.5 pM) were kept in Dark (M) or irradiated with a 2.5 J/cm? UVA dose
(CD. Then, genomic DNA was isolated and the oxidative biomarker 8-oxo-dG
was quantified by means of colorimetric antibody Elisa assay. Asterisks indi-
cate significant differences relative to the FSK cells in dark conditions by the
Student’s t-test (**p < 0.01; ns: non-significant). (B) Fluorescence microscopy
images of SIM alkaline comet assay experiments. FSK cells alone (FSK) or
treated with SIM (2.5 pM) or CPZ (10 pM) as the reference photogenotoxic
compound were kept on dark conditions (Dark), irradiated with 2.5 J/cm? UVA
dose (UVA Light) or irradiated with 2.5 J/cm? UVA dose followed by 20 h of
cell recover (UVA Light + 20 h recovery time). Images are representative of
three independent experiments.

of SIM to promote photooxidation in cellular membranes. According to
our previous work on photosensitizing drugs [20,37], this type of HSA
modification could involve a type I (radicals) or type II (singlet oxygen)
photooxidation of the redox-active amino acid residues.

3.1.3. Photogenotoxicity

In order to evaluate whether DNA, another biomolecule target of
oxidative damage, could also be involved in the SIM phototoxicity
mechanism, a screening was performed using plasmid DNA alone or in
combination with different repair enzymes (Endo V, Endo III and FPG).
Actually, the electrophoresis agarose gel shown in Fig. S2 highlighted
that SIM can indeed promote DNA photodamage mainly through purine
base oxidation, as revealed using the FPG repair enzyme. Among all the
oxidatively generated lesions into the cellular DNA by UVA light, one of
the most frequent is the guanine residue oxidation at C8 to generate 8-
oxo-7,8-dihydro-2'-deoxyguanosine (8-oxo-dG) [38]. This lesion can
result highly mutagenic if it is not efficiently repaired, since this
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Fig. 5. Normalized fluorescence emission spectrum recorded at Aexe = 332 nm
(solid red) and normalized fluorescence excitation spectrum registered at Amax
= 447 nm (dashed red) of SIM in PBS solution. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

300

modified base can pair in the double helix not only with cytosine but
also with adenine. Having established the ability of SIM to induce purine
oxidation in a cell-free system, in a further step, this process was also
assessed in a cellular environment. Hence, the photogeneration of this
biomarker in FSK cells DNA by SIM was studied. To achieve this goal,
FSK were incubated with SIM and then, exposed to a UVA dose of 2.5
J/em?, After irradiation, genomic DNA was isolated and quantified by
UV spectroscopy (4=260 nm). Then, a competitive Elisa assay was car-
ried out to detect the presence of 8-0x0-dG in samples. Thus, as shown in
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a visual score system of 6 different categories [27]. Moreover, chlor-
promazine (CPZ), a well-known drug with photogenotoxic properties
was used as positive control [18]. The results shown in Fig. 4B and
Fig. S3 indicated that SIM generated significant DNA damage to cellular
DNA (around 40%), to a lesser extent than CPZ. Additionally, another
set of experiments were performed to investigate the capability of FSK
cells to repair that DNA photodamage generated. For this purpose, cells
upon treatment were incubated for different time periods up to 20 h and
the remaining DNA damage was determined in the same way described
above. As shown in Fig. 4B, in contrast to CPZ, it is noteworthy that
photosensitized DNA was not repaired within 20 h of recovery. This is in
agreement with the possibility of SIM to generate mutations in the DNA
and ultimately, these could lead to photocarcinogenesis.

3.2. Photophysical studies

Drug photosensitizing potential can be associated with damage to
biomolecules involving ROS or radicals arising from excited states [40].
Here, in order to gain insight into the phototoxicity of SIM, in a further
step, photophysical studies combining fluorescence, transient absorp-
tion and time-resolved near-infrared luminescence spectroscopy were
carried out.

3.2.1. Emission spectra

The steady-state fluorescence spectrum of SIM in PBS solution
showed a maximum centered at Amax = 447 nm (Fig. 5). The SIM fluo-
rescence quantum yield (®f) was determined using anthracene in
ethanol as standard (®r = 0.27) and it resulted to be ca. 0.05 [41]
(Fig. S4). Similar results were obtained using MeCN and MeOH, as
model solvent, mimicking lipophilic environment present in the cellular
milieu (Table S1). In addition, singlet excited state energy (Es) was
calculated from the intersection between the normalized excitation and
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Fig. 6. Laser Flash Photolysis experiments. (A) Normalized transient absorption spectra (from 1 to 14 ps) for simeprevir in aerated PBS solution after the 355 nm
laser excitation. (B) Normalized decay traces of the triplet generated in PBS solution of SIM monitored at 410 nm in deaerated (black), aerated (red) and oxygen
saturated atmosphere (blue). Inset: normalized decay trace of SIM in deaerated PBS solution on a longer time-scale. (C) Kinetic traces for 'O, signals after laser pulse
(Aexc = 355 nm) for SIM in deuterated water (black). Tetramethyl-p-benzoquinone (DQ) in MeCN (magenta) was the reference of the study (®, ca. 0.89). (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4A, the 8-0x0-dG in SIM-treated cells was found to be twice higher
than in non-treated cells. This agrees with the important role of guanine
base oxidation in the photogenotoxicity of SIM.

In an attempt to describe in detail other types of DNA photolesions
induced by SIM, comet assay experiments were subsequently carried
out. This assay identifies combined DNA damage consisting of single-
strand breaks, double-strand breaks, and alkali-labile sites on individ-
ual cells [39]. In this assay, after treatment with the drug and UVA
irradiation, FSK cells were embedded in agarose mini-gels on slides and
subjected to lysis. Afterwards, electrophoresis was run to allow damaged
DNA fragments migrating out of the cell nucleus, forming a comet tail.
Upon SYBR® Gold staining, comets and tail were examined under the
fluorescence microscope and nuclear DNA damage was calculated using

emission spectra (Fig. 5) and it was found to be 73.3 kcal/mol.

3.2.2. Laser flash photolysis

To detect reactive species generated by the excitation of SIM living in
the microsecond time-scale, laser flash photolysis (LFP) technique was
employed. Thus, upon excitation of the drug at 355 nm in aerated PBS
solution, the transient absorption spectrum exhibited a band with a
maximum centered at 410 nm (Fig. 6A). In addition, from decay traces
analysis at 410 nm it was determined the lifetime (t7) that was ca. 44 ps
(Fig. 6B), and the triplet energy (Er) obtained from phosphorescence
measurements was approximately 59.6 kcal//mol (Fig. S5). Moreover,
to characterize this transient species, oxygen quenching experiments
were carried out in PBS solutions of the drug. As shown in Fig. 6B, this
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species was efficiently quenched by molecular oxygen with a quenching
rate constant (kg) of 1.71 x 10° M™! s7! calculated by a mono-
exponential decay function (Fig. S6). This indicates that the transient
species peaking at 400 nm corresponds to a triplet excited state. For
MeOH and MeCN solvents, comparable results were obtained (Fig. S7
and Table S1). Significant triplet production is indicative of potential
photobiological damage since this excited state has a biradical character
and is the precursor of the reactive species, including free radicals and
ROS.

It is well known that a drug triplet excited state is usually regarded as
the key precursor that sensitizes molecular singlet oxygen (‘O or *Ag)
formation through an electronic energy transfer process in Type II
oxidative mechanism reactions [42]. Furthermore, 102 can promote
extensive oxidative damage to biomolecules inside cells, including lipid
peroxidation through hydroperoxide formation [24,25], protein oxida-
tion [43], and DNA nucleosides (such as guanine) oxidation to obtain
the final oxidized base (8-oxo-dG) [44]. Bearing in mind from cellular
experiments that SIM promoted lipid photoperoxidation, protein
photooxidation and 8-oxo-dG formation in DNA, the photogeneration of
10, by this drug should be expected. To confirm this hypothesis, it is
interesting to perform time-resolved near-infrared emission studies
upon 355 nm excitation of SIM. Thus, formation of this species was
detected by time-resolved measurements of the luminescence at 1270
nm in deuterated aqueous solution (Fig. 6C). To determine the SIM
singlet oxygen quantum yield (®,), tetramethyl-p-benzoquinone (DQ),
was employed as reference (@, ca. 0.89 in MeCN) [22]. As expected,
SIM displayed ability to generate 10, with a @5 = 0.56. The SIM @, in
organic solvents was also measured and they were found to be ca. 0.82
and 1 for MeOH and MeCN, respectively (Fig. S8 and Table S1). As
regards the singlet oxygen lifetime (t) in deuterated aqueous solution,
it was measured using DQ as standard and was 65 ps. Likewise, the
lifetime obtained for SIM was ca. 40 ps (Fig. 6C).

3.3. Molecular basis of simeprevir interaction with biomolecules

The photophysical studies of SIM are in good agreement with the
cellular photodamage pointed out for this drug. This could be the origin
of the oxidative stress to biomolecules, thus leading to undesired effects
of phototoxicity and photogenotoxicity. Therefore, in view of the
capability of SIM to form triplet excited species, it was considered
convenient to perform additional experiments regarding SIM interaction
with biomolecules, such as lipids, proteins and DNA. Thus, drug-lipid
interaction studies were carried out by quenching experiments using
2-methylcyclohexa-2,5-dienecarboxylic acid (MBA) as a lipid model,
which contains double allylic hydrogens and is an appropriate probe for
studying the reactivity of lipids with photosensitizing drugs [43]. As a
result, triplet decay traces were obtained in deaerated acetonitrile so-
lutions of SIM after the addition of increasing amounts of MBA. As
shown in Fig. 7, the SIM triplet species was quenched by MBA with a kq
of only 1.68 x 10° M5! (Fig. 7, inset). Moreover, SIM-HSA (1:1)
interaction did indeed occur, and the complex displayed a higher triplet
lifetime (tr = 17 ps) than the free drug in solution (tr = 1.7 ps) under
aerated atmosphere (Fig. S9 and Table S2). By contrast, Tt of SIM in the
presence of calf thymus DNA (ctDNA) remained unchanged; hence the
complexation of SIM with DNA was not supported experimentally
(Fig. S9 and Table S2).

Overall, the above data indicate that triplet quenching by oxygen,
leading to singlet oxygen, is the predominating process in the presence
of lipids and DNA; hence, photosensitized oxidation of these bio-
molecules occurs by a Type Il mechanism. Conversely, in the presence of
protein a complex is formed where the triplet state is protected from
quenching by oxygen, and the formation of singlet oxygen is much less
efficient (Table S2). Accordingly, under these conditions, oxidation of
the proteins must proceed via a Type I mechanism. In view of the
importance of SIM complexation to proteins, a detailed docking and
molecular dynamics simulation study was performed on the binding
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Fig. 7. Triplet decays at 410 nm for SIM alone (black) or in the presence of
increasing amount of MBA (0-3 mM) (gray). Inset: Stern-Volmer plot for 3SIM*
quenching by MBA.

process.

3.3.1. Binding of simeprevir to human serum albumin

To understand the underlying molecular basis of the interaction of
SIM with the HSA protein, as well as its photophysical properties
experimentally observed upon binding, docking and molecular dy-
namics (MD) simulation studies were performed.

In this context, HSA is a carrier protein with a large capacity for
transporting a wide variety of endo and exogenous ligands structurally
very diverse. It has three main recognition binding sites, namely do-
mains I-11I, each one divided into two sub-domains A and B, with a very
different recognition pattern. Hence our first efforts were directed at
identifying the SIM recognition domain of HSA, which was achieved by
competition studies using three compounds whose protein binding sites
are known, specifically ibuprofen (IBP) (site 1, sub-domain IIA),
warfarin (WAF) (site 2, sub-domain IIIA) and lapatinib (LAP) (site 3,
sub-domain IB) [45,33]. Thus, increasing amounts of the ligand were
added to aerated solutions of 10 pM SIM-HSA (1:1), and transient decays
were monitored at 410 nm. Under these conditions, a decrease of the
transient species lifetime was only observed in parallel with the addition
of LAP concomitantly with an increase of the free SIM fraction (kq of ca.
5.1 x 10°M 1s71), ergo, this can be correlated with the complexation of
SIM to the binding site 3 of HSA (Fig. 8A and Fig. S10). Thus, to
determine the binding constant of SIM to HSA, the decays monitored at
410 nm were fitted using a two-phase exponential function. Then, using
the preexponential factors values, both the percentage of free and bound
SIM were calculated (Fig. S10). The half-maximal effective concentra-
tion (EC50) for lapatinib was obtained by interpolation from competi-
tion displacement curve and it resulted to be 7 pM (Fig. 8B). Moreover,
the binding constant of lapatinib to HSA (Kg) was taken from the liter-
ature and it was 1.24 x 10° M~ ! (at 303 K) [46]. As the SIM concen-
tration used was 10 pM, the relationship between the binding constants
was found to be 0.7 and therefore the K of SIM resulted to be 0.87 10°
ML

Based on the results obtained with the afore-mentioned competition
studies, through which site 3 (sub-domain IB) was identified as the SIM
binding pocket, the three-dimensional structure of HSA in complex with
myristic acid and hemin (PDB ID 109X) was selected for docking.
Among the variety of HSA crystal structures available, this PDB was
chosen because hemin, as well as LAP, binds to sub-domain IB. It is
important to note that this protein undergoes significant conformational
changes, especially in domains I and III, both located at the vertices of its
general V-shaped structure, to maximize its interaction with ligands
[47]. Hence, choosing a PDB with a ligand already arranged in the same
pocket becomes relevant for achieving optimal docking results. In
addition, performing MD simulation studies on the proposed
ligand@HSA binary complex, through which the intrinsic plasticity of
the protein is considered, is also relevant for achieving reliable and
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realistic results. To this end, the highest score solution obtained by
docking and the protein were immersed in a truncated octahedron of
water molecules obtained with the molecular mechanics force field
Amber and subjected to 100 ns of simulation.

Our simulation studies revealed that SIM would be buried in sub-
domain IB of the protein through its quinoline group allocating its
macrocyclic moiety pointing towards the interface between domains I
and III (Fig. 9A). The ligand proved to be very stable in the pocket, since
no significant changes were observed, either in the binding

Fig. 9. SIM binding mode against HSA protein ob-
tained by MD simulation studies. (A) General and
close views of the SIM@HSA binary complex. Snap-
shot taken after 80 ns of simulation. The domains
(I-1II) and sub-domains (A, B) of the protein are
shown in blue, orange, and purple colors, respec-
tively, and labeled. Note how SIM (spheres) is deeply
buried in sub-domain IB (site 3) of the protein. (B)
Superposition of several snapshots taken during the
whole simulation. Note how the ligand is very stable
within the pocket as no relevant changes are identi-
fied. (C) RMSD plots for the protein backbone (Ca, C,
O and N atoms), SIM and its quinoline core (average
values of 1.8 ;\, 2.7 A and 1.2 A, respectively). (D)
Main contacts of SIM with the protein. Relevant
hydrogen bonding interactions (black dashed lines)
and protein residues are shown and labeled. (E) Sta-
bility of the hydrogen bonding interactions. Variation
of the relative distances between the NH amide group
of the ligand and the main carbonyl group of L115
(d1) and the oxygen atom of the sulfonamide group of
the ligand and the guanidinium group of R186 (d2).
(F) Stability of the n-r stacking interactions. Variation
of the relative distances between the center of mass of
quinoline ring of SIM and residues Y138 (d3, average
distance of 4.2 f\) and Y161 (d4, average distance of
4.6 ;\) during the whole simulation. For calculating
average distances, only the last 80 ns of simulation
are considered. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)

40 60 80 100
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conformation of the ligand or that of the SIM@HSA binary complex,
during the whole simulation (Fig. 9B). Thus, the analysis of the root-
mean-square deviation (rmsd) of the protein backbone (Ca, C, O and
N atoms), the ligand and its quinoline group afforded low average values
of 1.8 i\, 2.7 A and 1.2 10\, respectively, for the whole simulation
(Fig. 9C). SIM would be anchored to sub-domain IB through two
hydrogen bonding interactions, one between the amide NH group in the
SIM’s macrocycle moiety and the main carbonyl group of L115, and the
second between its sulfonamide group and the guanidinium group of
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R186 (Fig. 9D). The latter interactions proved to be very stable, showing
average distances during the last 80 ns of simulation of 3.0 Aand3.5A,
respectively (Fig. 9E). Additional hydrogen bonds are also established
by the ligand through both faces of its macrocycle moiety with the side
chains of residues H146 and Y161 via a network of water molecules. The
arrangement of the ligand is further stabilized within the pocket by a
strong sandwich-like -1 stacking interaction with residues Y138 and
Y161 that trap the quinoline moiety between them. The latter interac-
tion revealed to be strong as no significant variation of the relative
distances between the center of mass of the quinoline ring and the
phenol groups in Y138 and Y161 was observed during the whole
simulation (Fig. 9F). Finally, the ligand is further stabilized in sub-
domain IB thanks to a set of hydrophobic interactions with the
nonpolar residues of the pocket, specifically L115, V116, P118, V122,
F134, L135, L139, 1142, A158 and 1513.

4. Conclusions

Comprehensive photochemical and photobiological studies reveal
SIM-mediated photodamage to biomolecules, leading ultimately to cell
death. This drug displays a significant absorption band in the active
region of solar light, so it may trigger photosensitivity reactions. The key
transient species generated upon SIM irradiation is the triplet excited
state, characterized by its absorption band at 400 nm. This species is
efficiently quenched by oxygen giving rise to singlet oxygen, which is
responsible for the oxidation of lipids and DNA (Type II mechanism). In
the presence of HSA, the photobehavior is dominated by binding to site 3
of the protein, to give a stable SIM@HSA complex. Inside the complex,
quenching of the triplet excited state is less efficient, which results in a
longer triplet lifetime and in a deceased singlet oxygen formation.
Hence, SIM-mediated photooxidation of the protein occurs through a
radical (Type I) mechanism.

In summary, the obtained results confirm that porphyrin elevation in
patients treated with SIM may not be the only mechanism responsible
for SIM-associated clinical photosensitivity. Instead, photochemical
mechanisms may operate leading to the generation of cellular oxidative
stress associated with damage to lipids, proteins and DNA, ultimately
resulting in cellular photo(geno)toxicity. These considerations have to
be taken into account by the doctors to have a better knowledge of the
SIM photoinduced adverse effects before prescribing to patients and,
thus, give them photoprotection guidelines such as the employment of
sunscreens.
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The photobiological damage that certain drugs or their metabolites can
photosensitize in proteins is generally associated with the nature of the
excited species that are generated upon interaction with UVA light. In this
regard, the photoinduced damage of the anticancer drug gefitinib (GFT) and
its two main photoactive metabolites GFT-M1 and GFT-M2 in cellular milieu was
recently investigated. With this background, the photophysical properties of both
the drug and its metabolites have now been studied in the presence of the two
main transport proteins of human plasma, i.e., serum albumin (HSA) and al-acid
glycoprotein (HAG) upon UVA light excitation. In general, the observed
photobehavior was strongly affected by the confined environment provided
by the protein. Thus, GFT-M1 (which exhibits the highest phototoxicity)
showed the highest fluorescence yield arising from long-lived HSA-bound
phenolate-like excited species. Conversely, locally excited (LE) states were
formed within HAG, resulting in lower fluorescence yields. The reserve was
true for GFT-M2, which despite being also a phenol, led mainly to formation
of LE states within HSA, and phenolate-like species (with a minor contribution of
LE) inside HAG. Finally, the parent drug GFT, which is known to form LE states
within HSA, exhibited a parallel behavior in the two proteins. In addition,
determination of the association constants by both absorption and emission
spectroscopy revealed that the two metabolites bind stronger to HSA than the
parent drug, whereas smaller differences were observed for HAG. This was further
confirmed by studying the competing interactions between GFT or its
metabolites with the two proteins using fluorescence measurements. These
above experimental findings were satisfactorily correlated with the results
obtained by means of molecular dynamics (MD) simulations, which revealed
the high affinity binding sites, the strength of interactions and the involved amino
acid residues. In general, the differences observed in the photobehavior of the
drug and its two photoactive metabolites in protein media are consistent with
their relative photosensitizing potentials.

KEYWORDS

anticancer drugs, fluorescence, metabolites, molecular dynamics, protein
binding constants
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1 Introduction

The binding of drugs to plasma proteins is involved in the
modulation of relevant processes including drug pharmacokinetics
(i.e., absorption, distribution, metabolism and elimination) and
pharmacodynamics (pharmacological effects) (Krasner, 1972;
Kragh-Hansen et al,, 2002; Vuignier et al., 2010). This binding is

10.3389/fphar.2024.1387057

usually reversible, with an equilibrium between bound and free drug.
In this regard, it is commonly stated that only unbound drugs are
pharmacologically and toxicologically active since they can cross
membrane barriers to be distributed to tissues (Lindup and Orme,
1981). However, photochemically active drugs can induce damage to
biomolecules after absorption of solar light, which is generally
associated with phototoxicity and photoallergy (Quintero and
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Chemical structure of gefitinib (GFT) and its O-desmorpholinopropyl and O-desmethyl metabolites GFT-M1 and GFT-M2, respectively. The

quinazoline chromophore is highlighted in blue.
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(A) Fluorescence spectra for GFT-M2 in PBS (gray) and for GFT-M2@HSA (green). The inset shows the normalized spectra. (B) Normalized
fluorescence spectra for GFT-M2@HSA (green), GFT@HSA (black) and GFT-M1@HSA (blue). Measurements were performed at Aeyc = 340 nm in PBS; for
ligand@HSA complexes, solutions were at 1:1 M ratio (10 uM).
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Fluorescence spectra of GFT-M2 after addition of increasing amounts of Tyr (A) or Trp (B). All measurements were performed at metabolite:amino
acid molar ratios of 1:50, 1:100, 1:150, 1:200, 1:250 and 1:300 after excitation at 340 nm in toluene. The concentration of GFT-M2 was maintained
constant at 10 uM. The insets show the formation of a new band, which is associated with formation of phenolate-like species through interaction
between hydrogen-bonded GFT-M2 and Tyr or Trp in the ground state; these bands were determined upon subtraction of the emission from
excited GFT-M2 to those of GFT-M2/amino acid (Tyr or Trp) at the different molar ratios.

TABLE 1 Binding constants for GFT, GFT-M1 and GFT-M2 within HSA
and HAG.

GFT 7.5+ 0.24 x 10" 1.2 +0.08 x 10°
GFT-M1 1.2 £ 0.06 x 10° ‘ 9.1 +0.32 x 10* ‘
GFT-M2 1.8 + 0.16 x 10° ‘ 1.5 +0.05 x 10° ‘

Miranda, 2000; Stein and Scheinfeld, 2007; Vaya et al, 2014;
Monteiro et al., 2016; Blakely et al., 2019; Kowalska et al., 2021).
Hence, the interaction of photoactive compounds with plasma
proteins must have a strong influence on drug biological effects,
beyond the transport and the intrinsic photochemical properties
associated with the chemical structure of the drug. In this context,
drugs containing the quinazoline moiety (highlighted in blue in
Figure 1) are known to produce photodermatosis (Selvam and
Kumar, 2011).

The photosensitizing potential associated with this moiety is well
exemplified by gefitinib (GFT), which is an orally active first-
generation tyrosine kinase inhibitor (TKI) (Solassol et al., 2019;
Huang et al., 2020; Pottier et al., 2020; Cohen et al., 2021) clinically
used for the treatment of lung cancer and locally advanced or
metastatic non-small cell lung cancer (Cohen et al., 2003; Paez
et al., 2004). GFT is metabolized via CYP3A4 to form a variety of
derivatives (Hartmann et al, 2009) including those shown in
Figure 1, O-desmorpholinopropyl gefitinib (GFT-M1) and
O-desmethyl gefitinib (GFT-M2), which have recently revealed to
be biologically photoactive (El Ouardi et al., 2023). Lapatinib (LAP),
which is other TKI currently used for the treatment of lung and
breast cancers (Lin et al., 2008; Medina and Goodin, 2008; Lin et al.,
2009), is also a relevant example. In both cases, both the parent drug
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and their photoactive metabolites can induce damage in cellular
milieu (Garcia-Lainez et al., 2021; Tamarit et al., 2021; El Ouardi
et al.,, 2023); the associated mechanism is related with the excited
species that are formed upon irradiation of the supramolecular drug
or metabolite@protein complexes with UVA light (Andreu et al.,
2020; Vaya et al.,, 2020; Tamarit et al., 2021; Tamarit et al., 2022).

Human serum albumin (HSA) and human a,-acid glycoprotein
(HAG) are the most abundant proteins in plasma. One of their main
physiological functions is to transport a broad variety of drugs with
sufficient affinity through the bloodstream for their selective delivery
to specific targets (Trainor, 2007); generally, the binding affinity
(Kp) is in the range of 10*~10° M™" (Kremer et al., 1988; Carter and
Ho, 1994; Peters, 1995; Huang and Ung, 2013). In particular, HSA is
the most abundant protein in blood plasma, and contains multiple
binding sites, i.e., stie I, II and II, where acidic, neutral, and basic
drugs can interact (Sudlow et al., 1976; Zsila, 2013). As regards
HAG, it is a highly glycosylated protein that contains multiple
binding sites, but generally drugs bind almost exclusively to a
large and flexible cavity (Kremer et al., 1988; Maruyama et al,
1990). Its concentration is much lower than that of HSA, but since it
is an acute-phase protein, its serum levels can be increased in certain
disease states including inflammation, depression and cancer
(Kremer et al, 1988). In this context, it has been previously
proposed that high concentration of HAG can affect the
pharmacodynamics of some drugs in vivo (Yoo et al, 1996;
Holladay et 2003;
Trainor, 2007).

Recent publications about the photobehavior of GFT and GFT-
M1 within HSA correlate their photophysical properties with their
photosensitizing potential (Tamarit et al., 2021; Tamarit et al., 2022).
In this regard, selective excitation of the protein-bound drug results
in emission from locally excited (LE) singlet states; their main

al, 1998; Gambacorti-Passerini et al.,

features are to display maximum fluorescence at wavelengths ca.
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FIGURE 4

Fluorescence spectra at hexc = 340 nm in PBS for (A) GFT (gray),
GFT@HSA (solid black) and GFT@HAG (dashed black), (B) GFT-M1
(gray), GFT-M1@HSA (solid blue) and GFT-M1@HAG (dashed blue), and
(C) GFT-M2 (gray), GFT-M2@HSA (solid green) and GFT-M2@

HAG (dashed green). The insets show the normalized spectra. For
ligand@protein complexes, solutions were at 1:1 M ratio (10 yM)

390 nm with low quantum yields (¢ ~ 0.02) and short lifetimes (ty:
~ 1.3 ns). Noteworthy, the fluorescence profile of GFT@HSA is very
similar to that observed in non-polar solvents such as cyclohexane,
where formation of LE states has been demonstrated by means of
ultrafast transient absorption spectroscopy. Concerning GFT-M1,
although its fluorescence properties in organic solvents are
comparable with those of GFT, remarkable differences are
noticed after binding with HSA; here, excited state proton
transfer (ESPT) to form phenolate-like species, which emit at
longer wavelengths (Ap,c ~ 430nm) and higher T values
(~2.5 ns) than LE sates, is the predominant process (Tamarit
et al, 2022). This result is supported by means of ultrafast
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spectroscopy and by molecular docking simulations. The
photosensitizing damage from both GFT and GFT-MI1 in the
biological media is consistent with the involvement of a type I
mechanism (Tamarit et al., 2021; Tamarit et al., 2022; El Ouardi
et al., 2023).

In view of the importance of drug or metabolite@protein
interactions, the binding of GFT and its two photoactive
metabolites GFT-M1 and GFT-M2 with the main transport
proteins in plasma has been investigated in the present work. To
this end, spectroscopic techniques in the steady-state and time-
resolved modes have been used. In this regard, fluorescence
spectroscopy is a widely used analytical technique to study
ligand@protein interactions due to its high sensitivity and
capability to probe different microenvironments. Thus, the yield
of transients formation in addition to their spectral profile and
kinetics evolution may be strongly affected by the surroundings of
the investigated ligand (i.e., drug or metabolite) (Vay4 et al., 2014).
From the emission spectra and lifetimes of the excited species
formed in the ligand@protein complexes, it has been possible to
determine binding constants and the stoichiometry of the complex.
In parallel, molecular dynamics (MD) simulations have also been
done with the aim of investigating in atomic detail the binding of
GFT, GFT-M1 and GFT-M2 within HSA and HAG, to achieve a
better understanding of the experimental results. In this context,
MD simulations has proven to be a powerful tool for studying the
strength and conformational characteristics of the interactions of a
drug with the amino acids located in the protein binding sites
(Pérez-Ruiz et al.,, 2017; Spitaleri and Rocchia, 2019; Vaya et al.,
2020). All these features are relevant since they can be directly
connected with the photosensitizing potential recently reported for
GFT and its metabolites GFT-M1 and GFT-M2 (El Ouardi
et al., 2023).

2 Materials and methods
2.1 Chemicals and reagents

Gefitinib (GFT) and O-desmethyl gefitinib (GFT-M2) were
purchased from Quimigen. O-Desmorpholinopropyl gefitinib
(GFT-M1) was purchased from Fluorochem. N-Acetyl-L-tyrosine
methyl ester (NAc-TyrMe), N-acetyl-L-tryptophan methyl ester
(NAc-TrpMe), anthracene, human serum albumin (HSA) and a;-
acid glycoprotein from human plasma (HAG) were purchased from
Sigma-Aldrich. PBS Buffer was prepared by dissolving phosphate-
buffered saline tablets (Sigma) using ultrapure water from a
Millipore (Milli-Q Synthesis) system. Spectrophotometric solvents
(acetonitrile, 1,4-dioxane, toluene and cyclohexane) were obtained
from Scharlab and used without further purification.

2.2 Spectroscopic measurements

UV absorption spectra were recorded in a JASCO V-760
spectrophotometer. The Job’s plot analysis can be used to
determine the stoichiometry of ligand@protein complexes by
measuring the UV absorption spectra of mixtures containing
different ligand@protein molar ratios that maintain the total
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TABLE 2 Fluorescence properties of the protein-bound drug (or metabolite) complexes at Ay = 340 nm in PBS.

GFT 390° 0.02° 1.3
GFT-M1 432° 0.15" 2.5°
GFT-M2 388 0.01 104

7, 0.6 (75%)

7, 4.9 (25%)

“Data from ref. 35.
"Data from ref. 36.

390 0.03 0.8
442 (390)¢ 0.04 1.6¢

7, 0.5 (28%)

7, 3.1 (72%)
446 (388)° 0.03 174

7, 0.7 (35%)

7, 4.1 (65%)

“Shoulders detected in the fluorescence spectra are shown between brackets. A one-exponential function was used to fit all the decay traces, except for d, where a mean lifetime was determined

as <Tp> = a)T; + a,Ty; the 1) and 1, values, in addition with the weight of each component, are also shown.

molar concentration constant (Huang, 1982); in our case, eleven
solutions with a total concentration of 20 uM in PBS were prepared
varying the drug (or metabolite)@protein molar ratio: 100:0, 90:10,
80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90, 0:100. Then, the
maximum ligand absorbance multiplied by the corresponding HSA
concentration was plotted against the corresponding protein mole
fraction to obtain the binding stoichiometry of the complex from the
maximum signal observed in the Job’s Plot.

Steady-state fluorescence spectra were recorded on an
Edinburgh ~ FS5  spectrofluorometer, — provided with a
monochromator in the wavelength range of 200-900 nm using
an excitation wavelength of 340nm at room temperature.
Measurements on drug@protein complexes were performed in
aerated PBS of 1:1 M ratio mixtures at 10 uM. The absorbance of
the samples at the excitation wavelength was kept below 0.1. The
fluorescence quantum yields were determined using anthracene in
ethanol as reference (Montalti et al., 2006).

A modified Scatchard analysis has been used to determine the
binding constants (K) of GFT, GFT-M1 and GFT-M2 within HSA
and HAG either from fluorescence (F) or absorption (A)
measurements (Healy, 2007), following Eq. 1:

Free=Bo_ 1 pppiyy o))

F-F, Kz

where Fy,y is the fluorescence maximum when all possible ligand is
bound to the protein, F, is the fluorescence maximum of the free
ligand, F is the fluorescence maximum observed for a given protein
concentration [P], and Kp is the binding constant of the ligand with
the protein. To calculate the K values by means of UV absorption
spectroscopy, the same Eq. 1 has been applied but using A
instead of F.

Time-resolved fluorescence measurements were performed with
an EasyLife X system containing a sample compartment composed
of an automated peltier cuvette holder to control the temperature at
24°C, a pulsed LED excitation source and a lifetime detector. The
employed LED excitation source was 340 nm, with emission filter of
WG370. The fluorescence lifetimes (1) were obtained upon fitting
the decay traces by a non-linear fitting/deconvolution procedure
F(t) = Zaexp(-t/1;) by means of a one- or two-exponential function,
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depending on the investigated system. All spectroscopic
measurements were done in 10 x 10 mm* quartz cuvettes at
room temperature.

2.3 Molecular docking

These calculations were performed using GOLD program
version 2020.3.0 (Jones et al., 1997), and the protein coordinates
were taken from the crystal structures of HSA in complex with
hemin and myristic acid (PDB ID 109X) (Zunszain et al., 2003) and
of HAG in the unbound form (PDB ID 3KQO0) (Schonfeld et al.,
2008). The experimental procedure was similar to that described for
LAP, N-LAP and O-LAP in HSA (Andreu et al., 2020). For GFT and
GFT-M2, the protonated forms of the morpholine moiety were
employed since they predominate at physiological pH (Domotor
et al., 2018).

2.4 Molecular dynamics simulation studies

The proteins in complex with the highest score solution
obtained by docking were immersed in a truncated octahedron of
TIP3P water molecules and neutralized using the molecular
mechanics force field ff14SB and GAFF of AMBER (Case et al.,
2021). The resulting systems were submitted to 100 ns of dynamic
simulation following our previously reported protocol (Andreu
et al, 2020). Briefly, the experimental procedure involved: (i)
minimization and charge distribution of the ligands (GFT, GFT-
M1 and GFT-M2) using Gaussian 09 (Frisch et al., 2009); (ii)
generation and minimization of the binary GFT@protein, GFT-
Ml@protein and GFT-M2@protein complexes using the poses
obtained by docking; and (iii) simulations of the resulting
minimized ligand@protein complexes. The cpptraj module in
AMBER 20 was used to analyze the trajectories and to calculate
the root-mean-square deviation (rmsd) of the protein and the ligand
during the simulation (Case et al., 2021). The molecular graphics
program PyMOL (DeLano, 2008) was employed for visualization
and depicting enzyme structures. For Figures related to HSA and
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FIGURE 5

Fluorescence decays for (A) GFT@HSA (solid black circles) and
GFT@HAG (opened black circles), (B) GFT-M1@HSA (solid blue circles)
and GFT-M1@HAG (opened blue circles), and (C) GFT-M2@HSA (solid
green circles) and GFT-M2@HAG (opened green circles)
Measurements were performed at Aeyc = 340 nm for ligand@protein
solutions at 1:1 M ratio (10 pM) in PBS. The fluorescence lifetimes were
obtained upon fitting the decay traces by a non-linear fitting/
deconvolution procedure F(t) = Zarexp(-t/7) by means of a one- or
two-exponential function, depending on the investigated system. In
general, for all decay fits, the adjusted R? value ranged from

0.996 to 0.998

HAG, the amino acid numbering described in PDB entries 109X
and 3KQO, respectively, was employed.

3 Results and discussion

As stated above, the photophysical properties of either GFT and
GFT-MI are strongly affected by the environment; hence, ICT states
are detected in polar organic solvents, whereas LE species are
predominantly formed in non-polar ones and in GFT@HSA; by
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contrast, ESPT is the main process occurring for GFT-MI in protein
medium (Tamarit et al., 2021; Tamarit et al., 2022). In view of this
variability, the photobehavior of GFT-M2 was investigated here, first
in organic solvents of different polarities to identify the excited
species that can be formed upon irradiation with UVA light.

The UV absorption spectra of GFT-M2 were almost similar in
all solvents (Supplementary Figure S1), while the fluorescence
properties were strongly affected by the polarity (Supplementary
Figure S2). By comparison with previous results on GFT and GFT-
M1, emission from LE states was expected also for GFT-M2 in non-
polar solvents. Actually, in these media, fluorescence maxima were
found at A, ca. 390 nm with higher ¢p values and shorter t than
those detected in polar solvents, where intramolecular charge
transfer (ICT) excited species are generally formed (Tamarit
et al., 2021; Tamarit et al., 2022).

The photobehavior of GFT-M2 in a more complex biological
environment such as that provided by the HSA binding sites has
been examined. First, Job’s plot analysis (Huang, 1982) allowed
determination of a 1:1 stoichiometry for the protein-metabolite
complex (Supplementary Figure S3). Its photophysical properties
have been studied at Aex. = 340 nm, where the protein does not
absorb and GFT-M2 is selectively irradiated (Supplementary Figure
S4). As it can be observed from Figure 2A, a noticeable fluorescence
enhancement was observed upon binding with the protein.
Interestingly, the emission profile of GFT-M2 strongly varied
depending on the microenvironment; so, a maximum at ca.
440 nm was detected for GFT-M2 free in the bulk solution, while
a shift towards much shorter wavelengths (~388 nm) occurred upon
binding with HSA (inset in Figure 2A). Since GFT-M2 is a phenol,
this can be explained as a result of a proton transfer process
occurring in the bulk solution, which is hindered within the
protein cavities; this is supported by UV absorption spectroscopy,
where the shoulder between 370 and 400 nm (Supplementary Figure
S4C), associated to phenolates, practically disappears in the
supramolecular complex. This effect is even clearer at different
GFT-M2/HSA ratios, where formation of phenolate-like species
was lower at high protein concentrations (Supplementary Figure
S5A). These results contrast with those previously observed for
GFT-M1 (Supplementary Figures S4B, S5B), which is also a phenol
but ESPT is the main process within HSA thanks to hydrogen
bonding with Val116 (Tamarit et al., 2022). Therefore, the emission
profile of GFT-M2 within HSA is comparable with that of the
protein-bound GFT (Figure 2B); consequently, LE states are mainly
formed in GFT-M2@HSA.

An important point to discuss is the low fluorescence yield value
of GFT-M2 within the protein cavities (¢r ~ 0.01) compared with
that obtained in cyclohexane (¢r ~ 0.13). This effect has been
previously observed for GFT, where ¢p decreases from ~0.19 in
cyclohexane to ~0.02 within HSA, and it is associated with
quenching of LE states through photoinduced electron transfer
from Tyr and/or Trp. It is worth to mention that this is a
dynamic process that lowers tp values (Tamarit et al, 2021;
Tamarit et al, 2022). With the aim of investigating this
GFT-M2,
performed in the non-polar solvent toluene in the presence of
increasing (due to
requirements, the N-acetyl methyl ester amino acid derivatives,
namely, NAc-TyrMe or NAc-TrpMe, were used). Interestingly,

possibility  for fluorescence measurements were

amounts of Tyr and Trp solubility
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(B) GFT@HAG (dashed black), GFT-M2@HAG (dashed green) and GFT + GFT-M2@HAG (dotted dark green). All mixtures were at 1:1 M ratio (10 uM) in PBS

For drug + metabolite/HAG, equimolar 1:1:1 mixtures were used

fluorescence quenching of the LE singlet state of the metabolite
('GFT-M2*) was indeed observed upon addition of Tyr or Trp
(Figure 3); however, the process was found to be static in nature
since the fluorescence lifetimes were hardly affected (the lifetime of
'GFT-M2* in toluene was constant at ca. 2.42 ns at the different
GFT-M2/amino acid molar ratios: 1:50, 1:100, 1:150, 1:200, 1:
250 and 1:300). It is worth to mention that using either Tyr or
Trp as quenchers, a new band with A,,,,x ~ 490 nm arose at high
amino acid concentrations (insets of Figure 3); this is attributed to
emission from phenolate-like species involving interaction between
hydrogen-bonded GFT-M2 and Tyr (or Trp) in the ground state.
However, and as discussed above, these species have not been
observed in the supramolecular GFT-M2@HSA complex, since
LE states predominate. Therefore, it would exist an additional
deactivation route for 'GFT-M2* within the protein, which
would be strongly affected by the conformational arrangement of
the metabolite in the binding sites (see the discussion on MD
simulations).

An additional point to address is the strength of interaction of
the drug and its two metabolites within HSA, since it is key for their
transport to the specific targets and for their toxicological activity.
Although there are many analytical techniques to determine the
binding constant (Kz) between a drug and a protein, fluorescence
spectroscopy is a widely used one due to its high sensitivity and
selectivity (Hirose, 2001; Vuignier et al., 2010; Vaya et al., 2014; Dos
Santos Rodrigues et al., 2023). In this context, there are different Kp
values reported for GFT within HSA, which vary in the range of
103-2x10° M (Li et al., 2006; Kabir et al., 2016; Wu et al., 2016;
Domotor et al., 2018; Tanzadehpanah et al., 2018; Tanzadehpanah
et al, 2019). In view of this discrepancy, up to two-orders of
magnitude, we determined the binding constants for the drug
and their two metabolites within HSA by means of UV
absorption and fluorescence spectroscopies. To this end, a
modified Scatchard analysis was performed (Supplementary
Figures S6-58). (Healy, 2007) The Ky values obtained by the two
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techniques were very similar, with deviations between them lower
than 10%; the obtained data are summarized in Table 1. As it can be
observed, the strength of interaction of the two metabolites to HSA is
slightly higher than that determined for the parent drug.

A similar study was performed for HAG, since it is another
important transport protein in human plasma. In this context,
fluorescence experiments were also performed at Ao = 340 nm,
were the drug and/or its two metabolites are the only absorbing
species (Supplementary Figure S9). As expected, a noticeable
fluorescence enhancement for either GFT, GFT-M1 and GFT-M2
was observed upon binding with HAG (Figure 4). Job’s plot analyses
confirmed that 1:1 stoichiometry complexes are formed between the
drug or its metabolites and HAG (Supplementary Figure S10).

In the case of GFT, its fluorescence profile within HAG was very
similar to that observed for HSA (Tamarit et al., 2021), showing a
maximum centered at ca. 390 nm and displaying slightly higher ¢
(Figure 4A; Table 2). Accordingly, emission is again associated with
LE states as the only excited species; this was further supported by
time-resolved fluorescence measurements, since a one-exponential
law was used to get a good fitting of the kinetic traces (Figure 5A).
Likewise, comparable results were obtained for GFT-M1 bound to
HSA and HAG; the fluorescence bands peak at ca. 432 and 442 nm,
respectively (Figure 4B). This is in line with emission from
phenolate-like excited states, which display longer lifetimes than
LE (Figure 5B; Table 2). Interestingly, a shoulder at around 390 nm
was detected for GFT-M1@HAG, which might be associated with
emission from LE states to a lower extent than phenolate-like
species. In fact, a two-exponential function was necessary to get a
good fitting for the fluorescence kinetics, where the short
component (~0.5 ns) is associated to emission from LE states
while the longer one (~3.1 ns) is assigned to phenolate species
(Figure 5B). A completely different photobehavior was observed for
the protein-bound GFT-M2. As explained above, emission from LE
states predominates in HSA, whereas phenolate-like species are
mainly formed in HAG (A,,.x ~ 446 nm), although LE states also
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FIGURE 7

Binding mode of GFT and its metabolites with HAG obtained by MD simulation studies. (A) Comparison of the GFT@QHAG (gray), GFT-M1@HAG
(magenta) and GFT-M2@HAG (yellow) binary complexes (snapshots after 90, 90 and 80 ns, respectively, are shown) and superposition of the
arrangements of GFT and GFT-M1 and GFT and GFT-M2, which are shown in sticks. Note how while GFT and GFT-M1 show a similar arrangement, GTF-
M2 undergoes a 180° turn for binding. (B, C) Detailed views of GFT-M1 (B) and GFT-M2 (C) binding modes. Snapshots after 90 ns and 80 ns,
respectively, are shown. (C) Detailed view of GFT-M2 binding mode. Snapshot after 80 ns is shown. Hydrogen-bonding interactions between the ligand
and protein residues are shown as dashed lines (magenta). Note how the phenol moiety interacts by hydrogen-bonding with the main carbonyl group of
H97 (blue shadow). A similar interaction is not observed for GFT-ML. (D, E) Variation of the relative distances between: (D) the phenol moiety (O atom) in
GFT-M1 and the guanidinium group of R90 (HH11 atom) in the GFT-M1@HAG protein complex; (E) the phenol moiety (H atom) in GFT-M2 and the main
carbonyl group of H97 (O atom) in the GFT-M2@HAG protein complex, during whole simulation. Average values of 2.9 A and 2.4 A, respectively
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90 ns of simulation. Hydrogen-bonding interactions are shown as blue dashed lines. Contrary to what happens with GFT-M2, the phenolic proton in
GFT-M1 establishes a hydrogen-bonding interaction with the protein (residue V116).

appears to a much lower extent, since a shoulder at ~ 388 nm was
also detected. These results are again supported by time-resolved
fluorescence measurements (Figure 5C), where a longer-lived
component assigned to phenolate-like species dominates the
kinetics of GFT-M2@HAG.

The strength of interactions of GFT and its two metabolites
within HAG was also studied by means of spectroscopic techniques
(Supplementary Figures S11-S13). The Kj values (Table 1) are on
the order of those obtained for HSA, and in the case of GFT, agree
well with the reported data (Li et al., 2006). Competing interactions
on mixtures containing the drug and a metabolite in the presence of
HAG confirmed the consistency of the determined binding
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constants. Hence, the emission profile of GFT + GFT-MI in the
presence of HAG resembles that of GFT@HAG, in agreement with
its higher Kp value (Figure 6A). By contrast, the fluorescence
spectrum for GFT + GFT-M2 in the presence of HAG might
contain equal contributions from both GFT@HAG and GFT-
M2@HAG (Figure 6B), which agrees with the similar strength of
interactions of the two supramolecular complexes (1.2 x 10° and
1.5 x 10° M, respectively).

Moreover, competing interactions of the drug (or its
metabolites) in a mixture containing the two proteins are also in
line with the Kj values obtained experimentally. In this context, the
emission of GFT in the presence of an equimolar mixture of the two
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proteins resembles that of GFT@HAG (Supplementary Figure
S14A), confirming its higher binding constant value. A similar
conclusion can be drawn for GFT-M1 and GFT-M2 in the
presence of an equimolar mixture of HSA and HAG, where
higher affinity to HSA was observed for the former, while similar
affinity to either HSA or HAG was noticed for GFT-M2
(Supplementary Figures S14B, C, respectively).

The photobehavior herein discussed can justify the differences
in the photosensitivity disorders previously observed by excitation of
GFT, GFT-M1 and GFT-M2 in a biological media with UVA light
(El Ouardi et al., 2023). In this regard, GFT-M1 displays the highest
fluorescence yield in the protein environment, in particular in the
presence of HSA. Besides, the fluorescence lifetime observed within
this protein was the longest one. This can explain the highest
phototoxicity detected for GFT-MI1. Accordingly, GFT is also
phototoxic but to a lesser extent, in line with its lower ¢r value
and shorter g, while GFT-M2 is much less phototoxic (EI Ouardi
et al, 2023). Interestingly, since electron and proton transfer
processes are expected to occur in the protein environment, the
photosensitizing damage from either the drug and its two
metabolites is consistent with the involvement of a type I
mechanism. Managing photosensitivity reactions involves diverse
strategies, including medication adjustment, symptom monitoring
and photoprotection. Since each patient can metabolize drugs
yielding a personalized profile of metabolites, in the case of
enhanced GFT-MI production it might be appropriate to reduce
the administered drug doses as well as avoiding Sun exposure and/or
prescribing UVB plus UVA photoprotection. As a precaution, these
measures would be advisable for all patients receiving GFT
medication.

To provide a more in-depth understanding of the molecular
bases responsible for the distinct photobehavior of the GFT
metabolites, GFT-M1 and GFT-M2, relay on the protein that
transport them, their binding modes were studied in silico. To
this end, docking studies were first performed using the GOLD
program version 2021.3.0 (Jones et al., 1997), followed by MD
simulation studies to provide a more realistic picture of the
ligand arrangement upon binding. The protein coordinates of the
reported wild-type structure of HAG (PDB ID 3KQ0) and of HSA in
complex with myristic acid and hemin (PDB ID 109X) were used
for these studies (Zunszain et al., 2003; Schonfeld et al., 2008). The
most plausible ligand@protein complexes obtained by docking were
immersed in a truncated octahedron box of TIP3P water molecules
and neutralized by addition of sodium ions, and then subjected to
100 ns of dynamic simulation using the molecular mechanics force
field AMBER ff14SB and GAFF (Case et al., 2021).

As stated above, HAG contains a single large and flexible cavity
to bind drugs (Kremer et al., 1988; Maruyama et al., 1990). The in
silico results showed that GFT and its metabolites would be stable
within the corresponding protein recognition sites, as revealed by
the low rmsd (root-mean-square deviation) values obtained for the
protein backbone and ligands during the whole simulation
(Supplementary Figures S15, S16). More importantly, the two
metabolites showed markedly different binding behavior
depending on the transport protein used when compared with
the parent drug. Thus, the interaction of GFT-M2 with HAG has
been found to be much different than those of GFT and GFT-M1,
which would be quite similar among them (Figure 7A). For GFT and
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GFT-M1, the pyrimidine ring of the quinazoline core would be
located close to B-sheets F and E, and the 3-chloro-4-fluorophenyl
moiety would be placed between p-sheets F and G (Figure 7B). On
the contrary, GFT-M2 would undergo a 180° turn for binding, thus
placing the phenyl group pointing towards B-sheets A and B and the
morpholinyl moiety between B-sheets F and G (Figure 7C). Under
the latter arrangement, the phenolic proton in GFT-M2 would
establish a hydrogen-bonding interaction with the main carbonyl
group of residue H97, which showed to be stable during most of the
simulation (Figure 7E). It was also observed that when this
interaction is lost as result of the rotation of OH group, a similar
hydrogen-bonding interaction with the main carbonyl group of
residue F98 would be established. For GFT-MI, the interaction of
one of the oxygen lone pair of its OH group with the guanidinium
group of R90 (average value of 2.4 A during 100 ns-simulation)
would freeze the orientation of the phenolic proton towards the
bulky water solvent (Figure 7D). As a result, no interactions by
hydrogen-bonding between its phenolic proton and any residue of
the protein were identified.

Concerning HSA, it contains the major cavities (site I, II and III)
where drugs can interact (Sudlow et al., 1976; Zsila, 2013). Previous
reports show that GFT binds to site III (Tamarit et al,, 2021), so that it
was selected for these studies. Our computational studies revealed that
unlike what happens with HAG, the interactions of GFT and its
metabolites with site III (subdomain IB) of HSA does not follow the
previous pattern. Thus, while GFT and GFT-M2 would achieve a similar
arrangement (Figure 8A), GFT-M1 would be buried at the bottom of the
pocket thanks to the lack of the morpholine moiety (Figure 8B). More
importantly, this insertion into the cleft would be promoted by a
hydrogen-bonding interaction between the phenolic proton in GFT-
M1 and the main carbonyl group in residue V116 (Figure 8C). For GFT-
M2, a similar interaction was not identified during the whole simulation.

4 Conclusion

The photobehavior of the anticancer drug GFT and its two
photoactive metabolites GFT-M1 and GFT-M2 has
investigated in the presence of the most abundant transport
proteins in human plasma, i.e, HSA and HAG. The strength of
binding and the nature of the main transient species that are formed
upon irradiation of the protein-bound drug (or metabolite) with

been

UVA have been studied by means of spectroscopic techniques. In
general, the protein strongly modulates the fate of the excited species
that are formed in the confined biological environment. In this
regard, excitation of GFT-M2@HSA at 340 nm leads mainly to
formation of locally excited states, whereas phenolate-like species
predominate in HAG. By contrast, a diverging behavior is observed
for GFT-M1, which forms phenolate-like species as the only excited
states in HSA, while locally excited states are also formed within
HAG. As regards GFT, locally excited states are primarily formed in
the two proteins. These results are supported by molecular dynamics
simulations, which rationalize the variability detected in the
photoinduced processes and the type of excited species formed in
the protein cavities based on the differences in the ligand binding
mode, the type of interactions with the protein, and the arrangement
of key functional groups involved in the ligand structure. Taken
together, the herein reported studies highlight the relevant role of the
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biomacromolecule microenvironment in the modulation of the
photobiological ~properties of the ligand inherent to its
chemical structure.
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