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Abstract: Photosensitivity is one of the most common cutaneous adverse drug reactions. There
are two types of drug-induced photosensitivity: photoallergy and phototoxicity. Currently, the
number of photosensitization cases is constantly increasing due to excessive exposure to sunlight,
the aesthetic value of a tan, and the increasing number of photosensitizing substances in food,
dietary supplements, and pharmaceutical and cosmetic products. The risk of photosensitivity
reactions relates to several hundred externally and systemically administered drugs, including
nonsteroidal anti-inflammatory, cardiovascular, psychotropic, antimicrobial, antihyperlipidemic, and
antineoplastic drugs. Photosensitivity reactions often lead to hospitalization, additional treatment,
medical management, decrease in patient’s comfort, and the limitations of drug usage. Mechanisms of
drug-induced photosensitivity are complex and are observed at a cellular, molecular, and biochemical
level. Photoexcitation and photoconversion of drugs trigger multidirectional biological reactions,
including oxidative stress, inflammation, and changes in melanin synthesis. These effects contribute
to the appearance of the following symptoms: erythema, swelling, blisters, exudation, peeling,
burning, itching, and hyperpigmentation of the skin. This article reviews in detail the chemical and
biological basis of drug-induced photosensitivity. The following factors are considered: the chemical
properties, the influence of individual ranges of sunlight, the presence of melanin biopolymers, and
the defense mechanisms of particular types of tested cells.
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1. Introduction: Photosensitivity as an Adverse Drug Reaction

The World Health Organization defines an adverse drug reaction (ADR) as “a response
to a drug which is noxious and unintended, and which occurs at doses normally used in
man for the prophylaxis, diagnosis, or therapy of disease, or the modifications of physio-
logical function”. The majority of ADRs (about 75-80%) are predictable, nonimmunologic,
usually dose-dependent, and related to the drug pharmacology [1,2]. Cutaneous adverse
drug reactions are thought to be one of the most frequently occurring ADRs [3,4]. They
often require hospitalization, additional treatment, medical management, and generate
significant costs for the payer as well as for the service provider [5-7]. In addition to the
above, they also lead to a decrease in patient’s comfort and the limitation of drug usage.

Photosensitivity belongs to the most common type of skin-related adverse drug re-
actions. Taking into account the causes and mechanisms, photoallergic and phototoxic
reactions are distinguished among drug-induced photosensitization. Currently, the number
of photosensitization cases is constantly increasing. The reasons for this can be found in
excessive exposure to sunlight, dictated by the aesthetic value of a tan, and the increas-
ing number of photosensitizing substances in food and dietary supplements as well as
pharmaceutical and cosmetic products. Medicines constitute a large percentage of photo-
sensitizing substances, including those available without a prescription (OTC). The risk
of phototoxic and photoallergic reactions concerns several hundred currently used drugs,
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including antibiotics and other antimicrobial drugs, nonsteroidal anti-inflammatory drugs,
drugs used in the pharmacotherapy of cardiovascular diseases (diuretics, antiarrhyth-
mics, antihypertensive drugs), drugs acting on the central nervous system (neuroleptics,
antidepressants), antidiabetic, and anticancer drugs [8,9]. Symptoms of drug-induced
photosensitivity usually appear up to several hours after exposure to sunlight and include
erythema, swelling, blisters, exudation, peeling, burning, itching, and hyperpigmentation
of the skin. These changes are observed directly in places exposed to solar radiation [10].

2. Drug Photosafety Assessment

Studies of drug photosensitivity are an important part of the safety assessment of
medicinal products. They are used to identify the potential risks that medications can
cause in combination with exposure to sunlight. The assessment of photosafety should be
required for new active pharmaceutical ingredients, as well as for new excipients, topical
and transdermal pharmaceutical formulations, and photodynamic therapeutics.

The applied methods of drug phototoxicity tests are defined by the relevant guidelines
of medicine and drug agencies, e.g., the Food and Drug Administration (FDA) [11] and
the European Medicine Agency (EMA) [12]. These guidelines are based on ICH (The
International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use) Guidance on Photosafety Evaluation of Pharmaceuticals [13]. Nowadays,
3T3 Neutral Red Uptake (NRU) test is the most recommended and appropriate in vitro
method to assess phototoxic potential. The test uses an immortalized mouse fibroblast cell
line called Balb/c 3T3. The method compares the cytotoxicity of a chemical on unirradiated
cells and cells exposed to a noncytotoxic dose of UV-Vis radiation. Differences in the
neutral red uptake can be measured with a spectrophotometer, which allows the distinction
between viable, damaged, or dead cells.

The estimated specificity of the 3T3 NRU test is 84%. However, practical experience
from the pharmaceutical industry suggests a much lower specificity. The 3T3 NRU test
detects phototoxic properties of an evaluated substance, however, it has some serious
limitations. Since the 3T3 cell line is sensitive to UVB, the recommended irradiation
conditions involve the use of filters to attenuate wavelengths below 320 nm. Furthermore,
the assay does not determine the cellular, molecular, and biochemical mechanisms and
effects of the phototoxic action accurately.

3. Chemical and Biological Basis of Photosensitivity

The occurrence of drug-induced photosensitivity reactions depends both on the prop-
erties of the medicament and the exposure to UV-vis radiation. Photosensitizing drugs are
radiation-absorbing compounds. Electromagnetic radiation emitted by the Sun includes
three components: ultraviolet (UV) light (180-380 nm), visible light (380-700 nm), and
infrared (IR) rays (700 nm-3 pum). It has been found that 6.8% of the sunlight is UV, 38.9%
is visible light, and 54.3% is infrared (IR) [14,15]. Taking into account the problem of
drug-induced photosensitivity, radiation in the visible and ultraviolet A and B ranges is of
significant relevance. Visible wavelengths show deep skin penetrance and can influence
structures in the epidermis, dermis, and subcutis [16]. UV light is divided into three regions:
UVC (180-280 nm), UVB (280-320 nm), and UVA (320-380 nm). UVC, the most energetic
part of UV light, does not affect the skin because it is absorbed by the ozone layer [14]. UV
radiation reaching the skin’s surface comprises approximately 5% UVB and 95% UVA [17].
Shorter UVB wavelengths penetrate into the epidermis, whereas UVA radiation reaches
the papillary dermis [15]. The ratio of UVA /UVB and absolute UV irradiance depends on
many factors such as latitude, season, time of day, and altitude. For example, UV radiation
level increases by ~10% with every 1000 m in altitude [18]. The UV Index, introduced in
1992 and adopted by WHO in 1994, is a useful parameter to characterize solar UV radiation
expected for a given day in a specific location. The index (a scale from 1 or “low” to 11 and
higher or “extreme”) can be used to predict the risk of harmful effects related to sunlight
exposure [19]. It is worth adding that, apart from sunlight, there are other sources of UV
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radiation that can induce photosensitivity reactions. The artificial sources of UVR are
presented in Table 1. Among them are specialized lamps used in phototherapy and dental
care as well as tanning beds used in solariums.

Table 1. Artificial sources of ultraviolet radiation [20-22].

Source Emitted Spectrum of Wavelengths

Germicidal lamps for sterilization and disinfection uvcC

Full spectrum of ultraviolet

Welding arcs (UVA, UVB, UVC)
High power metal halide and tungsten halogen Full spectrum of ultraviolet
lamps (UVA, UVB, UVQ)
UV lasers and light emitting diodes (LEDs) UVA/UVB/UVC
Fluorescent lamps UVA + UVB
Sunlamps, sunbeds, and tanning beds UVA or UVA + UVB
Phototherapy lamps use.d. for medical and dental UVA or UVB
conditions
UV photocuring UVA
UVA “blacklight” lamps UVA
UVA lamps used for material inspection in UVA

industry, checking banknotes, and as insect traps

Drugs inducing photosensitivity have few specific physicochemical properties, in addition
to the ability to absorb UV-vis radiation. They are resonating molecules with a cyclic or tricyclic
structure having halogen substituents and heteroatoms. These molecules possess relatively
low molecular weight—between 300 Da and 500 Da—and distribute to light-exposed tissues.
Photosensitizing drugs absorb a delimited range of electromagnetic radiation including visible
and ultraviolet (UV) light (wavelength between 290 nm and 700 nm) [23-25]. Their Molar
Extinction Coefficient (MEC) is greater than 1000 L mol~! cm~! [13]. Absorption of photons
from the electromagnetic spectrum by a photosensitizer leads to promotion of the electron
status of the molecule to the state of higher energy content—an excited singlet state [25,26].
The molecule in the excited singlet state is very unstable and it rapidly undergoes internal
conversion. The excited photosensitizer may return to the ground state by several pathways
including emission of heat or fluorescence, charge transfer, free radicals formation, chemical
alteration, or crossing to the triplet excited state [26]. The triplet excited state is much more
stable and has a longer lifetime than the singlet excited state. Moreover, the molecule in these
states is very reactive and takes part in many photosensitization reactions [27]. Many drugs
inducing photosensitivity are photoreactive and they undergo degradation upon exposure to
the sunlight. Photodegradation of drugs is usually complex and multidirectional. The major
reactions include photoaddition, photocyclization, photodealkylation, photodecarboxylation,
photodehalogenation, photodehydrogenation, photodimerization, photoelimination, photoin-
duced hydrolysis, photoisomerization, photooxidation, photoreduction, and photoinduced ring
cleavage [28].

3.1. Photoallergy

Photoallergy is an immunologically mediated type of photosensitivity reaction and
applies to delayed (cell-mediated) and immediate (humoral-mediated) hypersensitivity
responses to a photosensitizing agent [23,26]. Photoallergic reactions are distinguished by
(i) no appearance on the first exposure to the photosensitizer, (ii) necessity of an incubation
period for the immunologic memory after the first exposure, (iii) cross-reactions between
molecularly similar drugs, (iv) the requirement of a low drug dose for a reaction, and
v/chemical alteration of photosensitizer and covalent binding with a carrier [25,29,30].
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The key event in the pathomechanism of photoallergy is the photobinding of the drug
or its metabolite to the carrier protein leading to the formation of a complete photoantigen.
The photosensitizer molecule, after UV radiation exposure, can convert to a stable photo-
product and acts as a hapten, which interacts with the protein resulting in immunologically
active covalent photoadduct generation. Drug-derived hapten can also be a short-lived
intermediate in the unstable excited state. The molecule reverts to the ground state with
energy releasing, which facilitates conjugation with a carrier protein [16,30,31].

Photoproduct-protein binding is the result of the interaction between the electrophilic
group of photoproducts and the nucleophilic group of amino acid side chains. Amino
acids with nucleophilic properties, responsible for the photobinding are lysine (¢-amino
group), cysteine (sulthydryl group), and histidine (imidazole group) [32]. An example
of an electrophilic group occurring in the photosensitizer molecules is trifluoromethyl
moiety. This group is highly susceptible to nucleophilic substitution after exposure to UV
radiation [33-35].

The complete photoantigen is recognized and taken up by epidermal Langerhans cells,
which are cutaneous dendritic cells [16]. Following photoantigen uptake, Langerhans cells
start to produce interleukin (IL)-1(3, which affects the migration and maturation of these
cells. IL-1p stimulates epidermal keratinocytes to the production of TNF-a promoting
migration of Langerhans cells to the skin-draining lymph nodes [36]. In the maturation
process, Langerhans cells undergo various phenotypical and functional modifications
including: (i) reduction in phagocytic ability, (ii) upregulation of the expression of co-
stimulatory cell surface molecules, such as CD86, CD83, CD54, CD40, and the major
histocompatibility complex class I (MHC II) molecules, (iii) changes in chemokine receptor
profile-downregulation of skin-homing chemokine receptors (CCR1, CCR2, CCRS5, and
CCR6), and (iv) upregulation of chemokine receptors taking part in the migration (CCR4,
CXCR4, and CCR?) [37-40].

Photoantigen-containing Langerhans cells migrate to the skin-draining lymph nodes,
express photoantigen on the cells surface in association with MHC I molecules, and present
it to naive T cells. This leads to the activation of T cells and formation of photoantigen-
specific, memory T cells. They express the cutaneous lymphocyte antigen involved in
homing cells to the dermis [41]. During the next contact with the photoantigen, memory T
cells convert to effector T cells secreting interferon-y (IFN-y), which induces apoptosis of
keratinocytes, promotes migration of macrophages, NK cells, and stimulate degranulation
of mastocytes and basophils. All these processes lead to the evolution of inflammatory
reactions [40-42].

3.2. Phototoxicity

Phototoxicity represents direct cellular damage by photoactivated compounds via
a nonimmunologic pathway. Typical characteristics of phototoxic reactions are (i) their
appearance after the first exposure to a photosensitizer, (ii) their occurrence minutes
to hours after sunlight exposure, (iii) necessity of high drug concentration, (iv) a dose-
dependent effect, and (v) no cross-reactions between structurally related drugs [25,30].

Phototoxicity can be divided into oxygen-dependent (photodynamic) or oxygen-
independent (nonphotodynamic) reactions [16]. In the photodynamic reactions, photo-
sensitizer occurs in the excited triplet state and it reverts to the ground state by elec-
tron/hydrogen or energy transfer. An electron or hydrogen transfer results in the produc-
tion of free radicals, which may interact with ground-state oxygen. This interaction leads
to the formation of reactive oxygen species (ROS), such as superoxide anion, hydrogen
peroxide, and hydroxyl radical, which are responsible for oxidation damage of the cell.
Alternatively, an excited triplet photosensitizer may transfer energy to the oxygen, which
results in singlet oxygen generation. This compound is a type of ROS and takes part in the
oxidation of cell components [27,43].

Nonphotodynamic reactions refer to direct cellular damage by excited photosensitizers
in deoxygenated conditions [16]. The first type of these reactions is covalent binding
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between an excited drug or metabolite and cellular macromolecules [44]. Photosensitizers
may also interact with cell constituents by electron or hydrogen atoms transfer [45]. In
another pathway, an excited photosensitizer could undergo decomposition, and obtained
photoproducts may react with cell components or act as a new photosensitizer [27].

Subcellular targets of excited photosensitizers depend on their lipid solubility. Pho-
tosensitizers with hydrophilic features cause membrane injury, whereas lipophilic com-
pounds diffuse into the cell and damage intracellular components, such as mitochondria,
lysosomes, and the nucleus [16,25].

Drug/metabolite—cellular macromolecules—adducts and damage of cell constituents
lead to the release of erythrogenic mediators. Biologically active agents that participate in
the phototoxicity process are eicosanoids, histamine, complement, and proteases [9,44,46].

3.3. Biochemical Effects of Oxidative Stress

Phototoxicity is associated with ROS generation at the cellular level. In turn, oxidative
stress contributes to disturbances in cell homeostasis and induction of an inflammatory
reaction that results in the development of typical skin lesions. Clinical manifestations
of phototoxicity include exaggerated sunburn with itching and burning sensations. His-
tologically, necrotic epidermal keratinocytes and dermal infiltration of neutrophils and
lymphocytes occur [29,30].

Overproduction of ROS causes oxidative damage of lipids, proteins, and nucleic
acids [27]. DNA defects lead to upregulation of p53, which is connected with cell cycle
arrest, inhibition of cell proliferation, or induction of skin cell apoptosis [47,48]. Moreover,
p53 protein increases the synthesis of tyrosinase, a key enzyme of melanogenesis. Therefore,
it contributes to the enhancement of melanin synthesis that may result in hyperpigmenta-
tion [49]. ROS-induced DNA damage may include loss of function mutations in the p53
gene, which in turn leads to excessive cell proliferation and photocarcinogenesis [47,48].

Oxidative stress affects the release of inflammatory mediators. It has been demon-
strated that ROS activates JNKs (c-Jun amino-terminal kinases) and p38 pathways. These
kinases support the production of chemoattractants, cytokines, chemokines leading to
chemotaxis and activation of helper T lymphocytes, and macrophages as well as neu-
trophils [50,51]. Moreover, ROS-dependent inhibition of IkBa protein causes NF-kB activa-
tion. This molecule influences the transcription of many factors, among others, cytokines,
chemokines, cyclooxygenase 2, and nitric oxide synthase [52]. Cyclooxygenase 2 catalyzes
the formation of prostaglandins, thromboxane, and prostacyclin. It has been reported that
prostaglandin e2, as well as nitric oxide, mediates vasodilatation that may be the reason
for erythema and edema, observed in clinical presentation [53]. Moreover, these factors
augment melanogenesis leading to hyperpigmentation [54]. Generated nitric oxide may
also interact with ROS to form peroxynitrite, a very reactive molecule causing oxidative
damage of cellular components [50].

3.4. Role of Melanin Biopolymers in Photosensitization

Skin pigmentation is the main protective factor against the harmful effects of UV radia-
tion. The color of the skin, hair, and iris of the eye is mainly determined by macromolecular
dyes called melanin. The pigment is the end-product of melanogenesis, the multistep
transformation of tyrosine, occurring in specialized organelles of melanocytes. Melanin is
transferred from melanocytes to adjacent keratinocytes and deposited within skin cells [55].
The protective role of melanin is due to its ability to disperse and absorb UV radiation.
Absorption of sunlight by melanin is greatest in the short-wave part of UV radiation and
gradually decreases when it passes towards the visible light. It is estimated that melanin
can absorb 50-75% of UV radiation [56,57]. It is believed that the most important role of
melanin is to protect genetic material. This is confirmed by the location of melanosomes in
skin cells where melanin supranuclear caps are observed above the nucleus [55].

Mammalian melanocytes synthesize two types of melanin, i.e., eumelanin and pheome-
lanin. Although both types can absorb light in the UV and visible ranges, they differ in
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their physiochemical properties significantly. Black-brown eumelanin is a nitrogenous
polymer composed of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) subunits at different oxidation degrees (5,6-quinone, semiquinone, and
5,6-dihydroxy units) [14,58]. The chemical structure and physicochemical properties of
eumelanin cause it to act as a great photoprotector and a physiological redox buffer, with
both reducing and oxidizing capacities, and neutralize free radicals [59,60]. It was shown
that the antioxidant properties of melanin are related to the superoxide dismutase-like
activity [61]. Moreover, the biopolymer converts absorbed photon energy into heat [62].
This nonradiative relaxation process is highly efficient and reduces cellular damage. In
contrast, yellow-to-reddish brown pheomelanin is sulfur and nitrogen-containing polymer.
The presence of 1,4-benzothiazine subunits causes pheomelanin to act as a photosensitizer.
After absorption of UV-visible light, the pheomelanin chromophore goes to an excited state
and returns to the ground state by energy or electron/hydrogen transfer. This process is
the source of harmful reactive oxygen species, i.e., singlet oxygen, hydrogen peroxide, su-
peroxide anions, or hydroxyl radicals, which damage, directly or indirectly, cell structures
as well as disrupt their functions [14,63,64].

Melanin synthesis in vivo leads to the production of a mixture of pheo- and eu-
melanins. For this reason, “mixed melanogenesis” is observed [65,66]. Thus, the final
photoprotective effect depends on the total amount of melanin as well as the proportion of
melanin types. Differences in pigmentation and predisposition to sunburn are the basis for
the classification of races (Celtic, Caucasian, and Negroid race) and skin phototypes accord-
ing to the Fitzpatrick scale (I-VI phototype) [67]. The photoprotective role of melanin is
confirmed by epidemiological data indicating that the incidence of skin cancers, including
melanoma, is inversely proportional to the degree of pigmentation [68].

Considering the role of melanin in the aspect of drug phototoxicity, the drug-melanin
complexes should be mentioned. Melanin pigments, both eumelanin and pheomelanin,
bind drugs, which affects their efficacy and toxicity as well as the occurrence of side ef-
fects. The results of previously conducted studies show that many phototoxic drugs form
complexes with melanin polymers [69]. The percentage of a drug bonded to melanin and
the kinetics of drug-melanin complexes formation as well as binding parameters were
determined for many phototoxic drugs, including fluoroquinolone antibiotics, tetracyclines,
and nonsteroidal anti-inflammatory drugs [70-72]. Compound binding to tissue compo-
nents, e.g., melanin, is one mechanism by which drug retention and/or accumulation
can occur. Thus, melanin binding leads to an increase in tissue levels of that compound.
The process also increases the risk of the drug-induced cytotoxic effect. It was found that
melanin-producing cells are sensitive to the phototoxic drug, also without exposure to
UV radiation [70,72-74]. The tested drugs inhibited human melanocyte proliferation and
induced changes in melanin synthesis and in the activity of antioxidant enzymes. Our
preliminary study of minocycline revealed that the drug significantly increased melanin
content and the activity of tyrosinase—the key enzyme of melanogenesis. Besides, it
triggered the supranuclear accumulation of tyrosinase, similar to UVA and UVB radia-
tion [75,76].

4. Characteristics of Drugs with Photosensitive Potential
4.1. Nonsteroidal Anti-Inflammatory Drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most widely used drugs
worldwide. They account for 5-10% of all medications prescribed each year. Moreover,
several drugs of these groups are active components of over-the-counter preparations [77].

NSAIDs are a chemically highly heterogeneous class of compounds that cause many
cutaneous reactions, such as urticaria, Stevens-Johnson syndrome, lichenoid eruptions, and
photosensitization. These side effects may be caused by oral as well as topical formulations
of drugs, however, they are more frequent for topical drug administration [30,78].

NSAIDs are responsible for phototoxic and photoallergic reactions. The following
drugs have phototoxic potential [16]:
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(a) arylpropionic acid analogs: benoxaprofen, ibuprofen, ketoprofen, carprofen, nabume-
tone, tiaprofenic acid, naproxen;

(b) salicylic acid derivatives: aspirin;

(c) anthranilic acid analogs: meclofenamic acid;

(d) pyrazolidinedione derivatives: oxyphenbutazone, phenylbutazone.

Benoxaprofen was removed from the European market in 1982 because of its acute pho-
totoxic effects [27]. For ibuprofen, it has been demonstrated that it causes dose-dependent
phototoxic hemolysis after UVA irradiation [78]. Ketoprofen irradiation induces cellular
lipids peroxidation and damage of DNA and cell membranes [79].

Photoallergic reactions are caused by benzydamine hydrochloride, piroxicam, and
topical tiaprofenic acid, suprofen, ketoprofen, diclofenac [16,29].

Benzydamine is used for the treatment of stomatitis and vaginal/rectal mucositis.
After UVA radiation exposure, benzydamine causes photoallergic contact dermatitis on
the face, neck, forearms, dorsum of hands, and the “V” area of the upper chest. Orally,
application of benzydamine can lead to cheilitis [80,81].

Piroxicam causes systemic photoallergy manifested by dyshidrosis, acute eczema
on the face, scattered erythematous papules, and vesicles on the face and dorsum of the
hands. Piroxicam cross-reacts with thimerosal. The photoallergic reactions may be due to
photoproducts of the piroxicam [29,82-84].

Topical diclofenac induces erythematous and scaly plaque with vesicles and yellow
crusting [85]. There were demonstrated cross-reactions between diclofenac and topical
aceclofenac [29].

Ketoprofen is the most frequent cause of photoallergy due to topical NSAIDs [86].
Clinical manifestations of photoallergy to ketoprofen include erythema, edema, and
papulovesicular, extending beyond the areas of drug and sun exposure [87]. There were
demonstrated cross-sensitivity reactions between ketoprofen and tiaprofenic acid, ibupro-
fen, suprofen, fenofibrate, and sunscreens containing oxybenzone [79,88].

Ketoprofen

During UV irradiation ketoprofen undergoes the photodecarboxylation process, which
occurs through two mechanisms—photoionization and intramolecular electron transfer
(Figure 1). In the first pathway, the ketoprofen molecule in the excited state ejects an
electron, which is scavenged by oxygen [79,89]. After this, the ketoprofen radical undergoes
decarboxylation leading to the generation of benzylic radicals, which may form dimers [90].
In the alternative mechanism, the electron is transferred from the carboxyl (donor) to the
carbonyl (acceptor) groups of the ketoprofen molecule in the triplet state [79]. This leads
to the formation of a biradical triplet. Following the release of carbon dioxide, a biradical
triplet is converted to a benzylic carbanion. It achieves protonation equilibrium between
carbanion and biradical forms. The final product of this pathway is 3-benzoylphenylethane
generated by an intramolecular H-shif [89].
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Figure 1. Mechanism of ketoprofen photodecarboxylation process.
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Ketoprofen-induced photosensitive dermatitis results from long-term retention and
high drug levels in the skin. Ketoprofen is recognized as a fatty acid substrate by acyl-
CoA synthetase and it leads to the ketoprofenyl-CoA formation (Figure 2). Subsequently,
ketoprofenyl-CoA may be used for acylglycerols synthesis catalyzed by acyltransferase.
Therefore, ketoprofen is present in adipose tissue for a long time [91].

Acyl-CoA synthetase Acyltransferase

Ketoprofen g » Ketoprofenyl-CoA —— RatBHIOENY Ry IV erDls

(Lipids, lipoproteins)

Figure 2. Synthesis of ketoprofenyl-acylglycerols.

Ketoprofen causes photoadducts formation that leads to a photoallergic reaction. Shinoda
et al. [92] reported that ketoprofen reacts with amino acids. However, Karlsson et al. [86]
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showed that ketoprofen induces the generation of amino acid photoadducts, and photoallergy
may be caused by an immunogenic complex not containing ketoprofen moiety.

It has been reported that ketoprofen under UVA irradiation significantly affects the
viability and function of Langerhans cells and keratinocytes. Exposure to ketoprofen and
UVA radiation results in morphological changes of epidermal Langerhans cells and an
increase in the expression of surface molecules—MHC class II, CD86, CD80, CD54, and
CD40—on these cells. Moreover, the treatment of keratinocytes with ketoprofen and UVA
enhances the production of IL-1ax and GM-CSF that upregulate the function of Langerhans
cells [93].

Ketoprofen phototoxicity has been assessed by in vitro methods. The mechanism
of ketoprofen phototoxicity includes singlet oxygen production that leads to single and
double-strand DNA breakage, arrest at G2/M phase of the cell cycle, and apoptosis [94].
Moreover, irradiation of ketoprofen causes photohaemolysis, lipid peroxidation, and DNA
damage involving pyrimidine dimers formation [79].

4.2. Cardiovascular Drugs
Photosensitivity is a side effect of the following classes of cardiovascular drugs:

(a) diuretics: hydrochlorothiazide, chlorthalidone, indapamide, bumetanide, furosemide;
(b) angiotensin-converting enzyme (ACE) inhibitors: ramipril, quinapril, enalapril;

(c) angiotensin receptor blockers (ARBs): valsartan;

(d) calcium channel blockers: amlodipine, nifedipine, diltiazem;

(e) Dbeta-blockers: tilisolol;

(f) antiarrhythmic drugs: amiodarone;

(g) antithrombotic agents: clopidogrel, triflusal;

(h) others: rilmenidine, methyldopa.

Sulphonamide-derived diuretics have been described as inducing photosensitivity.
It is estimated that between 1 and 100 per 100,000 patients treated with thiazide diuretics
exhibit photosensitivity [95,96]. The thiazide class includes, e.g., hydrochlorothiazide and
chlorthalidone. It has been reported that thiazides induce pseudoporphyria [97]. Moreover,
hydrochlorothiazide use has been associated with the following symptoms of photo-
sensitivity: cutaneous lupus erythematosus [98,99], photoleukomelanoderma [100], pho-
toonycholysis [101], lichenoid photosensitivity [102], cheilitis, erythema, and eczema [96].
Pseudoporphyria has been reported for furosemide and bumetanide, belonging to the
loop diuretics [103]. Indapamide, a thiazide-like diuretic, has been shown to induce
photoonycholysis [104].

Photosensitivity reactions have been described for ACE inhibitors without the thiol
group. They cause a photosensitive lichenoid eruption and erythematous rash with gener-
alized pruritus [105,106].

Valsartan is an ARB that induces photosensitivity manifested by a pruritic rash on
light-exposed areas [107].

It was reported that amlodipine and nifedipine induce photodistributed facial telang-
iectasia [108,109]. Diltiazem causes photoallergic dermatitis that manifests as photodis-
tributed hyperpigmentation. The etiopathogenesis of diltiazem photosensitivity is un-
known [110-112].

Tilisolol is a beta-blocker that causes a photoallergic reaction after exposure to UVA
radiation [113].

Phototoxicity affects 25-75% of patients treated with amiodarone [114]. Clinical
manifestations associated with phototoxicity of amiodarone include a burning sensation,
erythema, and edema of the face, neck, and hands following a few minutes after sun
exposure [115,116]. Skin reactions reported by patients also include a fine maculopapular
rash and a slate-grey discoloration of sun-exposed areas. Blue-grey pigmentation occurs
in patients undergoing long-term therapy [116,117]. Amiodarone use is also connected
with retinal phototoxicity [118]. Amiodarone and its metabolite, desethylamiodarone, have
photosensitizer properties [8,115].
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Photosensitivity induced by triflusal may manifest as erythematous and exfoliative
lesions, ectropion, loss of skin folds, and hyperpigmentation [119]. Clopidogrel use is
connected with lichenoid eruption [120].

Rilmenidine stimulates central imidazoline receptors I1. It has been demonstrated that
the drug induces phototoxic reactions after exposure to UVA radiation. Clinical manifesta-
tion is erythema with a burning sensation and pruritus on sun-exposed areas [121]. Methyl-
dopa is a centrally acting antihypertensive that decreases catecholamines synthesis [8].
Photosensitivity to methyldopa has been reported. Methyldopa causes erythematous
pruritic papulovesicular eruption on light-exposed areas [122].

4.2.1. Thiazides

Thiazides have phototoxic potential and the trigger factor is UVA radiation. The mech-
anism of thiazides phototoxicity includes lipid peroxidation and extension DNA damage
induced by UVA radiation [123]. It has been reported that hydrochlorothiazide enhances
the UVA-induced formation of cyclobutane pyrimidine dimers [124]. It has been shown
that the main product of hydrochlorothiazide photolysis is ethoxyhydrochlorothiazide,
generated by photosubstitution of chloride by the ethoxy group [125].

4.2.2. Calcium Channel Blockers

Amlodipine and nifedipine absorb UVA radiation that results in ROS generation [126].
The photodegradation process of nifedipine has been shown (Figure 3). Exposure to UVA
radiation results in the photooxidation of nifedipine to nitroso-photoproduct. The product
of the reaction is 4-(2'-nitrosophenyl)-pyridine, which is converted to lactam derivate in
the presence of glutathione [127,128].

NIFEDIPINE
(0]
4
NO, N
H,COO0C COOCH; H,COOC COOCH,
hv =
| |
N
HsC N CH, HaC N CH,
hv j GSH
TH
H,COOC C
3 / \O
Y
HsC N CHs

Figure 3. The photodegradation process of nifedipine.

4.2.3. Amiodarone

Amiodarone and its main metabolite, desethylamiodarone, undergo photodegradation
in a similar way (Figure 4). UV irradiation leads to the crossing of the molecule to the
singlet excited state and then to the triplet excited state. Amiodarone/desethylamiodarone
in the triplet excited state may interact with oxygen or may be converted to photoproducts.
Electron transfer from the excited molecule to oxygen results in superoxide generation. In



Pharmaceuticals 2021, 14, 723 11 of 30

turn, the photoproducts formation includes the following stages: photodehalogenation,
homolytic cleavage of the C-1 bond, aryl radical formation, and hydrogen abstraction [129].
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Figure 4. The photodegradation process of amiodarone.

4.3. Antihyperlipidemic Drugs

Statins, one of the most commonly used drugs worldwide, have been associated with
photosensitivity reactions [8]. It has been reported that atorvastatin causes phototoxicity
manifested by edematous actinic erythema on sun-exposed sites [130]. Simvastatin and
pravastatin were shown to induce photodistributed erythema multiforme [131]. Moreover,
simvastatin use is connected with chronic actinic dermatitis [132,133].

Among the fibric acid derivates, fenofibrate has the highest photoallergy poten-
tial. Clinical manifestations of fenofibrate-induced photoallergy include erythematous,
lichenoid, eczematous, or papulovesicular eruption on sun-exposed areas [134,135].

Fenofibrate

Fenofibrate is an inactive prodrug that is rapidly hydrolyzed to the active metabolite-
free fenofibric acid after oral administration. Free fenofibric acid has high photochemi-
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cal reactivity because of the benzophenone chromophore. Fenofibric acid molecule ab-
sorbs UVA radiation and undergoes photodecarboxylation resulting in the formation
of photoproducts 4-chloro-4’-isopropoxybenzophenone and 4-chloro-4’-(1-hydroxy- 1-
methylethyl)benzophenone (Figure 5) [129,136].
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Figure 5. The photodecarboxylation process of fenofibrate.

Photoproducts interact with proteins that lead to photoadducts generation and pho-
toallergic reaction. The excited benzophenone chromophore accepts hydrogen atoms
from an amino acid residue of biomolecules and this results in the formation of covalent
photoadducts [137]. It has been reported that fenofibric acid stimulates prostaglandin
production by fibroblasts and keratinocytes exposed to UVA radiation [138].

Fenofibrate has phototoxicity potential also. It has been shown that fenofibrate causes
photohaemolysis, lipid photoperoxidation, and DNA damage [129,139,140].

4.4. Psychotropic Drugs
The following psychotropic drugs have photosensitivity potential:
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(a) antipsychotics: chlorpromazine, fluphenazine, perphenazine, thioridazine, chlor-
proethazine, flupenthixol, olanzapine, aripiprazole, clozapine;

(b) antidepressants: imipramine, clomipramine, paroxetine, fluvoxamine, fluoxetine,
citalopram, sertraline, escitalopram, phenelzine, venlafaxine;

(c) anxiolytics: alprazolam, chlordiazepoxide.

Phenothiazine antipsychotics induce phototoxic and photoallergic reactions. UVA
radiation is a trigger factor of phenothiazines photosensitivity [16,141]. Photosensitivity
cases for the following phenothiazines were reported: chlorpromazine, chlorproethazine,
perphenazine, fluphenazine, cyamemazine, and thioridazine. Clinical manifestations
include eczematous or hyperpigmented papular eruption in sun-exposed sites [142-147].

Flupenthixol is a thioxanthene derivate that causes photosensitivity reactions be-
cause of chemical similarity to the phenothiazines. Flupenthixol use is connected with
erythematous, eczematous eruption [148].

Atypical antipsychotics also induce photosensitivity. It has been reported that olan-
zapine and aripiprazole cause photoonycholysis [149]. Clozapine was shown to induce
erythematous eruption with tense skin blisters [8].

Photosensitivity was demonstrated for the following antidepressant groups: tricyclic
antidepressants, selective serotonin reuptake inhibitors (SSRIs), serotonin-noradrenaline
reuptake inhibitors (SNRI), and monoamine oxidase inhibitors [8].

Tricyclic antidepressants with photosensitivity potential are imipramine and clomipramine.
Imipramine causes purple/slate-grey/golden-brown/dark brown discoloration of the sun-
exposed areas and iris color change. There is a hypothesis that imipramine switches
melanogenesis towards pheomelanin [150]. Clomipramine was shown to induce photoal-
lergy [8].

Photoreaction cases have been reported for the following SSRIs: paroxetine, fluvoxam-
ine, fluoxetine, citalopram, sertraline, and escitalopram. Clinical manifestations of SSRIs
photosensitivity are exanthematous pustulosis [151], eczematous eruption [152], diffuse
erythema and edema [153], brownish-black pigmentation [154], and itching erythema with
infiltrations and blisters [155,156].

The monoamine oxidase inhibitor phenelzine and SNRI venlafaxine were shown to
induce photosensitivity [8]. It has been reported that venlafaxine causes photodistributed
eruptive telangiectasia [157].

The anxiolytics inducing photosensitivity are alprazolam and chlordiazepoxide. These
drugs’ use are connected with pruritic erythema and eczematous reaction in sun-exposed
sites [8,158].

Phenothiazines

Phenothiazines absorb UV radiation and undergo photolysis including the formation
of carbon-centered radicals and cation radicals [159]. The drug molecule in triplet excited
state or cation radicals may interact with molecular oxygen that results in singlet oxygen
generation (Figure 6). Moreover, reaction with oxygen leads to the production of oxidized
products [160,161]. It has been reported that 2-chloroderivatives undergo dechlorination
and then photoreduction or substitution. The photoproducts of trifluoromethyl derivatives
are carboxylic acids [141].

The phenothiazine radicals may interact with biomolecules leading to photoanti-
gen formation and photoallergy induction [159]. Phenothiazines cause phototoxic cellular
damage through DNA strand breaks, lipid peroxidation, and an increase in protein photoag-
gregation. The phototoxic potential of phenothiazines was ranked as follows: fluorinated
derivates > chlorinated derivates > nonhalogenated derivates [162-165].
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Figure 6. Generation of sulfur-centered peroxy radical in photolysis of phenothiazines.

4.5. Antiretrovirals

It has been reported that simeprevir causes pseudoporphyria cutanea tarda through
a phototoxic mechanism. Clinical manifestations are erythematous scaly patches, bul-
lae, painful blisters, and erosions on the sun-exposed areas [166]. Tenofovir is connected
with a photoallergic reaction manifested as erythema and hyperpigmented plaques [167].
Efavirenz also was shown to induce photoallergy and causes pruritic edematous ery-
thema [168-171].

4.6. Antifungals

Azole antifungals are connected with photosensitivity reactions. Azoles are subdi-
vided into two groups—imidazoles and triazoles [172]. The imidazole antifungal causing
photoallergy is ketoconazole. The topical use of ketoconazole and exposure to UVA radia-
tion induce photoallergic contact dermatitis [173]. The triazoles shown to cause photosensi-
tivity are itraconazole and voriconazole. Itraconazole induces an erythematous plaque with
papules and vesicles on sun-exposed areas [174]. Voriconazole use is connected with pho-
totoxic reactions. Bullous photodermatosis [174,175] and photodistributed erythema have
been reported during voriconazole treatment [176]. Moreover, chronic voriconazole therapy
is associated with accelerated photoaging [177] and photocarcinogenesis-melanoma [178],
and squamous cell carcinoma development [179-181].

Another synthetic antifungal-terbinafine, an allylamine derivate, is shown to induce
subacute cutaneous lupus erythematosus. Clinical manifestations are erythematous, and
scaling plaques with hyperpigmented borders [182].
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Voriconazole

Voriconazole itself possesses weak UV absorbance, but its major metabolite, voricona-
zole N-oxide (VNO), shows a prominent absorbance in the UV spectral region (Figure 7).
Voriconazole N-oxide is converted upon UVB radiation to photoproduct (VNOP), which
undergoes transformation to stable VNOPD having phototoxic potential [183].

It has been reported that voriconazole N-oxide and its photoproduct sensitize ker-
atinocytes to UVA radiation and this leads to cellular damage through reactive oxygen
species formation and oxidative DNA damage [184].

VORICONAZOLE

F Enzymatic
conversion

Thermal
degradation

Figure 7. The photodecarboxylation process of voriconazole metabolite.

4.7. Antibacterial Drugs

The following groups of antibacterial drugs are connected with photosensitivity
induction: tetracyclines, fluoroquinolones, (3-lactams, antituberculous agents, and sulfon-
amide derivatives.

The tetracyclines cause phototoxic cutaneous reactions. These drugs have a broad
absorption spectrum over a range of UVA wavelengths [185]. It has been reported that
doxycycline causes a burning, tingling rash, erythema, lichenoid eruption on sun-exposed
areas, and photoonycholysis [8,186,187]. Tetracycline is associated with solar urticaria,
pseudoporphyria, and photoonycholysis [8,188].

The fluoroquinolones cause phototoxic and photoallergic reactions. The use of
these antimicrobial drugs is connected with photocarcinogenesis also [29]. Usually, un-
der UVA irradiation, fluoroquinolones cause phototoxicity and phototoxic potential dif-
fers between derivates. The significant phototoxic outcomes have analogs with a C-8-
fluorine/chlorine substituent, such as lomefloxacin, sparfloxacin, and clinafloxacin [189].
The fluoroquinolone ranking from the least to the greatest phototoxic potential is as follows:
moxifloxacin < gatifloxacin < trovafloxacin < ofloxacin < norfloxacin < levofloxacin < gemi-
floxacin < grepafloxacin < ciprofloxacin < ulifloxacin < pefloxacin < enoxacin < sparfloxacin
< clinafloxacin < fleroxacin < lomefloxacin [29]. Clinal manifestations of fluoroquinolones
phototoxicity are bullous eruptions, pseudoporphyria, and porphyria cutanea tarda [26].
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-lactams connected with photosensitivity are ceftazidime and cefotaxime. Cef-
tazidime increases susceptibility to sunburn and cefotaxime causes photodistributed telang-
iectasia [8,190].

Antituberculous agents inducing photosensitivity are isoniazid and pyrazinamide. Iso-
niazid use is connected with photosensitive lichenoid eruptions [191]. Pyrazinamide causes
erythematous maculopapular rashes with generalized edema on sun-exposed areas [192].

Among the sulfonamide derivates, photosensitivity reactions have been reported for
sulfamethoxazole, dapsone, and sulfasalazine [29]. Dapsone induces erythematosus, itchy,
papulovesicular lesions over sun-exposed areas [193,194]. Sulfasalazine use is shown to
cause diffuse hyperpigmentation [26].

4.7.1. Fluroquinolones

Fluroquinolones absorb UVA radiation. It has been shown that the halogen atom at
position 8 affects on high photolability of the drug (Figure 8). Under UVA irradiation, the
fluoroquinolone molecule undergoes selective heterolytic photodehalogenation from posi-
tion 8 that leads to aryl cation formation. Aryl cations possess a carbene character; therefore,
they are very reactive [195,196]. It has been shown that aryl cations may react with oxygen
that results in quinone-imine and hydrogen peroxide production. Hydrogen peroxide is a
substrate in hydroxyl radicals formation via Fenton chemistry [197]. The mechanism of
fluoroquinolones phototoxicity is not correlated with singlet oxygen generation [198].

It has been reported that reactive oxygen species generated from fluoroquinolones
under UVA radiation activate protein kinase C and tyrosine kinase. This leads to activation
of phospholipase A2 and cyclooxygenase that stimulate the production of prostaglandins-
inflammatory mediators. The release of prostaglandins from dermal fibroblasts induces
skin inflammation [199].

The mechanisms of fluoroquinolones phototoxicity include: lipid peroxidation, pro-
teins photooxidation, a decrease in mitochondrial potential, DNA strand breaks, and
alterations in the antioxidant defense system [200-202].

It has been shown that lomefloxacin causes phototoxicity and photoallergy. Lome-
floxacin interacts with proteins and amino acids that result in covalent photoadducts
formation. There are two postulated mechanisms for lomefloxacin photobinding to pro-
teins. In the first pathway, high reactive aryl cation direct reacts with amino acids. In the
alternative mechanism, electron transfer between the singlet excited state of lomefloxacin
and protein leads to photobinding [203].
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Figure 8. The photolysis of 8-halogenated fluoroquinolones.

4.7.2. Tetracyclines

Skin discoloration and photosensitization are the most characteristic side effects of
tetracycline antibiotics. Taking into account the type of photosensitization mechanism, it
may be stated that tetracycline antibiotics show only phototoxic activity [23]. The pho-
tosensitizing properties of tetracyclines result mainly from the structure of the molecule
core-partially hydrogenated naphthacene, as well as the presence of a high electron density
area in the lower peripheral region of the molecule [204]. Such a structure easily absorbs
electromagnetic radiation, which leads to the excitation of the molecule and the transition
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from the ground state to a higher energy level, singlet excited state. After the excitation,
the tetracycline molecule is deactivated by fluorescence and returns to the ground state.
Additionally, it may be turned into the triplet state by intercombination transition [27].
Individual tetracyclines differ in the frequency and the degree of intensity of phototoxic
reactions. It has been found that phototoxic reactions occur most frequently with the use
of demeclocycline, considered the strongest photosensitizer in this group, and doxycy-
cline [30,185]. The frequency of phototoxic reactions during therapy with demeclocycline
varies, depending on the daily dose, between 25% and 90%. In the case of doxycycline,
phototoxic reactions are observed in 3-42% of patients [8,26].

The phototoxic effect of tetracyclines is caused by transferring energy from an excited
compound to an oxygen molecule. The process leads to the production of singlet oxygen
and/or the formation of harmful free radicals [27,205]. UVA radiation and reactive oxygen
species can also decompose tetracycline antibiotics into various photoproducts: anhydrotetra-
cyclines, lumitetracyclines, quinones, or N-methylformamide derivatives (Figure 9) [205-208].
Photodegradation of tetracyclines includes demethylation, hydroxylation, deamination, or
dehalogenation [208,209]. The photoproducts are devoid of antibiotic activity and most of them
are more toxic than the parent compounds [209-211]. The clinical symptoms of tetracycline
phototoxicity relate primarily to surfaces exposed to light and include erythema, edema, blisters,
urticaria, rash, and separation of the nail plate, onycholysis, and discoloration [212,213].

Skin hyperpigmentation is one of the symptoms of drug-induced phototoxicity. The ef-
fect is caused by, among others, the intensification of melanin synthesis, the formation of
stable drug-melanin complexes, and drug accumulation in skin cells [214]. The accumu-
lation of tetracyclines in pigmented tissues increases the risk of side effects. To date, the
binding of doxycycline, oxytetracycline, and chlortetracycline to melanin polymers has
been demonstrated [72,215]. The studies show that the amount of tetracyclines bound to
melanin increases proportionally to their concentration and incubation time. The equi-
librium state of the complex formation is estimated to be 24 h. Moreover, several studies
indicate the cytotoxic and phototoxic potential of tetracyclines to human normal epider-
mal melanocytes [72,73,216,217]. It has been shown that the simultaneous exposure of
melanocytes to tetracycline antibiotics and UVA radiation leads to a decrease in cell via-
bility. The effect has appeared to be proportional to the concentration of the tested drug
and the dose of UVA radiation. On the basis of the ICs; value, it can be concluded that
the cytotoxicity of tetracyclines towards melanocytes decreases in order: doxycycline >
tetracycline > oxytetracycline = chlortetracycline. On the other hand, the order of tetra-
cycline phototoxic potential towards melanocytes decreases as follows: chlortetracycline
> oxytetracycline > tetracycline > doxycycline. This comparison considers the viability
of melanocytes exposed to tetracyclines in concentrations equal to the IC5y and 30-min
UVA irradiation. The observed differences between the cyto- and phototoxic potential
of individual tetracyclines in relation to pigmented cells result, inter alia, from different
parameters of the binding to melanin, as well as differences in the structure and physico-
chemical properties of the tested antibiotics. The high phototoxicity of chlortetracycline
may be related to the presence of a chlorine substituent in the 7-position, which is one of
the factors increasing phototoxic potential. On the other hand, the lower phototoxicity of
doxycycline may result from the absence of a hydroxyl group in the 6-position. This group,
present in the structure of the first generation tetracyclines, participates in photolysis of
tetracyclines and in the formation of toxic photoproducts, anhydrotetracyclines.

The studies on melanocytes also indicate that tetracyclines, proportionally to the
concentration, intensify the effect of UVA radiation on melanogenesis and the activity of
antioxidant enzymes (SOD, CAT, GPx) in melanocytes. The observed effect is most likely
related to the phototoxic effect of the studied drugs and the increased production of free
radicals, mainly reactive oxygen species. Thus, the ability of tetracyclines to form complexes
with melanin as well as the cyto- and phototoxic effects on epidermal melanocytes may be
one of the reasons for the occurrence of skin adverse effects during therapy.
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4.8. Antimalarials

Quinidine induces photoallergic contact dermatitis manifested by eczematous plaques,
papulovesicular lesions, and cheilitis [218,219]. Hydroxychloroquine has been reported to
cause photoallergic and phototoxic reactions. Clinical manifestations are itchy, erythema-
tous, papulous, squamous, hyperpigmented lesions on light-exposed sites [220].

4.9. Antineoplastic Agents
Photosensitivity reactions have been reported for the following antineoplastic drugs:
(a) cytostatics: paclitaxel, fluorouracil, capecitabine, hydroxyurea, dacarbazine, vinblas-
tine, 5-azacitidine;
(b) tyrosine kinase inhibitors: imatinib, vandetanib, vemurafenib, pazopanib;
(c) hormonal agents: flutamid, bicalutamide;
(d) monoclonal antibodies: mogamulizumab, rovalpituzumab.

Capecitabine may create a photosensitive lichenoid eruption [221]. Fluorouracil

and paclitaxel are associated with subacute cutaneous lupus erythematosus [222,223].
Moreover, paclitaxel causes photodistributed rash, erythema, hyperpigmentation, and
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photoonycholysis [224,225]. Hydroxyurea induces phototoxicity reactions manifested by
erythematous eruption that progresses to epidermal necrosis [226]. 5-azacitidine also
causes phototoxicity. Clinical manifestations are pruritic, serpiginous, tender lesions [227].

The BRAF inhibitor, vemurafenib, induces phototoxicity under UVA radiation. Clin-
ical manifestations are photodistributed erythema [228] and blistering sunburn [229].
The multitargeted tyrosine kinase inhibitors connected with photosensitivity are imatinib,
pazopanib, and vandetanib. Imatinib causes erythematous edematous eruption limited to
exposed skin and oral lichenoid reaction [230,231]. Pazopanib was shown to induce photo-
toxicity manifested by an exaggerated sunburn response [232]. Vandetanib use is connected
with the following cutaneous lesions: exaggerated sunburn [233], photoinduced erythema
multiforme [234], dark blue-grey pigmentation [235], and erythematous edematous [236].

The nonsteroidal antiandrogens, flutamide, and bicalutamide, have been shown to
induce photosensitivity. The clinical manifestation of bicalutamide photosensitivity is
edematous erythema involving light-exposed areas [237]. Flutamide causes a phototoxicity
reaction manifested by exfoliative dermatitis followed by widespread vitiligo [238].

Mogamulizumab use is associated with photosensitive erythematous eruptions [239].
Rovalpituzumab induces phototoxic reactions with violaceous, erythematous, bullous
patches [240].

4.9.1. Fluorouracil

Fluorouracil has photosensitive potential under UVB irradiation. It has been reported
that fluorouracil has a phototoxic effect on cultured fibroblasts and keratinocytes. Un-
der UVB irradiation fluorouracil induces the formation of reactive species, in particular
superoxide anion, and photooxidation of proteins. Moreover, UVB radiation determines
fluorouracil-amino acid photoaddition that may result in a photoallergic reaction [241].

4.9.2. Vandetanib

UVA irradiation of vandetanib leads to C-Br bond homolysis and aryl radical forma-
tion. Aryl radical may accept the hydrogen atom and be converted to a stable photoproduct.
In the alternative pathway, aryl radical may undergo electron transfer that results in the
generation of very reactive aryl cation (Figure 10) [242].
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Figure 10. The photodegradation process of vandetanib.

4.10. Miscellaneous Drugs

Systemic retinoids, isotretinoin and etretinate, increase susceptibility to sunburn and
induce photoleukomelanoderma [29].

Hormonal contraceptives are associated with photosensitivity manifested by erythe-
matous skin lesions with vesicles [243].

The ulcer-healing agents inducing photosensitivity are ranitidine and proton pump
inhibitors, such as esomeprazole. Ranitidine, under UVB irradiation, causes edematous
erythematous eruptions with papules and vesicles [244]. The esomeprazole use is con-
nected with photoallergy. Clinical manifestations are erythematous, scaly, pruritic patches
on the sun-exposed areas that progress to ulcers [245].

Among drugs approved for the treatment of idiopathic pulmonary fibrosis, pir-
fenidone is shown to induce photosensitivity. Skin manifestations are the most common



Pharmaceuticals 2021, 14, 723

21 of 30

Phototoxic
drug
/‘\ Ph
N D e

UV\«,\
&Y g "Put 118
¢ Ph protein 1 R
photosensitizing Ph i
poduct P <~ ompnnie, ™
. cellular ) ™~ pp protein < -
T === = == covalent Excited
macromolecules xcite {
photobinding state ) migration
Ph ,’\
Keratinocytes 5 |
@ Y
- © S—4-L_  skin-draining
IS >0, - lymph node
= o |
g W -
= —Langerhans ce
& P o /O &\‘j activated
interaction Vi ?aé‘éﬁ T cell
L with cellular €<—— Ph Ph +'0,
ela k components ¢
2000 ° 0 o, /
Inflammatory
[ ROS ——> Oxidative reaction
8 - damage
E (O3, H,0,,'OH)
[0
o
i PHOTOTOXICITY PHOTOALLERGY

adverse effects of this drug. It is assumed that pathomechanism of pirfenidone photosensi-
tivity involves photoallergy and phototoxicity. It induces erythematous, burning, pruritic
lesions followed by hyperpigmentation [246,247].

5. Summary

Drug-induced photosensitivity is a serious medical problem. Many widely used drugs
have been shown to induce phototoxic and/or photoallergic reactions. Moreover, the
incidence of photosensitivity is constantly increasing. The final response to a photosen-
sitive reaction is in fact a result of many different mechanisms and processes, which are
summarized in Figure 11. The phototoxic potential of drugs depends on various factors,
therefore, thorough assessment of photosafety is difficult. The following factors should
be considered: the chemical properties of the drug, the influence of individual ranges of
sunlight (in particular: UVA, UVB, visible light), the presence of melanin biopolymers, and
the defense mechanisms of particular types of tested cells. The currently used methods of
assessing the photosafety of drug seem to be preliminary. The complexity of the biological
response to phototoxic reactions requires more detailed analyzes and the development of
new models for testing drug-induced photosensitivity.

PHOTOSENSITIVITY

- skin cells apoptosis / necrosis
- release of inflammatory mediators

- oxidative damage of cellular
components

- alterations in antioxidant system

Figure 11. Mechanisms of drug-induced photosensitivity (Ph—phototoxic drug; ROS—reactive oxygen species).
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