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Synopsis

Since excessive sun exposure is tightly associated with different pathological changes of the skin, e.g.
premature skin aging or the development of skin cancer, an appropriate protection of the skin against
UV radiation is of particular importance. Sun protection products and UV filter substances have
evolved continuously in the past few decades. New developments and improved technical conditions
of production have led to increasingly effective and efficient products with broadband protection
ability. Accordingly, legal requirements have also changed and expanded. Although certain trends

exist to harmonize the regulation of sunscreens at a global level, there are still large differences how
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UV absorbers are approved, which testing methods are prescribed, and which general requirements

sun protection products must meet.

Modern UV filters provide efficient protection against UVA and UVB radiation, are heat and
photostable, user-friendly, cost-effective, water resistant and nontoxic. Since inorganic and organic
UV filters are topically applied to the skin in relative high concentrations (up to 25 %), especially the
assessment of their (photo)sensitization potential is of particular importance. Accordingly, skin
sensitization is a key endpoint for the legally required safety assessment of cosmetic ingredients in

Europe and many other countries.

This review will summarize the current regulatory status of different approved UV filters, will
describe their beneficial and adverse properties, and will give an overview of how the efficacy of
sunscreens can be evaluated. Finally, an insight into the basic mechanism of (photo)allergic reactions

and existing skin sensitization test methods will be provided.

General introduction

In addition to the desired effects of sun radiation, such as the increase of general well-being [1],
vitamin D3 synthesis [2], and positive therapeutic effects on some skin diseases, e.g. psoriasis [3],
excessive UV radiation is mainly responsible for several types of severe skin damage. In addition to
the direct visible acute damages such as sunburn or polymorphic light eruption, the undesirable long-
term effects, most notably skin cancer, are a special cause for concern [5,6]. Today, it is generally
accepted that a main environmental risk factor for skin cancer is the exposure to sunlight or UV

radiation [7,8]. This finding, however, prevailed only gradually during the 20th century.

Until the end of the 19th century, there was no real market for sun protection products. A pale skin

color was considered elegant and begat prosperity. With industrialization, the centuries-old ideal of

beauty changed fundamentally. An improved living standard with more leisure time, a less-restricted
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style of dress, and medical health advice to spend more time outdoors led to increased sun exposure

and the initial need for skin protection [9,10].

Still, at the beginning of the 20th century, it was believed that solar heat was the actual cause of
sunburn. Only in 1922 did Karl Eilham Hausser und Wilhelm Vahle observe that not heat but
ultraviolet radiation between 280 nm and 315 nm was responsible for the formation of sunburn [11].

This finding was the cornerstone of sunscreen development.

Already in the middle of the 1930s, Franz Greiter and Eugene Schueller, the later founders of Piz
Buin and L’Oreal, brought the first, simple sunscreens on the market. These products were mainly
focused on the prevention of sunburn, i.e. ultraviolet (UVB) protection. Due to the success of the first
sunscreens, there was a decreasing fear of sunburn, and sunbathing became increasingly popular
[12,13]. However, with the extended exposure to the sun, the incidence of skin cancer also increased

[14,15].

In Germany alone, the cases of cutaneous melanoma has nearly tripled between 1976 and 2003 [16]
with approximately 140,000 new cases of skin cancer every year [17]. Recent increases in skin cancer
incidence may directly reflect the change in leisure behavior over the last decades associated with
short-term excessive tanning, especially during the summer holidays or due to the usage of tanning
devices [18-20]. Here, it must be mentioned, that sunscreens with higher sun protection factor (SPF)
may offer better protection ability, but conversely also entice the user to stay longer in the sun

[21,22].

Furthermore, there has been a gradual depletion of the stratospheric ozone layer (“ozone hole”) since

the 1970s [23], which has led to increased UVB intensity at the surface associated with a rising

number of skin cancer cases [24,25].
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To avoid damage from UV radiation, the human body has developed different protection mechanisms,
e.g. a thickening of the stratum corneum (hyperkeratosis) or skin pigmentation [26,27]. However, the
body’s protective mechanisms are not sufficient for long-term UV exposure, and additional protective

measures are required.

The widespread sun protection campaigns since the 1980s have led to improved education of the
population about the risks of excessive sun exposure and the importance of sunscreen usage [28-30].
This laid the foundation for a growing market of sun protection products, which have been
continuously improved and adapted to consumer needs and the scientific progress. With increasing
awareness of the harmful effects of sunlight, the demand for higher sun protection factors (SPFs) has
continued to grow in recent decades. At the end of the 1970s, an SPF of about 20 was the maximum
attainable SPF with existing technological capabilities and the limited number of available UV filters.
Today, there is a variety of organic and inorganic UV filters, which are combined to reach a balanced
UVA/UVB protection while maintaining a high SPF of greater than 50 due to an increase in the

number of UV filters and their concentration in the products [31,32].

Furthermore, the usage of cosmetic UV filter substances has expanded to a large number of daily skin
and hair care products [33,34]. It is therefore not surprising that more than 10,000 tons of UV filters
are produced annually for the global market [35]. As a result, the skin is in constant contact with high

quantities of UV filters throughout the entire year.

This increased usage must be studied critically, not only because of the increasing release of the UV
filters into the environment [36,37] and their possible ecological impacts [38,39], but also due to their

behavior on the skin.

Because of the particular application type and the typical chemical structure of organic UV filters, the
assessment of their photostability is of great importance [40]. Photodegradation can lead to a loss of

UV protection and the formation of photo products [41-43]. Additionally, due to the chemical
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structure of the most common organic UV filters and their known photodegradation products, various
reactions, e.g. with protein structures of the skin, are conceivable but not yet sufficiently investigated

[44].

Structure of the human skin

The largest human organ is the skin with a surface area of about 2 m” and a weight of about 3 kg for
an average adult, calculated without subcutaneous adipose tissue. The skin consists of several layers
of epithelial tissue with an average thickness of between approximately 0.5 and 2 mm (palms and
soles up to 4 mm) [45]. The skin fulfills several important vital functions. As an outer barrier, it
protects the inner body against pathogens and mechanical, chemical, and physical impacts. With
various sensory receptors, which are responsive against mechanical stimuli and temperature, the skin
is an important sense organ. In addition, the skin prevents the uncontrolled loss of water and minerals
and protects the human body against hypothermia. Finally, the skin is responsible for the production

of vitamin D [46,47].

The human skin consists of three main definable layers, the epidermis, the dermis, and the subcutis
(Fig. 1). The epidermis can be further divided into five sublayers: the stratum basale, stratum
spinosum, stratum granulosum, stratum lucidum, and stratum corneum [48]. The basal/germinal layer
(stratum basale) shows the highest mitotic activity of the skin. It is composed mainly of non-
proliferating and proliferating keratinocytes (KC; “stem cells”); proliferating KCs undergo constant
cell division and are the origin of the corneocytes, which are finally exfoliated at skin surface [49].
Each basal cell has a large nucleus, numerous free ribosomes, a few mitochondria, a small Golgi
complex, and a rough endoplasmic reticulum (rER). Additionally, several Merkel cells (touch

receptors) and the melanocytes are located in this layer.

In the multilayered spinous layer (stratum spinosum), a gradual transformation of KCs took place,
they become larger, polygonal, and flattened in the upper part of the layer. The cells of the stratum

spinosum synthesize intermediate filaments (cytokeratins), which are grouped into bundles, called
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tonofilaments. KCs are connected to each other by multiple, prickle-like intercellular bridges
(desmosomes) where the tonofilaments are anchored to the cell membrane. This reticulated structure
gives the layer its typical name. In the stratum spinosum, the immune cells of the lymphatic system

(Langerhans cells) are located.

The increased synthesis of keratohyalin in KCs of the granular layer (stratum granulosum) initiates
the cornification (keratinization) of the cells. This is accompanied by a simultaneous loss of other cell
organelles (e.g. the nucleus). Lipids contained within lamellar bodies of KCs are released into the

extracellular space and form the lipid barrier of the skin.

What follows is the stratum lucidum. The clear and thin layer of dead skin cells is only present in the

palms and soles.

The outer layer is the cornified/horny layer (stratum corneum) consisting of 10 to 30 layers of
polyhedral, enucleated corneocytes. Corneocytes are surrounded by an envelope of cornified proteins
(e.g. loricrin, involucrin, and filaggrins) filled with water-retaining keratin proteins. The corneocytes
stick together through corneodesmosomes and are surrounded by hydrophobic lipids [50]. The
intercellular organization of the lipids plays an important role in the barrier function of the skin
[51,52]. They form two lamellar phases, with periodicities of approximately 6 and 13 nm [53]. The
lipids inhibit both an inside-out water loss and the permeation of hydrophilic substances with a
molecular weight of more than about 500 Dalton (DA) [54]. The main barrier functions of the
epidermis are attributed to the stratum corneum, which prevents water loss from the body and
provides mechanical protection, although the cell-cell junctions and the associated cytoskeletal

proteins in the deeper layers also provide important protection ability [55-57].

In adult epidermis, there is a balance of cell proliferation and cell desquamation with a complete

renewal approximately every 28 days [58]. The cell proliferation in the stratum basale is followed by
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the differentiation of the cells in the stratum spinosum and granulosum, which ends with the transition

in the horny layer.

The dermis is tightly connected to the epidermis through the basal layer. The main structural
components of the dermis are collagen, elastic and extrafibrillar matrix fibers (connective tissue),
which give the skin its mechanical stability. The hair follicles, sweat glands, sebaceous glands, and
apocrine glands are located in the dermis. The dermis also contains numerous lymphatic vessels and
blood vessels, which nourish both dermal and epidermal cells and are important for waste removal.
Various immune cells, such as macrophages, lymphocytes and mast cells, are also located in the

dermis. The dermis can be divided in the stratum papillare and the stratum reticulare [47].

With age, the human skin becomes thinner, more and more wrinkled, and loses some of its elasticity.
The main reasons for this are the dehydration of the stratum corneum, an extensive cross-linking of

collagen and the degeneration of the elastic fibers [59,60].

The subcutis or hypodermis lies below the dermis. It attaches the skin to underlying bones and
muscles and contains the bigger blood vessels and nerves. It consists of loose connective tissue and
elastin. The main cell types are fibroblasts, macrophages and adipocytes. Adipose tissue serves as

thermal isolation, provides energy storage, and offers mechanical protection [61].

Natural sunlight

The spectrum of natural sunlight covers most of the electromagnetic spectrum with the highest
intensity in the range of visible light. At the top of the earth’s atmosphere, sunlight has a power of
1366 watts/m® and is comprised of about 50% infrared (IR) light, 40% visible light (VIS), and 10%

ultraviolet (UV) light [62] (Fig. 2).

While humans sense IR radiation as heat and VIS radiation optically, UV radiation is not directly

perceivable. Depending on the wavelength, UV radiation can be divided into UVC (200-280 nm),
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UVB (280-315 nm), and UVA radiation (315-400 nm) [63]. Only part of UV radiation reaches the
surface and depends on the location, the season, the clouds, the air pollution, and the humidity [64].
The majority of UVC and UVB radiation is absorbed by oxygen and ozone in the atmosphere. On
average, approximately 20 times more UVA rays than UVB rays reach the earth’s surface [65]. Due
to their different wavelengths, UV rays can penetrate the skin to different depths and can cause

cellular changes (Fig. 3) [66,67].

In addition to natural sources, artificial sources must also be mentioned. Except for occupational
exposure, sun lamps and tanning beds are the most common source of artificial UV light in everyday
life [68,69]. Commercial tanning beds emit high UVA levels and variable amounts of UVB (1-5 %)

[70].

Because children and adolescents in particular show a higher vulnerability to UV radiation [71,72],
some EU countries, including Germany, the United Kingdom, and Austria, have adopted legal

provisions that prohibit adolescents under 18 years from indoor tanning [73].

Positive effects

Limited quantities of UV rays have different positive effects on human well-being and are described
as relaxing and enjoyable. Most positive effects of solar radiation are seen in the context of UVB-
induced production of vitamin D3 in the skin [2,74]. By incident sunlight, 7-dehydrocholesterol,
present in the plasma membranes of epidermal KCs and dermal fibroblasts is converted into
previtamin D3. By the rearrangement of double bonds (thermal isomerization), stable vitamin D3 is
formed and ejected into the extracellular space where it binds to the vitamin D-binding protein and
thus enters the circulatory system. With protein binding, vitamin D3 is converted into 25-
hydroxyvitamin D3 (25(OH)D). After being transported to the kidney, 25(OH)D is metabolized to

1,25-dihydroxyvitamin D3 (1,25(0OH),D), its biologically active form [75].
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During prolonged UV radiation, previtamin D3 is photoisomerized to the two biologically inactive
isomers, lumisterol and tachysterol, and vitamin D; is converted to suprasterol I and II and 5,6-

transvitamin Ds, to prevent vitamin D intoxication [75,76].

Vitamin D3 is required for the intestinal absorption of calcium and phosphorus and is therefore
essential for healthy bone growth. Without vitamin D3, only 10 to 15% of dietary calcium and about
60% of phosphorus are absorbed [77,78]. In childhood, severe vitamin D insufficiency can lead to
growth retardation and skeletal deformities, such as rickets [79]. In adults, vitamin D deficiency leads
to reduced bone mineral density and ultimately to osteoporosis [80,81]. In addition, as skeletal
muscles have receptors for 1,25(OH),D, the hormonally active form of vitamin D, some studies

suggest that vitamin D deficiency may also be related to muscle weakness [82,83].

For most people, approximately 90% of the human vitamin D requirement is covered by exposure to
sunlight. Therefore, elderly people who remain indoors most of the time, heavily veiled women, and
strong pigmented persons are especially affected by deficiencies [84-86]. The application of

sunscreens with high SPF can also decrease vitamin D production [87].

In addition to its positive effects on the bone health, vitamin D can have many other positive effects
on the human body. These include the stimulation of insulin production, effects on myocardial
contractility, modulation of T and B lymphocyte function, prevention of inflammatory disease,
promotion of hormone secretion, and decreased risk of developing colon cancer and rheumatoid

arthritis [74,87,88].

In addition, UV radiation is also successfully used to treat several skin diseases, e.g. psoriasis and
eczema [89,90]. Such treatment occurs under medical supervision and the benefits of the treatment
and the risk of extensive UV radiation are weighed against each other at the beginning [91].

In general, balanced exposure to sunlight is essential to make optimal use of positive health effects

without unnecessarily burdening the skin.
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Negative effects

UVB radiation

The basis of the biological effects of UV rays is their absorption by endogenous molecules and an
associated excitation or even ionization of specific amino acids or nucleic acids. With decreasing

wavelengths, the energy of the radiation and the damaging effects strongly increases.

Energy-rich, shortwave UVB rays mainly act in the epidermis and are the main cause of probably the
best-known and most obvious acute negative effect of extensive sun exposure, the sunburn
(erythema). In comparison to skin reddening that occurs immediately and is mainly caused by a
temporary widening of blood vessels and an associated increased in circulation, UVB-induced
erythema occurs some hours after UV exposure. Sunburn is seen as an inflammatory skin reaction,

which can be associated with swelling, itching and even blistering [5,92].

With strong damage to skin cells or genetic material, the cells are subject to programmed cell death
known as apoptosis. The consequence of this process is skin peeling and renewal of the skin after
strong sunburn. This renewal is a kind of protection mechanism that prevents the replication of

malignant cells and the formation of skin cancer [93-95].

UVB radiation has a strong carcinogenic effect. It causes direct damage to the DNA and RNA and
leads to the generation of thymine-thymine cyclobutane pyrimidine dimers (TT-CPDs) (Fig. 4) and

pyrimidine-pyrimidine (6-4) adducts (6-4 PPs) (Fig. 5) [6,96,97].

DNA photoproducts can be excised and replaced by different endogenous repair enzymes (specific
endonucleases), which restore the original structure. However, if the repair mechanisms fail or the
damage is too extensive, apoptosis is initiated by the tumor suppressor protein p5S3 (TP53). However,
if the suppressor protein has also been damaged due to UV radiation, apoptosis does not occur. As
consequence, it can come to an accumulation of mutations in the DNA during cell division,

particularly to C-to-T or CC- to-TT transitions (“UV signature mutations”) [98,99]. In squamous-cell
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carcinoma and partly basal-cell carcinoma, these mutations are mainly found in the TP53 gene [100-

102].

Furthermore, there is also a direct association between exposure to UVB radiation and the formation
of eye disease. Photokeratitis and photoconjunctivitis (inflammation of the cornea and conjunctiva)
are known reversible acute effects [103,104], whether pathological changes such as cataracts, pterygia
conjunctiva or macular degeneration develop only gradually [105,106]. Therefore, appropriate

protection of the skin and also the eyes is important in bright sunlight.

UVA radiation

UVA radiation plays a major role in photoaging of the skin. Today, it is generally assumed that UVA
radiation leads to a balance shift toward the collagen-degrading matrix metalloproteinases (MMPs)
and a simultaneous down-regulation of their tissue-specific inhibitors [107,108]. The consequences
are an accelerated and increasing degradation of collagen fibers with the concurrent inhibition of the
formation of collagen and hyaluronic acid. This leads to an increased formation of deep skin folds,

wrinkles and a loss of turgor [109,110].

Photoaging has also been shown to be correlated with the increased formation of mutations of the
mitochondrial DNA, triggered by the formation of reactive oxygen species (ROS), e.g. superoxide
radical, hydrogen peroxide, or hydroxyl radical [111,112]. This mutagenesis mainly affects the dermis
and therefore the non-proliferating part of the skin, so that the UV-damaged skin cells cannot be
eliminated by the endogenous repair mechanisms. This results in the dose-dependent accumulation of
the damages of the mitochondrial genome [113,114]. However, the aging process is not limited to the
dermis, but also affects the epidermis. The proliferation of healthy KCs is strongly disturbed in the
presence of fibroblasts with a high content of mitochondrial DNA deletions, which show up in a

weakening of the barrier functions of the skin [115].
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Naturally, the skin has endogenous enzymatic antioxidants (e.g. superoxide dismutase or catalase) and
non-enzymatic antioxidants (e.g. coenzyme Q10, glutathione or vitamin E), which provide protection
against ROS [116,117]. However, UV radiation leads to a decrease in antioxidant enzymatic activity
in cultured fibroblasts [118] and repeated UV exposure before enzyme activity fully returns can lead

to additional damage to the skin tissue [119].

In addition, UVA radiation and the formation of ROS not only influence skin aging but also play a
central role in the formation of cancer [120,121]. ROS are formed via absorption of the UV rays by
cellular chromophores such as NADH or porphyrins. They can cause punctual DNA mutations,
chromatid exchange, chromosome aberrations, or single-strand breaks, which explains their cytotoxic

and carcinogenic potential [6,112,122 ].

Singlet oxygen is considered to be the most important ROS that oxidizes the guanine nucleotide to 8-
hydroxy-2’-deoxyguanosine (8-oxodG), which is the main marker of oxidative DNA damages
[123,124]. As a result, G-to-T or T-to-G transitions occur, which can be seen as typical UVA

fingerprint mutations in keratinocyte-derived tumors and especially in melanoma [125-127].

Squamous cell and basal cell carcinoma

The occurrence of squamous cell and basal cell carcinoma provides evidence for the influence of
long-term UV radiation on their formation. Both skin cancer types extend from the epidermis and are
mainly found in skin areas exposed to extensive sun light. Accordingly, more than 80% of basal cell
carcinomas and more than 75% of squamous-cell carcinomas are found on the head, neck or the hands
[128]. They mostly grow there continuously at the same position, and a delocalization is rather rare,
more often observed in cases of squamous-cell carcinoma (approximately 5%). Actinic keratosis is
often seen as a precursor of squamous-cell carcinoma and is associated with the first skin changes of

sun-exposed areas with scaly, thickened or crusty skin patches [129].
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Depending to the different penetration depths of UVA and UVB rays, UVA fingerprint mutations are
preferentially found in the basal layer, whereas UVB fingerprint mutations concentrate particularly on
superficial layers [126]. Although UVB radiation is believed to play a greater role in the formation of

non-melanoma skin cancer, also UVA radiation seem to be an important risk factor [121,130-132].

Another carcinogenic effect of both UVA and UVB radiation is its suppressive effect on the immune
system of the skin [133]. In the skin different cell types are responsible for immune defense: KCs,
monocytes, epidermal T cells, dermal macrophages, and Langherhans cells (LCs). These cells interact
through a complex network of mediators such as prostaglandins and cytokines that coordinate a
balanced immune response [134]. This complex organization is deeply altered by UV irradiation,
which leads to the increased release of immune suppressive cytokines, e.g. interleukin 4 and 10 (IL-4,
IL-10), hepatocyte growth factor (HGF), tumor necrosis factor-alpha (TNF-a), or transforming growth

factor-betal (TGF-B-1), and the development of suppressive T regulatory cells [135,136].

In addition, UV light can alter and damage the LCs embedded between KCs in the epidermis. LCs
normally identify exogenous substances through their surface profile, activate resting T lymphocytes
and therefore initiate a specific immune response against the exogenous substances. With increasing
radiation time and intensity, the number and functionality of LCs decreases. LCs from irradiated skin
show a reduced expression of major histocompatibility complex (MHC) proteins of class II and have
reduced antigen-presenting ability, probably due to a UV-induced reduction of co-stimulatory
molecules like cluster of differentiation antigens (CD 80 and CD 86) [137,138]. Thus, malignant,

degenerated cells cannot be detected and aren’t rejected by the immune system [139].

Cis-Urocanic acid (UCA), the photoisomere of trans-UCA, can also promote systemic suppressive
effects [140,141]. In mice with a histidine-rich diet, the total UCA concentration increased
significantly. Under subsequent UVB irradiation, these test animals showed significantly higher
suppression of contact hypersensitivity compared to normally fed mice [142]. The actual underlying

mechanisms of UCA action are still unclear, but it is thought that UCA acts via different pathways.
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For example, cis-UCA both has an effect on granulocytes and natural killer cells (NK) and reduces the
number of LCs by at least 50% [143]. In addition, it can also modulate the action of different

cytokines such as TNF-q, IL-6 or IL-8, and may initiate the formation of intracellular ROS [144-146].

Thus, UV radiation has a dual role: first, the induction of the carcinogenicity through direct and

indirect DNA damage; and second, the additional suppression of the immunological tumor defense.

Malignant melanoma

Melanoma is a highly malignant tumor of the skin arising from the melanocytes. In 2012 there were
more than 3,500,000 new cases of skin cancer across Europe, including more than 100,000 cases of
melanoma [147]. Particularly alarming are especially the fast growth rates. In Europe and the USA,
the incidence rates for cutaneous melanoma (CM) have tripled or quadrupled since the 1970s. With 40
to 60 new cases per 100,000 inhabitants every year, Australia and New Zealand have the highest

incidence rates worldwide [148,149].

CM tends to metastasize in an early stage and is the world’s most lethal skin disease [150]. The
formation of CM in genetically susceptible individuals is directly associated with different risk factors
include family history, nevi and the exposure to UV radiation from sunlight or artificial sources [151].
In contrast to the basal cell carcinoma and the squamous cell carcinoma, where mainly sun-exposed
skin areas are affected and chronic cumulative sun exposure leads to the pathological skin changes,
intermittent sun exposure of the skin seems to play a crucial role in the formation of acute malignant
melanoma. Higher, e.g. job-related, moderate sun exposure seems to have an inverse association with
the occurrence of melanoma [152]. It seems that skin’s own protective mechanisms, such as skin
pigmentation or the thickening of the horny layer, can partially prevent the formation of melanoma. In
contrast, the skin of persons who are abruptly exposed to extensive sunlight is caught unprepared and
is therefore more vulnerable. Accordingly, skin areas that are only intermittently exposed to extensive
sunlight (e.g. the back or the inner thighs) and persons who work mostly inside are most frequently

affected of melanoma [153].
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Unprotected UV exposure and sunburns in childhood and adolescence increase the risk of skin cancer
formation in adulthood. Anamneses of five or more sunburns in childhood can double the risk of
subsequent melanoma formation [154,155]. The significance of premature sunburn was also
confirmed by different animal studies, e.g. the HGF transgenic mouse model [156]. Here, neonatal
test animals were exposed to erythemal doses of UV radiation, whereupon they developed
melanocytic tumors in the form of early lesions up to metastases similar to human cutaneous
malignant melanoma [157]. These results emphasize the critical role of early sunlight exposure for the

formation of human melanoma.

Although UV radiation is seen as one of the most important risk factors in the formation of
melanoma, the role of UVA and UVB radiation is still controversial [158,159]. Nevertheless, today it
is generally accepted that both wavelength areas contribute in different ways to the development of

the tumor [160,161].

A recent published study in 2012 found that there is a pigment-independent pathway initiated by UVB
radiation through direct DNA damages and a second, pigment-dependent pathway under the influence
of UVA radiation that causes indirect oxidative DNA damages in the melanocytes via ROS [162].
While after UVB radiation the typical markers TT-CPD and 6-4 PP are found in epidermal cells of
both pigmented and unpigmented test animals, after UVA radiation only a low level of TT-CPD
lesions is detectable. Instead, in pigmented test animals, 8-Oxo0-7,8-dihydro-2’-deoxyguanosine (8-
oxodG) was found in the nuclei of extra-follicular melanocytes at the dermal/epidermal junction. This
indicates a strong photooxidative interaction between UVA light and the melanin in the melanocytes

and confirms that the presence of pigmented nevi is a strong risk factor for melanoma.

Because the uncontrolled proliferation of melanocytes is seen as a first critical step in the formation of
melanoma, the expressions of different growth factors seem to have an important influence on the
etiology of melanoma [163]. Melanocytes carry different growth factor receptors whereby the

corresponding ligands are produced by the surrounding KCs in the epidermis and the fibroblasts in the
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dermis. The growth factors regulate survival, growth, and pigment production of the melanocytes.
Mitogen-activated protein kinases (MAPK) are responsible for the homeostatic balance between
melanocytes, KCs and fibroblasts and regulate cell growth and cell survival via the cascaded protein
kinases, namely the rat sarcoma (RAS) kinase, the rapidly accelerated fibrosarcoma (RAF) kinase, the
extracellular signal-regulated protein kinase (ERK), and the MAPK/ERK kinase (MEK) [164]. In
over 60 % of malignant melanoma, somatic mutations of the B-RAF protein (an isoform of the RAF
kinase) or the BRAF gene can be found [165,166]. The mutated B-RAF protein has an up to 800-fold
increased kinase activity, resulting in an over-activation of the MAPK signaling pathway and a
misdirected expression of different growth factors, e.g. increased production of basic fibroblast
growth factor (bFGF), endothelin-1 (ET-1), and stem cell factor (SCF) in KCs and of bFGF, HGF and
TGF-p in the fibroblasts [167,168]. This results in the activation of the melanocytes via paracrine

ways and the uncontrolled proliferation of melanocytes.

For advanced melanoma cells, which increasingly produce a variety of cytokines and growth factors
endogenously (e.g. bFGF) and thus ensure their own survival, growth, and spread via autocrine ways,

increased independence from exogenous growth factors could be observed [169].

Finally, it must be noted, that the molecular processes that are responsible for the formation of the
different types of skin cancer are very complex and multifaceted, and even after numerous studies, the
detailed processes are still not fully understood and require further research to advance possible

medical treatment options.

Natural photoprotection of the skin
The human skin has developed different natural protection mechanisms against UV radiation. The
most important protection is the pigmentation of the skin by formation of melanin (Fig. 6), which acts

as radical scavenger and ensures light absorption up to the visible range [170].
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Melanogenesis starts tyrosinase-catalyzed with the formation of tyrosine to the catechol L-DOPA. By
subsequent oxidation, ortho-quinone is formed. The non-enzymatic cycling step to leucodopachrome
follows the tyrosinase-dependent transformation to dopachrome. Decarboxylation of dopachrome
leads to 5,6-dihydroxyindole (DHI) and its oxidation to the 5,6-indolequinone or by direct oxidation
of dopachrome to 5,6-dihydroxyindole-2-carbonic acid (DHICA). Polymerization of these units
finally leads to eumelanin. In the presence of cysteine or glutathione, dopaquinone is converted to
cysteinyldopa. Subsequently, the yellow-red pigment pheomelanin is formed through oxidative

polymerization of cysteinyldopa via benzothiazinylalanine [171].

UVA radiation is mainly responsible for the immediate and persistent pigment darkening (IPD and
PPD) by photooxidation of melanin precursors, which are already present in the skin. These reactions
take place within a few minutes or hours but are mostly reversible, so that the tanning of the skin
diminishes within a few days. UVB radiation results in delayed tanning reaction (DTR). Pigment
formation takes place in the basal layer and is based on the proliferation of specific enzymes,
especially tyrosinase. The melanocytes are stimulated to form melanin, which is transported to KCs to
protect the cell nuclei in particular. With the movement of the epidermis cells, the pigment also moves
toward the skin surface. The formation of the suntan takes several days and lasts for a few weeks

[172].

Under excessive sun exposure, also the enzymatic activity of histidinase, in addition to that of
tyrosinase, increases. As a result, KCs of the horny layer increasingly form UCA out of histidine.
UCA absorbs in the long-wave UV A range under cis/trans-isomerization [140]. In the past, UCA has
been used as a UV filter in various sun protection products. However, when it turned out that its cis-
form shows a strong immunosuppressive effect, the substance was banned in the EU and other
countries. However, the question whether the beneficial or detrimental effects of UCA predominate is

still cause of discussion [146,173].
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A further protection mechanism is the formation of the UV-induced hyperkeratosis. Under UV
radiation (especially UVB light), the basal cells are stimulated to proliferate what causes a thickening

of the horny layer. Without further exposure to UV radiation, the hyperkeratosis disappears [174].

Furthermore, there are the body’s endogenous defense mechanisms, i.e. repair enzymes that are able
to identify, cut, and replace faulty DNA sequences. For strongly damaged cells — so-called sunburn
cells — apoptosis can be initiated as a protection mechanism [175,176]. And finally, there are
endogenous redox systems, such as ubiquinone, glutathione, and a-lipoic acids, which have an
antioxidative effect and react efficiently with free radicals before they can damage other cell
constituents, such as lipid membranes, proteins, and nucleic acid. However, the quantities of these
substances produced by the body itself are rapidly depleted under UV radiation by the formed ROS

[177].

UV filter substances

Since natural skin protection becomes ineffective after a short time (depending on the skin type,
between 10—40 min) and a lasting tan develops only slowly, other protection measures, e.g. avoidance
of direct midday sun, wearing of protective clothes and sunglasses, and usage of appropriate sun
protection products, are needed for longer stays in the sun. To prevent sunburns and protect the skin
from serious damage, sunscreens must meet certain criteria. They should be photostable, dissipate the
absorbed light energy through photophysical and photochemical pathways without the formation of
harmful reactive intermediates, be water resistant, and well tolerated; in addition, they should not
penetrate the skin [178,179]. Normally, sunscreens contain a combination of organic filters and

inorganic UV filters, which ensure effective protection across the whole UVA and UVB range [31].

As sun protection products are used in relatively high concentrations over the whole body surface,
their tolerability is of particular importance in addition to good performance. Accordingly, appropriate
dermatological tests are required as part of the safety assessment according to the European

Cosmetics Regulation No. 1223/2009 [180]. Although all UV filter substances are tested for their
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(photo)irritative and (photo)sensitization potential, their actual allergic potential may only turn up

after years of widespread usage in various products.

Legal requirements and recommendations

The legal status of sunscreen products differs from country to country, sometimes substantially. There
is no overarching binding definition for sunscreens or UV filters worldwide, but many countries use
the definition of the EU Cosmetics Regulation No. 1223/2009. Thereafter, UV filters are substances
that are exclusively or mainly intended to protect the skin against UV radiation by absorbing,
reflecting, or scattering UV light. In some countries such as the European Union, China, India, South
Africa, Japan, and the countries of the Association of Southeast Asian Nations (ASEAN) and
Mercosur in South America, sunscreens are regulated as cosmetics. In contrast, in the USA, Australia,
and New Zealand, sunscreens are regulated as drugs. The same applies for Canada, except for
sunscreens that solely use titanium dioxide (TiO,), zinc oxide (ZnO), or p-aminobenzoic acid as UV
filters. They fall under the category “Natural Health Products” (NHP) and are therefore less regulated.
Which UV filters can be used for cosmetic products differs between countries (Table I). In Europe,
Annex VI of the EU cosmetics regulation lists all UV filters allowed for cosmetic products in the EU
with their respective maximum use concentrations. At the moment, the list contains 27 substances if
considering the recent inclusion of the UV filter tris-biphenyl triazine [181] and the deletion of PABA
according to directive 2008/123/EC [182]. ZnO is currently not yet listed as an approved UV filter,
but due to a positive assessment of the Scientific Committee on Consumer Safety (SCCS), it is
expected that ZnO will also be included during one of the next revisions of the Annexes. The lists of
approved UV filters for China (numbering 28), India (numbering 27), and the ASEAN countries
(numbering 28) are mainly oriented toward the European cosmetics regulation. In the USA, only 16
UV filters are approved for sunscreens, of which only 10 are also approved for Europe, but with
partially different maximum use concentrations [183]. Although the Food and Drug Administration
(FDA) further accepted eight UV filters already approved in Europe for possible future submission in
the time and extent application (TEA) process, there is no prospect of an imminent approval. For

Australia and New Zealand, 29 UV filters have been approved, of which 23 substances are also part of
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the EU cosmetics regulation plus 5 UV filters also approved in the USA. The Canadian Sunscreen
Monograph is strongly oriented toward FDA requirements. The Monograph lists currently 20 UV
filters, which are approved drug medical ingredients or natural health products medicinal ingredients
for sunscreens. In Japan, the usage of 34 UV filters is permitted. Some of them, such as
benzophenone-9 or pentyl dimethyl PABA, are solely approved in Japan, whereas several UV filters
that are approved within the EU or other Asian countries are forbidden. In the Mercosur countries, 33
UV filters are approved for usage in cosmetic products. A special case is South Africa (SA), which
adopts nearly all UV filters approved by any reliable major organization. Therefore, in SA there are
currently 48 approved UV filter substances. For all of the above-mentioned countries, there are only 9
UV filters, octocrylene (OCR), homosalate, benzophenone-3 (BP-3), phenylbenzimidazole sulfonic
acid (PBSA), ethyhexyl methoxycinammate (EHMC), butyl methoxydibenzoylmethane (BMDBM),
and ethylhexyl salicylate (EHS) that are approved worldwide but have different maximum limits, so it

is nearly impossible for a manufacturer to use one uniform formulation in all markets.

Sun protection products have an important protective function. Therefore, their efficacy and the basis
on which the efficacy is claimed are important public health issues that must be controlled. The
efficacy of sun protection products is first given by the sun protection factor (SPF), which is the
quotient between the minimal erythema dose (MED) with applied sunscreen and the MED without
sunscreen. Therefore, the SPF is an indicator of protection against UVB radiation. However,
considering the erythemal action spectrum, also UVA-II (315-340 nm) seems to contribute to the

formation of erythema to some extent [184].

In 1956, the radiation physicist Rudolf Schulze first introduced the term “protection factor,” which
was initially only used among dermatologists [185]. In 1962, the chemist Franz Greiter picked up the
term and defined it precisely in the way we know “SPF” today [186]. The SPF should allow the
consumer a direct and easily understandable comparison. However, as in vivo SPF determinations
depends on different parameters such as number and selection of the test persons, kind of application,

and irradiation source or the exact waiting time to evaluate the skin reddening, the need for a uniform
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methodology soon arose. In 1976, the US Food and Drug Administration (FDA) proposed the first
standardized method to determine the SPF of sunscreens [187]. Further standards similar to the FDA
method followed, e.g. by the Standards Association of Australia (SAA) in 1986 [188] and by the
Japan Cosmetic Industry Association (JCIA) in 1991 [189]. The first standardized method in Europe
was the COLIPA SPF Test Method, developed in collaboration of major European manufacturers of
sun protection products and contract testing laboratories in 1994 [190]. In 2003, COLIPA (since 2012:
Cosmetics Europe), JCIA and the South African Cosmetic, Toiletry & Fragrance Association (CTFA-
SA) published the jointly improved International SPF Test Method (ISPF) [191], which was revised in
2006 with the additional participation of the Cosmetic, Toiletry and Fragrance Association of the
United States (CTFA-USA) [192]. In December 2010, the International Organization for
Standardization (ISO) published the ISO Standard “Cosmetics - Sun protection test methods - In vivo

determination of the sun protection factor (SPF),” which replaced the earlier test method [193].

Today, Korea, Columbia, the Mercosur Countries (Argentina, Brazil, Paraguay, and Uruguay),
Australia, New Zealand, Canada, and the ASEAN countries (Indonesia, Malaysia, the Philippines,
Singapore, Thailand, Brunei, Myanmar, Cambodia, Laos, and Vietnam) have adopted methods

referring to FDA or ISO standards. China is also considering an adoption of a SPF standard.

The standardized amount of sunscreen applied in the in vivo test situation is 2 mg/cm’. However,
different studies have shown that the actual “in-use” levels of applied sunscreens are often
significantly lower, which decreases their protection ability [194,195] so that the SPF claimed on the
product cannot be reached [196]. In general, the protection capability of a sunscreen depends on other
factors in addition to the SPF and the actual amount of sunscreen applied. These include the
respective skin type of the user, the frequency of re-application, the subsequent activities (swimming,

drying of the skin, contact with sand, etc.), and the total formulation of the product [197].

For a long time, the efficacy of sun protection products was mainly concentrated on a high SPF,

giving consumers a false sense of security and encouraging them to stay in the sun longer. Although a
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sunscreen of SPF 30 offers twice the protection of a sunscreen with SPF 15 (according to a halved
UVB transmittance of 3.3 % against 6.7 %) and therefore allows to stay twice as long in the sun, a
high SPF says almost nothing about UV A protection and during the prolonged exposure time, the skin
is increasingly defenseless against UVA radiation, without any directly visible signs but an increased
risk of melanoma [198,199]. In addition, it is known that the determination of especially high SPFs is

difficult due to the necessarily long irradiation time and the decreasing reproducibility [200,201]

As it became clear throughout the years that UV A radiation is not only responsible for premature skin
aging but shows also mutagenic and carcinogenic properties, the development of sunscreen products
with the best possible broadband protection was pushed forward [31,199,202]. In 2006, the European
Commission (EC) issued a recommendation on the efficacy of sunscreen products including a UVA-
PF/SPF ratio of at least 1:3 [203]. By doing so, the EC and the industry seek to further ensure that
sunscreens protect consumers against both UVB and UVA radiation, and that there are easy-to-
understand efficacy levels based on standard criteria. Although not legally binding, European
manufacturers consequently reformulated their products according to the recommendations. To
indicate that a sunscreen product offers the recommended minimum UVA protection, COLIPA has

issued a standardized UV A-label, the “UV A-seal.”

Depending on the respective country, different established methods are used to determine the UVA
protection ability of a product (Table II). One possibility to determine the UVA protection
performance of a sunscreen is the in vivo measuring of PPD or IPD after long-term or short-term
UVA radiation [204,205]. The PPD was originally developed in Japan where it is still the prescribed
method to measure UV A protection [206]. Today there is also an ISO standard, which is based on the

principles recommended by JCIA [207].

Another way to test the UVA or broad-spectrum protection ability of a product is by the usage of
appropriate in vitro methods. In Europe, this development started with the determination of the

UVA/UVB ratio, which compares the area under the curve in the UVB and in the UVA ranges, as
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well as the critical wavelength (CW) [208]. Both tests are based on the assessment of the UV
transmittance of a thin sunscreen film spread over a defined area of a roughened substrate before and
after controlled UV exposure. The CW describes the range of protection over the “whole” UV
spectrum (290400 nm) and is the wavelength at which 90% of the cumulative area under the total
absorbance curve from 290 to 400 nm occurs. The longer the critical wavelength is, the broader the
UVA protection of a product. According to the FDA 2011 Final Rule, the determination of the CW is
the prescribed standard method to define whether a product offers broad spectrum protection (CW >

370 nm) or not [209].

The internationally standardized ISO method “Determination of sunscreen UV A photoprotection in
vitro” [210] is also based on absorbance measurements. The ISO replaced the earlier reference
method of COLIPA, first published in 2007 [211] and last updated 2011 [212] due to the results of a
collaborative study concerning the roughness of the plate material used [213], The aim is to determine
the CW and the UV A protection factor (UVA-PF) by the convolution of the transmittance results with
the PPD action spectrum and the spectrum of the UV A-filtered solar simulator. Due to the European

recommendation, the UVA-PF/SPF ratio of an effective sunscreen is >0.33.

In Australia and New Zealand, for a long time the “Australian Standard” was the established in vitro
method to determine UVA protection [214]. Once a sunscreen reduces the transmission in the range
of 320-360 nm by at least 90%, a product could claim broad-spectrum UV protection. For products
with low or moderate SPF, the methods offers adequate protection, but with a higher SPF the ratio
between UVA and UVB protection increases disproportionately. In addition, the Australian Standard
method excludes a large portion of the UVA-I spectrum (340—400 nm). Therefore, in the recent
Australian and New Zealand Sunscreen Standard [215], the previous standard method was replaced

by the ISO 24443:2012 [210].
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All of the countries previously mentioned allow at least one of these UVA determination methods
(Table II). However, a possible agreement on one common standard seems unlikely, at least for the

near future.

Water resistance also has an influence on the efficacy of a sun protection product and can be reached
by the usage of UV filters with only minimal water solubility, polymers, and an appropriate emulsifier
system. Since 2005, there is a standardized COLIPA testing method to determine the water resistance
of a product [216]. It is based on the comparison of the SPF of a tested sunscreen product after a
defined period of immersion in water with the original SPF. The term “(very) water resistant” can be
used if the remaining SPF after 2 (4) baths of 20 minutes is >50% of the original SPF (IC 90%). The
FDA method is similar in the methodology, but the big difference is that no decrease in the SPF level

is allowed after the respective testing time.

Since possible photodegradation may have a big influence on the efficacy of a sun protection product,
a test of the photostability of a sunscreen over the whole UVA and UVB range is also required. One
possibility to determine the photostability is the usage of an in vivo method in which a fixed amount
of sunscreen is applied on the skin of a test subject followed by irradiation. The UV filters are
recovered by tape stripping and extracted from the tapes, and their residual presence is quantified by
high-performance liquid chromatography (HPLC) and spectrophotometry. The difference in the
determined UV filter amount of an irradiated and non-irradiated sample allows a direct assessment of
the photostability of a sun protection product. In 2004, COLIPA has issued a comparable in vitro
testing guideline, which was also based on the HPLC determination of the UV filter amount of a

tested sun protection product before and after UV irradiation [217].

The above-mentioned in vitro test methods for the determination of SPF, UVA protection, and photo

degradation are based on results obtained in vitro with the help of poly(methyl methacrylate)

(PMMA) or roughened quartz plates. Whether these results can be transferred directly to the real
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conditions of the skin is questionable, as reactions of the skin under UV exposure or interactions of

the products with the skin are not covered by the test conditions [218-221].

Besides the testing of the performance of UV filters and sunscreens, the issue of patent freedom has
become a major concern for UV filter and sunscreen manufacturers worldwide. At the moment, all
newly developed UV filters are patented before their introduction to the sunscreen market. For
example, BASF holds several patents for the use of ZnO in sun care formulations in the USA or
L’Oreal for the effective UVA filters Mexoryl SX and Mexoryl XL. Furthermore, the patents do not
extend solely to the UV filters themselves, but also to the combinations of different UV filters (e.g.
octocrylene and 4-MBC) or the underlying technologies. This strongly constrains the cosmetic usage

of such ingredients for competitors and can even make usage impossible [222].

Inorganic UV filters

For these UV filters, the term “physical UV filters” was initially used, attributed to their first known
mechanism of sun blocking through the physical manner of reflection and scattering. However, small
inorganic UV filter particles also absorb part of the incident light. The combination of absorption,

reflection, and scattering leads to a protection across both the UVA and UVB spectrum [223].

The best-known inorganic UV filters are TiO, and ZnO. TiO; is listed in Annex VI of the Cosmetics
Regulation as a permitted UV filter up to a concentration of 25% in the finished product. TiO, is
known to exist in the three crystal forms, anatase (tetragonal), brookite (orthorhombic), and rutile
(tetragonal) with different UV-attenuating properties. ZnO is currently not listed in Annex VI as a
permitted UV filter. So far, however, there were different national approvals, e.g. in the German
Cosmetics Ordinance [224], which allowed the usage of ZnO as a UV filter. Currently, the EC is
about to implement microfine and nanofine ZnO as UV filter in Annex VI of the Cosmetics
Regulation based on the previous positive opinions of the Scientific Committee of Consumer Safety

[225,226].
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In the past, mineral UV filters formed an opaque film on the skin that limited their cosmetic use. Due
to technological advantages, micronized oxides are now obtained on a nanometric scale (<100 nm)
and show other properties of light refraction and diffraction, resulting in a thin transparent layer that is
easy to spread with even better protection abilities [227]. For both nano TiO, and nano ZnO, the
SCCS concluded that their usage in sun protection products can be considered as safe [226,228]. The
only exception is made for the usage of ZnO and TiO, nanoparticles in spray products, because there
is evidence that these particles can have severe effects in the lungs upon inhalation. Although very
effective and positively evaluated by the SCCS, the usage of nanomaterials is still questioned
critically. The main points of criticism are the possible altered toxicological potential of extremely
small particles, their conceivable penetration, especially through (sun)damaged skin, and their

toxicological effects in the body [229,230].

Toxic effects of ZnO and TiO, nanoparticles are seen in their ability to evade immunological defence
mechanisms, to form complexes with proteins and in their photochemical activity [231,232]. When
exposed to UV radiation in vitro, nanoparticles emit electrons responsible for the formation of highly
reactive oxygen species, e.g. hydroxyl radicals or hydrogen peroxide [233-235]. In general, they are
able to damage cell compounds such as cell membranes, proteins, and DNA and are therefore
cytotoxic [236-238]. When comparing the three crystal forms of TiO,, the anatase and the amorphous
form show higher photoreactivity and cytotoxicity than the rutile form [239-241]. This finding is
partly reassuring insofar as, in sunscreens, the rutile form is mainly used due to its higher UV

absorption [242].

Of course, the results of those in vitro cell tests are not directly transferable to in vivo conditions,
primarily because the increased formation of ROS at a viable cell level requires the penetration of the

particles into the skin.

To reduce the undesirable photoreactivity of TiO, and ZnO nanoparticles, the surface activity of the

particles can be reduced by an appropriate coating of the material with both inorganic (aluminum
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oxide, silica, zirconia) or organic (silanes, silicones, dimethicones) substances [243,244]. An
appropriate coating is stable over the whole production process, can help to ensure that the particles
can be readily incorporated in the formulation, and protects the particles against agglomeration (1—

100 um) and deposition [245].

Permeation of small particles through the stratum corneum may occur via different pathways:
intracellular, intercellular, or through the appendage route (i.e. along hair follicles, sweat pores, or
skin glands) [231]. Due to their low solubility and the impermeable character of corneocytes,
intracellular penetration of TiO, or ZnO is rather unlikely [230]. Although aggregation of the small
particles in hair follicles was observed [246,247], the follicles must be seen as more similar to
accumulation sites from which particles are gradually transported out with the sebum flow without
further penetration in the living skin [248,249]. What remains is the intercellular pathway, which is
also limited due to the densely packed stratum corneum (SC) structure. Intercellular spaces between
the SC corneocytes are likely small and measure between 0.5-7 nm and 20-30 nm [250]. However,
the spaces can be expanded by the application of topical products [251] or after stress, e.g. caused by

UV radiation [252,253].

The penetration of nanoparticles in the skin has been subject of numerous studies, some of which have
had different results. Most in vitro and in vivo studies using both animal and human skin verify that
TiO, and ZnO nanoparticles do not penetrate the underlying layers of either intact or UV-damaged
skin [254-260]. The penetration is mostly limited to the SC, and hence systemic absorption is
unlikely. One reason for this could be that nanoparticles tend to aggregate into larger structures (30—

150 nm), which may reduce their ability to penetrate the skin [256,261-264]

Nevertheless, as sunscreens are also applied especially to sun-stressed or damaged skin with

weakened barrier functions, there is a further need for substance-specific research.
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Organic UV filters

The group of organic UV filters includes different substance classes, which can be divided into UVA
and UVB filters due to their specific absorption characteristics. Most organic UV filters contain
aromatic compounds conjugated with carbonyl groups. The excitation of electrons in the respective
benzene ring leads to absorption in the UV range. The absorption range and strength of the different

UV filter classes (Fig. 7) is additionally affected by further substituents [265].

The frequency of use of the different organic UV filters has changed significantly in the past 20 years
due to scientific evidence and the development of new UV filter substances. To get an overview of the
most commonly used UV filters in Germany in 2013 and 2014, we compared 178 sun protection
products, 137 skin care products (e.g. face cream, hand cream, make-up), and 47 lip care products

with UV protection, due to their ingredients declaration (Fig. 8).

Dibenzoylmethane derivatives

Butyl methoxydibenzoylmethane (BMDBM) is the most common UVA filter in cosmetic products
and is included in approximately 80% of the sun protection products in Germany (Fig. 8). With the
worldwide recommendation of a balanced UVA/UVB protection, the usage of BMDBM has gained
further importance. BMDBM has replaced the former 4-isopropyl dibenzoylmethane (I-DBM), the
production of which was discontinued in 1993 due to its high photoallergic potential [266]. However,

BMDBM is also a known contact allergen among the UV filters [267,268].

Another critical point is the photoinstability of BMDBM, especially when it is used in combination
with ethylhexyl methoxycinnamate (EHMC) [43,269,270]. The resulting photodegradation products
also have a specific reaction potential and may be seen as further triggers for contact allergies [271].
However, with an appropriate UV filter combination, e.g. with octocrylene (OCR) or by

encapsulation, photodegradation can be decreased to a minimum [272-275].
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Benzophenone derivatives

The two UV filters benzophenone-3 (BP-3) and benzophenone-4 (BP-4), both approved in the EU,
show very good photostability and broad-spectrum protection over the whole UVB and UVA ranges
[276,277]. Therefore, they are not only used in sunscreens and various skin care products, especially
in non-European countries [278], but also as typical light stabilizers in plastics and coatings [279].
However, used alone they do not provide complete UVA protection. Several studies have
demonstrated that BP-3 shows a clear tendency to penetrate the human skin and was found in urine
and even mother’s milk [280-282]. This is particularly critical because BP-3 is considered a substance
with endocrine potential [283-285]. In addition, BP-3 and BP-4 are seen as the most common
photoallergens among the UV filters [286-289]. Therefore, the usage of BP-3 and BP-4 in sun

protection products in Germany decreased to a minimum (Fig. 8).

p-Aminobenzoate derivatives
The UVB filter 4-aminobenzoic acid (PABA) was one of the first commercially available and one of
the most popular UV filters worldwide [290]. However, it soon became apparent that both PABA and

its derivatives were known triggers of photoallergic reactions [291,292].

In 2008, PABA was banned as a cosmetic UV filter in the EU. The usage of ethylhexyl
p-aminobenzoic acid (OD-PABA) has also significantly decreased in the past 20 years, and nowadays

it has been almost completely replaced by other UV filters.

Salicylate derivatives

The UVB filters ethylhexyl salicylate (EHS) and homosalate are typical representatives of this group.
Salicylate derivatives are rather weak UVB absorbers but are often used to augment other UVB
filters. Due to their insolubility in water, they show good water resistance. Cosmetically used
salicylates are rarely associated with allergic or photoallergic reactions [268,293,294] and do not have

notable estrogenic activity [295,296]. In addition, EHS shows only a slight tendency to penetrate the
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skin [297]. Therefore, especially EHS with its good photostability and solubility is a common

ingredient in sunscreens (Fig. 8).

The UV absorber triethanolamine salicylate is water-soluble and is a typical photoprotective agent in

hair care products.

Camphor derivatives

Due to their excellent photostability, the camphor derivatives 3-benzylidene camphor (3-BC) and 4-
methylbenzylidene camphor (4-MBC) were popular UVB filters for a long time [298]. In 1994, 4-
MBC was found in about 30% of the sun protection products [299]. Even in the period from 2004 to
2006, 4-MBC was still a typical sunscreen ingredient [300]. In the past several years, the camphor
derivatives have been under more and more criticism due to their possible endocrine potential [283-
285]. The increasing pressure of the public and different nongovernmental organizations, like e.g.
Women in Europe for a Common Future (WECF) or the German Friends of the Earth (BUND),
resulted in the near-cessation of use of 3-BC and 4-MBC in sun protection products in Germany (Fig.

8).

Terephthalylidene dicamphor sulfonic acid (TDSA, Mexoryl SX), a further camphor derivative, is an
effective UVA filter, which was developed and patented by L’Oréal in 1982 and was approved 1991
as cosmetic ingredient in Europe. In 2006, Mexoryl SX was also approved by the FDA as part of the
sunscreen “Anthelios SX”. This was the first approval of a product with a new UV filter since 1988.
TDSA shows good protection ability against the negative effects of UVA radiation, like skin
pigmentation, epidermal hyperplasia, or the decrease of skin hydration and elasticity [301-303]. In

addition, TDSA is photostable and shows no tendency for percutaneous absorption [304].

Cinnamate derivatives
Ethylhexyl methoxycinnamate (EHMC, octinoxate) is one of the most common UV filters worldwide

and is often used in combination with other UVB filters to achieve high SPF values. EHMC is
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generally well tolerated but shows a certain photodegradation potential, especially in combination
with BM-DBM, associated with a decrease of its protection ability [268,305,306]. However,

encapsulation of EHMC can significantly improve its photostability [307,308].

For EHMC, which is seen as another UVB filter with possible estrogenic activity [283-285,309] and a
tendency to permeate the skin [297,310], the frequency of use in Germany strongly decreased. In
1994, EHMC was an ingredient of about 65% of all sunscreens on the market [299]. We found it in
about 15% of the observed sun protection products currently sold in Germany. However, EHMC is

still one of the most important UVB filters in daily care products (Fig. 8).

The UVB filter OCR also belongs to the group of cinnamates. Due to its good photostability and its
photo-stabilizing effect, especially toward BMDBM [274,311], OCR can be found in approximately
80% of all observed sunscreens in Germany (Fig. 8). It is assumed that under irradiation an energy
transfer can occur between OCR and BMDBM in an exited state (triplet), which results in the very
efficient deactivation of BMDBM from the triplet to the ground state via heat release and therefore

stabilization [178].

However, due to its widespread usage, there is more and more evidence that OCR has developed into

one of the most common photoallergens [312-315].

Triazones

Recently, the development of new UV filters is based on the so-called 500 Da rule [54]. With an
increased molecular weight of more than 500 Da, skin penetration is reduced. This reduction is
associated with increased safety and efficiency of such substances. Due to the extension and
multiplication of their chromophoric groups, the UVB filter ethylhexyl triazone (EHT), the UVB filter
diethylhexyl butamido triazone (DEBT, iscotrizinol, Uvasorb HEB), and the broad-spectrum UV filter
bis-ethylhexyloxyphenol methoxyphenyl triazine (BEMT, bemotrizinol, Tinosorb S) have a molecular

weight well above 500 Da. These UV filters show comparatively high absorption coefficients,
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significant anti-inflammatory effects and are highly efficient and very photostable [222,316-318]. In
addition, especially Tinosorb S can improve the photostability other UV filter substances in a
sunscreen [316]. Due to their various positive properties, triazones are incorporated in more and more
sun protection and skin care products (Fig. 8). Recently, tris-biphenyl triazine (Tinosorb A2B) has
been added to Annex VI of the EU Cosmetics Regulation [181]. It is the first UV filter with a particle
size below 100 nm that is explicitly approved for the use in European cosmetics. It is a water-
dispersible, broad spectrum, micronized UV filter that protects the skin especially against UV
radiation between 290 nm and 340 nm, thus closing the gap between “classical”, pure UVA or UVB

filters. It is the first UV filer, which was newly added to Annex VI since 2005.

Benzotriazoles

Also the broad-spectrum UV filters drometrizole trisiloxane (DTS, Mexoryl XL) and methylene bis-
benzotriazolyl tetramethylbutylphenol (MBBT, Bisoctrizole, Tinsorb M) fall under the 500 Da rule.
Accordingly, their skin penetration is minimal and (photo) allergic reactions to these UV filters also
appear to be further rare [319,320]. Mexoryl XL was the first photostable UV filter, which offers
protection over the whole UVB and UVA ranges. The combination of Mexoryl SX and XL has an

additional synergistic effect on their protection abilities [321].

Tinosorb M is manufactured in the form of organic microfine particles and can be dispersed in the
water phase of a sunscreen. Accordingly, it combines the properties of organic and inorganic UV
filters and scatters, reflects and absorbs UV radiation. Tinosorb M shows a good photostability and

broad-spectrum ability over the whole UVB, UVA-I and UVA-II range [322,323].

Development of allergic and photoallergic reactions

As described previously, several organic UV filters are known triggers of allergic and photoallergic
reactions responsible for approximately 55-80% of the positive photopatch test results [287,292,324].
Their mostly lipophilic character and their small molecular size allow sufficient skin penetration,

which is the basic requirement to initiate an allergic response.
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Mechanism of sensitization

Allergic contact dermatitis (ACD) is a type IV hypersensitivity response (delayed type) and is the
result of a T-lymphocyte-mediated immune response to an allergenic substance that comes into
contact with the skin. Hence, in contrast to other allergic reactions, ACD is not antibody mediated but
is cell mediated [325]. ACD consists of two phases: the induction (sensitization) phase and the
elicitation (expression) phase (Fig. 9). The first phase may take from a few days to a few years,
depending on the allergic potential of the substance. After sensitization, the second phase takes
approximately 1-2 days to fully develop, hence the name “delayed type.” In the first phase, small
molecules with allergenic potential (haptens) penetrate through the skin. Some substances are initially
non-immunogenic but become potent haptens due to enzymatic processes in or on the skin
(prohaptens) or due to non-enzymatic processes, e.g. oxidation or photoactivation (prehaptens)
[326,327]. In the skin, the haptens bind covalently to nucleophilic amino acid side chains (mainly
lysine and/or cysteine residues) of MHC proteins, which are carrier proteins, and form an antigenic

complex, which is internalized and processed by dendritic LCs [328].

At the same time, an uptake of haptens by KCs activates the release of different cytokines, e.g. the
interleukins IL-1p, IL-1a, and IL-18, and different growth factors, e.g. tumor necrosis factor-alpha
(TNF-a) and granulocyte-macrophage colony-stimulating factor (GM-CSF) [329]. In addition, the
contact of KCs with haptens induces different protective pathways such as the oxidative stress
response pathway [330-332]. This pathway is mediated by the antioxidant response element (ARE),
which is an enhancer sequence that transcriptionally regulates different genes that encode phase 2
enzymes to maintain the cellular redox status and to protect against oxidative damage. Activation of
ARE is regulated by the specific transcription factor, nuclear factor (erythroid-derived 2)-like 2
(Nrf2), which in turn is negatively controlled by the Kelch-like ECH-associated protein (Keapl), a
protein that binds Nrf2. Keap1 is redox sensitive, and the cysteine groups in its structure can easily be
oxidized, which decreases its affinity for Nrf2. As a result, Nrf2 is released from Keapl, translocates

to the nucleus where it binds to ARE, and induces the transcription of different antioxidative gens
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[333]. An allergenic substance can also induce the release of Nrf2 due to its binding to the cysteine

side chains of the Keap1 protein [334].

Additionally, KCs show metabolic potential and supply enzymes (e.g. cytochrome P450), which are

involved in the activation of prohaptens to immunologically effective haptens [335].

Under the influence of the released cytokines and chemokines, the loaded LCs migrate toward the
regional lymph nodes. There, LCs present the hapten-protein complex to naive T cells, which
recognize the antigen and start the cascade of antigen-specific commitment. The proliferation of
memory and effector T-lymphocytes is initiated, which migrate in the peripheral tissue. Upon re-
exposure to the same or a very similar hapten, the LCs become haptenized once more and are rapidly
intercepted by the already-existing antigen-specific T cells in the epidermis (lower activation
threshold). Proinflammatory cytokines and chemokines are released locally, which promote an
inflammatory reaction with typical ACD symptoms such as redness, itching, swelling of the skin,
formation of blisters, and an oozing rash. Due to the development process, an ADC can be divided
into skin penetration, possible metabolic activation, protein binding, activation and migration of

LHCs, and proliferation of T cells [325,336-338].

Skin sensitization test methods

Allergic contact reactions have become frequent skin complaints with increasing incidence rates
during recent years. It is estimated that the prevalence of contact allergies is about 15-20% in the
general population [339,340]. Therefore, the evaluation of the sensitization potential of chemical
substances, especially cosmetic ingredients that are intentionally applied directly on the skin, is of
great importance. Accordingly, manufacturers of cosmetics are legally obliged to secure the safe
usage of their products before they are placed on the market. In addition, many chemical substances,
including cosmetic ingredients, must be assessed under the European chemicals regulation REACH
(1907/2006/EC) [341]. The evaluation of skin sensitization is one mandatory endpoint when

producing or importing a ton or more of a substance in or to Europe.
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For a long time, sensitization was tested using different animal methods, e.g. guinea pig-based tests
like the Guinea pig maximization test (GPMT), the Buehler Test, or the local lymph node assay
(LLNA). Even today, these methods are the only generally recognized test systems currently
authorized by the Organization for Economic Cooperation and Development (OECD) [342-345]. For
the original LLNA, radiolabeled thymidine is used as a marker to determine the cellular proliferation
in the auricular lymph node of the test animals after repeated topical application of the test chemical
[346]. Today, several variants of the LLNA have been developed in which the radioactive materials
are replaced, e.g. by 5-bromo-2-deoxyuridine in the LLNA:BrdU-ELISA [347]. By testing a
minimum of three different concentrations of the test substance, it is not only possible to differentiate
between sensitizers and non-sensitizers, but also to assess the respective sensitizing potential via the
EC3 value, the effective concentration of a test chemical to provoke a 3-fold increase in lymph node
cell proliferation. Guinea pig tests are based on a visual assessment of a skin reaction induced after
topical application (Buehler test) [348] or intradermal and topical application of the test substance
(GPMT) [349]. The latter two can only provide information as to whether a substance is a sensitizer

or not and have limitations when the sensitization potency of a substance must be assessed.

Even today, the above-mentioned OECD methods are the only validated tests that are currently
implemented in the REACH regulation or the corresponding Test Methods Regulation (EC) No.
440/2008 [350]. Nevertheless, REACH expressly requires and promotes the usage of appropriate
alternative test methods. Moreover, since July 11, 2013, the new Cosmetics Regulation completely
bans animal testing for both finished cosmetic products and cosmetic raw materials. Therefore, it is
not surprising that in the last 15 years great efforts have been made to develop promising animal-free
testing methods. According to the five accepted mechanistic key events, i.e. skin
penetration/bioavailability (1), peptide reactivity/haptenation (2), epidermal inflammation (3),
dendritic cell activation and migration (4), and T cell proliferation (5), different approaches were
followed. It is likely that a combination of different analysis methods using different endpoints may

offer an overall high accuracy for prediction [351].
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Bioavailability: In the case of sensitization, bioavailability describes the ability of a substance to
penetrate the skin and the possible activation of a weak or non-sensitizing substance into a sensitizer.
The chemical structure and the physical properties of a substance allow an initial assessment. For
example, a low molecular weight (<500 Da) and melting point (<200°C), and an octanol/water
partition coefficient (log Kow) between 1 and 5 suggest a certain penetration potential [352].
Therefore, the consideration of such data can be useful for in silico structure activity relationship

(SAR) tools.

Most of the data on the skin penetration have been obtained by in vitro or ex vivo studies using Franz
diffusion cells and human or animal skin but also artificial skin constructs (ASC) [353]. Human skin
models can be divided into skin equivalents, having both KCs and dermal substitutes (collagen and
fibroblasts), and reconstituted human epidermis (RHE) models, consisting of multiple layers of KCs
to mimic the epidermis. Several commercial RHE are available, but these model systems lack
dendritic cells or T lymphocytes, which are crucial for the sensitization process [354,355]. Recently, a
Japanese research group led by Uchino developed skin with an additional collagen/vitrigel layer,
which contains KCs, fibroblasts, and dentritic cells (DCs) (VG-KDF-Skin) [356]. However, although
different RHE models such as EpiSkin, EpiDerm or SkinEthic have already been implemented under
the OECD guidelines as proven test systems for the endpoints of skin corrosion and skin irritation
[357,358], there is currently no approved method for the area of sensitization with these test systems.
Although some studies show promising results, it turns out that the permeability of the available
reconstructed skin models is much higher compared with human skin, especially for lipophilic
substances [359-361]. Additionally, the test systems cannot currently achieve ASC that are
comparable complex as human skin, especially considering skin-specific metabolic activation
processes [362,363]. Hence, also the European Union Reference Laboratory for alternatives to animal
testing (EURL ECVAM), which promotes the scientific and regulatory acceptance of non-animal
tests, concluded that the currently available models of human skin equivalents used to determine

sensitization require further optimizations before they can be considered for evaluation by ECVAM.
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Haptenation: For a majority of organic substances, the covalent binding to skin proteins is a crucial
step during the sensitization process [364,365]. Such reactions can be described as nucleophilic-
electrophilic processes. Therefore, the assessment of the molecular structure of chemical substances
allows a first estimation of their reactivity and is the basis of structure-activity relationship approaches
[366-368]. To draw conclusions about the toxicity of a substance due to its structure, it is useful to
group the substances into different reaction mechanistic domains such as Michael acceptors, Schiff
base formers, SN2 and SNAr electrophiles, and acylating agents, which were proposed by Aptula and
Roberts [369]. Inclusion of quantitative assessments has led to different in silico quantitative
structure—activity relationship (QSAR) models, e.g. the Toxtree and the DEREK NEXUS software, or
the OECD (Q)SAR Application Toolbox to name only a few. These models use structural alerts and
defined exclusion rules to assess the skin sensitization potential of a substance by performing a trend
analysis and read-across [370-372]. The additional inclusion of further physical-chemical parameters

such as the Log Kow can further improve the accuracy of the assessment.

Another approach is the usage of in chemico methods such as the direct peptide reactivity assay
(DPRA), the peroxidase peptide reactivity assay (PPRA), or the Electrophilic Allergen Screening
Assay (EASA) to generate data for the reactivity of chemicals toward model nucleophiles [373-376].
The DPRA uses two model peptides with lysine and cysteine as reaction targets. The depletion of the
peptides, measured with HPLC-UV, is seen as an indicator for the sensitization potential of a
substance. Another possibility to determine the reactivity of chemicals towards model peptides, is to
detect unoccupied thiol or lysine binding sides after incubation with 5,5'-dithiobis-2-nitrobenzoic acid

or fluorescamine [377].

In a new generation of DPRA, the peroxidase peptide reactivity assay (PPRA), horseradish
peroxidase, and hydrogen peroxides are additionally used to follow some metabolism and oxidation
processes and to incorporate pro- or prehaptens that require some kind of activation [375,378]. The
DPRA has completed validation by EURL ECVAM, which supports the development of an

appropriate OECD Test Guideline (TG) [379]. Recently, a draft TG on DPRA is under discussion at
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OECD. To further extend the outcome of such peptide reactivity assays, an LC-MS/MS determination
can be linked, which allows not only quantitative but also qualitative assessment due to the

determination of possible adducts, dimerization processes, etc. [380,381].

Epidermal inflammation: KCs are the dominating cell types in the epidermis and are the first skin
cells, which come into contact with substances that penetrated through the stratum corneum. KCs
show metabolic activity and are able to express various (pro)inflammatory cytokines (e.g. IL-1a or
IL-18) and different adhesion and growth factors upon contact with sensitizers and photosensitizers
[382,383]. This is the basis of a whole series of proposed alternative methods, e.g. the cell-based
AREn32 or NCTC 2544 IL-18 assays and the SenCeeTox, or SENS-IS assays [384-390]. With SENS-
IS, for which human 3D reconstructed epidermis (EpiSkin) is used, a quantification of 62 biomarkers,
which are split into three groups (irritation, ARE, and SENS-IS) is possible [391]. SenCeeTox
measures changes in gene transcription of up to 6 genes using different concentrations of the test
substances and may not only identify sensitizers but also accurately predict their potency category

[392,393].

The contact of KCs with skin sensitizers can also induce cyto-protective cellular pathways, e.g. Nrf2-
Keap1-ARE regulatory pathway, which plays an important role in the protection of cells against
oxidative and xenobiotic damage [394]. Keapl, with its hapten-reactive cysteine residues, plays a
crucial role here. Based on this approach, the KeratinoSens and the LuSens assays were developed to
measure the keratinocyte activity by the induction of a luciferase gene under the control of the
antioxidant response element (ARE) [395-397]. In February 2014, ECVAM published its
recommendation on the KeratinoSens. It is expected that the recommendation will facilitate scientific
discussions at OECD in view of developing further OECD Test Guidelines for skin sensitization

[398].

Dendritic cell activation: During contact between an allergen and the skin, dermal dendritic cells and

the immature dendritic LCs serve as antigen-presenting cells able to internalize and process the
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hapten-protein complex and present the allergen-MHC-complex to naive T cells [399,400]. As a key
issue in the sensitization process, many investigators see potential for the use of dendritic cell lines for
the development of animal-free alternative methods. As LCs are only present in the skin in small
numbers and tend to maturate during extraction and cultivation processes, other dendritic cell lines
such as the human myeloid leukemia cell lines THP-1, U-937, MUTZ-3, or KG-1 are isolated,
cultivated, and used under standardized conditions. Dendritic cell activation can be measured by
chemokine (e.g. DC-CK1, CCCLS5, CCL19, and MIP-1a) and cytokine secretion (e.g. IL-1pB, IL-1a,
IL-8, and TNF-a) and through the expression of cell surface markers (e.g. CD40, CD54, CD86, and
C-C chemokine receptor type 7 (CCR7)) [401]. Under the available test systems, the myeloid U937
skin sensitization test (MUSST) and the human cell line activation test (h-CLAT) are the most
advanced test systems in terms of both the number of tested substances and the standardization
procedure. MUSST is based on changes in CD86 expression of the U937 cell line measured by flow
cytometry [402,403]. During h-CLAT, CD86, and CD54 expression of a THP-1 cell line is also
measured using flow cytometry [404,405]. Both methods are currently part of an ECVAM
coordinated prevalidation study. Another approach is the analysis of gene expression changes after the
contact of DCs with allergens. The VITOSENS assay measures changes in gene expression of 13
genes, the cAMP-responsive element modulator (CREM), and the monocyte chemotactic protein-1
receptor (CCR2), determined as predictive biomarkers of CD34+ progenitor cells (CD34-DC) after
contact with sensitizing chemicals [406,407]. The Genomic Allergen Rapid Detection (GARD) assay
utilizes genomic biomarker signatures based on the cellular responses of the human myeloid cell-line
MUTZ-3 toward sensitizers. The biomarker signatures provide measurements of numerous genes that

are involved in immune response and cytoprotective mechanisms [408].

In addition, the increased cytokine/chemokine secretion upon contact with sensitizers is the basis of
various other dendritic cell assays. For example, IL-8, as a sensitive biomarker, seems to be promising
for distinguishing between sensitizers and non-sensitizers [409-411]. Quantification can be performed

by enzyme-linked immunosorbent assay (ELISA), which allows high sample throughput for possible
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screening. However, only a limited number of chemicals have been tested so far, so that the results

still do not allow conclusive assessment of the validity of these methods.

T cell proliferation: As seen in the LLNA, the proliferation of naive T cells after contact with a
chemical substance is a reliable indicator that a substance is immunogenic. Therefore, several
publications concentrate on the feasibility of in-vitro T-cell proliferation followed by a co-culture of
sensitizer-treated dendritic cells (DC/T-cell co-culture protocols) and the expression of selected
biomarkers [412-414]. While the first generation of classical human T cell priming assays (h"TCPA)
could only detect strong or extreme sensitizers, the usage of human peripheral blood with fewer
regulatory cells increased the sensitivity of the methods and allows the determination of moderate and
weak sensitizing properties [415,416]. Although T cell-based assays are complex and have
limitations, they are seen as useful and valid future tools in the development of alternative methods

[417].

It is generally accepted that no single approach of non-animal testing methods reflecting the key
mechanisms of skin sensitization will be sufficient to predict the sensitization potential of a substance.
However, the combination of different approaches in a combined test battery has the potential of a full
replacement toolkit [418]. So far, one of the most promising approaches is a test system combined and
evaluated under the leadership of BASF. Bauch et al. combined the DPRA, the LuSens, or
KeratinoSens assay and the mMUSST and h-CLAT. They reached an accuracy of 94% for 54 test
substances with no false positive or false negative events and thus exceeded even the results of the

LLNA [390,419].

Conclusion

The compatibility and performance of sun protection products is essential for their safe use. The
selection of (photo)stable UV filters, an appropriate combination of different UVA and UVB
absorbers, and a cosmetically pleasant formulation provide the basis for effective protection against

UV radiation. Unfortunately, a globally harmonized system for the evaluation, testing and approval of
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sunscreens is still missing, making it almost impossible for a manufacturer to formulate sun protection

products that can be approved globally.

The market for sun protection products is constantly changing based on the progress of scientific
knowledge. Nevertheless, the approval of new UV absorbers is a major challenge, especially in

certain countries, such as USA.

Although the role of sun protection products will further increase, the widespread use of UV filters in
multiple cosmetic products should not be disregarded due to their impacts on compatibility and their

fate in environment.

References

1.  Holick, M.F. A perspective on the beneficial effects of moderate exposure to sunlight: bone
health, cancer prevention, mental health and well being. In Comprehensive Series in
Photosciences - Sun Protection in Man (P.U. Giacomoni, ed.), pp. 11-37, Elsevier Science,

Amsterdam (2001).

2. Hossein-nezhad, A. and Holick, M.F. Vitamin D for health: a global perspective. Mayo Clin.

Proc. 88, 720-755 (2013).

3. Papoutsaki, M. and Costanzo, A. Treatment of psoriasis and psoriatic arthritis. BioDrugs 27, 3-12

(2013).

4. Matsumura, Y. and Ananthaswamy, H.N. Toxic effects of ultraviolet radiation on the skin.

Toxicol. Appl. Pharmacol. 195, 298-308 (2004).

5. Polefka, T.G., Meyer, T.A., Agin, P.P., Bianchini, R.J. Effects of solar radiation on the skin. J.

Cosmet. Dermatol. 11, 134-143 (2012).

6. Pfeifer, G.P. and Besaratinia, A. UV wavelength-dependent DNA damage and human non-

melanoma and melanoma skin cancer. Photochem. Photobiol. Sci. 11: 90-97 (2012).

This article is protected by copyright. All rights reserved.



10.

11.

12.

13.

14.

15.

16.

17.

Narayanan, D.L., Saladi, R.N. and Fox, J.L. Ultraviolet radiation and skin cancer. Int. J.

Dermatol. 49, 978-986 (2010).

Mason, R.S. and Reichrath, J. Sunlight, vitamin D and skin cancer. Anticancer Agents Med.

Chem. 13, 83-97 (2013).

Randle, H.W. Suntanning: differences in perceptions throughout history. Mayo Clin. Proc. 72,

461-466 (1997).

Roelandts, R. History of Human Photobiology. In Photodermatology (H.W. Lim, H.

Honigsmann, H. and J.L.M. Hawk, eds.), pp. 1-13. CRC Press, Boca Raton (2007).

Hausser, K.W. and Vahle, W. Die Abhingigkeit des Lichterythems und der Pigmentbildung von
der Schwingungszahl (Wellenlidnge) der erregenden Strahlung. Strahlentherapie 13, 41-71

(1922).

Couteau, C. and Coiffard, L. History of sun protection. Rev. Hist. Pharm. (Paris) 58, 151-162

(2010).

Urbach, F. The historical aspects of sunscreens. J. Photochem. Photobiol. B 64, 99-104 (2001).

Dal, H., Boldemann, C. and Lindel6f, B. Does relative melanoma distribution by body site 1960-
2004 reflect changes in intermittent exposure and intentional tanning in the Swedish population?

Eur. J. Dermatol. 17, 428-434 (2007).

Bolanca, Z., Bolanca, 1., Buljan, M., Blajic, L., Penavic, Z.J. and Situm, M. Trends, habits and

attitudes towards suntanning. Coll. Antropol. 32, 143-146 (2008).

Lasithiotakis, K.G., Leiter, U., Gorkievicz, R., Eigentler,T., Breuninger, H., Metzler, G., Strobel,
W. and Garbe, C. The incidence and mortality of cutaneous melanoma in Southern Germany:
trends by anatomic site and pathologic characteristics, 1976 to 2003. Cancer 107, 1331-1339

(2006).

Association of Population-based Cancer Registries in Germany (GEKID). GEKID-Atlas.

Available from http://www.gekid.de (accessed 20 February 2014).

This article is protected by copyright. All rights reserved.



18.

19.

20.

21.

22.

23.

24.

25.

26.

Petersen, B., Thieden, E., Philipsen, P.A., Heydenreich, J., Young, A.R. and Wulf, H.C. A sun

holiday is a sunburn holiday. Photodermatol. Photoimmunol. Photomed. 29, 221-224 (2013).

Veierod, M.B., Weiderpass, E., Thorn, M., Hansson, J., Lund, E., Armstrong, B. and Adami,
H.O. A prospective study of pigmentation, sun exposure, and risk of cutaneous malignant

melanoma in women. J. Natl. Cancer Inst. 95, 1530-1538 (2003).

Veierod, M.B., Adami, H.O., Lund, E., Armstrong, B.K. and Weiderpass, E. Sun and solarium
exposure and melanoma risk: effects of age, pigmentary characteristics, and nevi. Cancer

Epidemiol. Biomarkers Prev. 19, 111-120 (2010).

Autier, P., Dore, J.F., Reis, A.C., Grivegnee, A., Ollivaud, L., Truchetet, F., Chamoun, E.,
Rotmensz, N., Severi, G. and Cesarini, J.P. Sunscreen use and intentional exposure to ultraviolet

A and B radiation: a double blind randomized trial using personal dosimeters. Br. J. Cancer 83,

1243-1248 (2000).

Autier, P., Boniol, M. and Dore, J.F. Sunscreen use and increased duration of intentional sun

exposure: still a burning issue. Int. J. Cancer 121, 1-5 (2007).

Andersen, S.O., Halberstadt, M.L. and Borgford-Parnell, N. Stratospheric ozone, global
warming, and the principle of unintended consequences--an ongoing science and policy success

story. J. Air Waste Manag. Assoc. 63, 607-647 (2013).

Kripke, M.L. Impact of ozone depletion on skin cancers. J. Dermatol. Surg. Oncol. 14, 853-857

(1988).

Lemus-Deschamps, L. and Makin, J.K. Fifty years of changes in UV Index and implications for

skin cancer in Australia. Int. J. Biometeorol. 56, 727-735 (2012).

Young, A.R. and Sheehan, J.M. UV-induced pigmentation in human skin. In Comprehensive
Series in Photosciences - Sun Protection in Man (P.U. Giacomoni, ed.), pp. 357-376, Elsevier

Science, Amsterdam (2001).

This article is protected by copyright. All rights reserved.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Jablonski, N.G. and Chaplin, G. Colloquium paper: human skin pigmentation as an adaptation to

UV radiation. Proc. Natl. Acad. Sci. USA 107 Suppl. 2, 8962-8968 (2010).

Breitbart, E.W., Greinert, R. and Volkmer, B. Effectiveness of information campaigns. Prog

Biophys. Mol. Biol. 92, 167-172 (2006).

Makin, J.K., Warne, C.D., Dobbinson, S.J., Wakefield, M.A. and Hill, D.J. Population and age-
group trends in weekend sun protection and sunburn over two decades of the SunSmart

programme in Melbourne, Australia. Br. J. Dermatol. 168, 154-161 (2013).

Robinson, J.K., Rigel, D.S. and Amonette, R.A. Trends in sun exposure knowledge, attitudes,

and behaviors: 1986 to 1996. J. Am. Acad. Dermatol. 37, 179-186 (1997).

Moyal,D. The development of efficient sunscreens. Indian J. Dermatol. Venereol. Leprol. 78, 31-

34 (2012).

Wang, S.Q., Tanner, P.R., Lim, H.-W. and Nash, J.F. The evolution of sunscreen products in the

United States--a 12-year cross sectional study. Photochem. Photobiol. Sci. 12, 197-202 (2013).

Manova, E., von Goetz, N., Hauri, U., Bogdal, C. and Hungerbuhler, K. Organic UV filters in
personal care products in Switzerland: a survey of occurrence and concentrations. Int. J. Hyg.

Environ. Health 216, 508-514 (2013).

Seite,S., Fourtanier, A. and Rougier, A. Photoprotection in moisturizers and daily-care products.

G. Ital. Dermatol. Venereol. 145, 631-636 (2010).

Shaat, N.A. and Shaat, M. Recent sunscreens market trends. In Sunscreens, regulations and

commercial development (N.A. Shaat, ed.), pp. 929-940. Taylor & Francis, Boca Raton (2005).

Gago-Ferrero, P., Diaz-Cruz, M.S. and Barcelo, D. An overview of UV-absorbing compounds

(organic UV filters) in aquatic biota. Anal. Bioanal. Chem. 404, 2597-2610 (2012).

Poiger, T., Buser, H.R., Balmer, M.E., Bergqvist, P.A. and Muller, M.D. Occurrence of UV filter
compounds from sunscreens in surface waters: regional mass balance in two Swiss lakes.

Chemosphere 55, 951-963 (2004).

This article is protected by copyright. All rights reserved.



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Fent, K. and Kunz, P. Occurrence and Effects of Hormonally Active UV Filters in the Aquatic

Environment. SOFW 135, 2-12 (2009).

Giokas, D.L., Salvador, A. and Chisvert, A. (2007) UV filters: From sunscreens to human body

and the environment. Trends Anal. Chem. 26, 360-374 (2007).

Nash, J.F. and Tanner, P.R. Relevance of UV filter/sunscreen product photostability to human

safety. Photodermatol. Photoimmunol. Photomed. 30, 88-95 (2014).

Dondi,D., Albini,A. and Serpone,N. (2006) Interactions between different solar UVB/UVA
filters contained in commercial suncreams and consequent loss of UV protection. Photochem.

Photobiol. Sci. 5, 835-843 (2006).

Kohnlein, M. Untersuchungen zum photochemischen Verhalten des UV-B-Filters
Octylmethoxycinnamat in Modellsystemen, Sonnenschutzmitteln sowie auf der Haut. PhD thesis,

Institute of Food Chemistry, University of Hohenheim (2000).

Schwack, W. and Rudolph, T. Photochemistry of dibenzoyl methane UV A filters Part 1.

Photochem. Photobiol. B 28, 229-234 (1995).

Karlsson, 1., Persson, E., Martensson, J. and Borje, A. Investigation of the sunscreen
octocrylene's interaction with amino acid analogs in the presence of UV radiation. Photochem.

Photobiol. 88, 904-912 (2012).

Holbrook, K.A. and Odland, G.F. Regional differences in the thickness (cell layers) of the human

stratum corneum: an ultrastructural analysis. J. Invest. Dermatol. 62, 415-422 (1974).
Sterry, W. Kurzlehrbuch Dermatologie, pp. 3-8. Thieme Verlag, Stuttgart (2011).

McGrath, J.A., Eady, R.A.J. and Pope, F.M. Chapter 3 - Anatomy and Organization of Human
Skin. In Rook's Textbook of Dermatology (T. Burns, S. Breathnach, N. Cox, C. Griffiths, eds.),

John Wiley & Sons, Chichester, UK (2010).

This article is protected by copyright. All rights reserved.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gauglitz G.G. and Schauber, J. Skin: Architecture and Function. In Dermal Replacements in
General, Burn, and Plastic Surgery (L. Kamolz, D.B. Lumenta, eds.), pp. 1-11, Springer-Verlag,

Wien (2013).

Blanpain, C. Epidermal stem cells. Bull Mem. Acad. R. Med. Belg. 162, 418-424 (2007).

Wertz, P.W., Madison, K.C. and Downing, D.T. Covalently bound lipids of human stratum

corneum. J. Invest. Dermatol. 92, 109-111 (1989).

Radner, F.P. and Fischer, J. The important role of epidermal triacylglycerol metabolism for
maintenance of the skin permeability barrier function. Biochim. Biophys. Acta. 1841, 409-415

(2014).

Meckfessel, M.H. and Brandt, S. The structure, function, and importance of ceramides in skin
and their use as therapeutic agents in skin-care products. J. Am. Acad. Dermatol. (2014) [Epub

ahead of print].

Bouwstra, J., Pilgram, G., Gooris, G., Koerten, H. and Ponec, M. New aspects of the skin barrier

organization. Skin Pharmacol. Appl. Skin Physiol. 14, 52-62 (2001).

Bos, J.D. and Meinardi, M.M. The 500 Dalton rule for the skin penetration of chemical

compounds and drugs. Exp. Dermatol. 9, 165-169 (2000).

Wickett, R.R. and Visscher, M.O. Structure and function of the epidermal barrier. Am. J. Infect.

Control 34, 98-110 (2006).

Baroni, A., Buommino, E., De Gregorio, V., Ruocco, E., Ruocco, V. and Wolf, R. Structure and

function of the epidermis related to barrier properties. Clin. Dermatol, 30, 257-262 (2012).

Proksch, E., Brandner, J.M. and Jensen, J.M. The skin: an indispensable barrier. Exp Dermatol.

17, 1063-1072 (2008).

McCullough, J.L. and Kelly, K.M. Prevention and treatment of skin aging. Ann. N. Y. Acad. Sci.

1067: 323-331 (2006).

This article is protected by copyright. All rights reserved.



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Langton, A K., Griffiths, C.E., Sherratt, M.J. and Watson, R.E. Cross-linking of structural
proteins in ageing skin: an in situ assay for the detection of amine oxidase activity.

Biogerontology 14, 89-97 (2013).

Calleja-Agius, J., Brincat, M. and Borg, M. Skin connective tissue and ageing. Best Pract. Res.

Clin. Obstet. Gynaecol. 27, 727-740 (2013).

Lai-Cheong, J.E. and McGrath, J.A. Structure and function of skin, hair and nails. Medicine 41,

317-320 (2013).

Qiang, F. Radiation (Solar). In Encyclopedia of Atmospheric Sciences (J.R. Holton, ed.), pp.

1859-1863. Academic Press, Oxford (2003).

ISO 21348:2007. Space environment (natural and artificial) -- Process for determining solar

irradiances.

McKenzie, R.L., Bjorn, L.O., Bais, A., Ilyasad, M. Changes in biologically active ultraviolet

radiation reaching the Earth's surface. Photochem. Photobiol. Sci. 2, 5-15 (2003).

Dupont, E., Gomez, J. and Bilodeau, D. Beyond UV radiation: a skin under challenge. Int. J.

Cosmet. Sci. 35, 224-232 (2013).

Meinhardt, M., Krebs, R., Anders, A., Heinrich, U. and Tronnier, H. Wavelength-dependent

penetration depths of ultraviolet radiation in human skin. J. Biomed. Opt. 13, 044030 (2008).

Bruls, W.A., Slaper, H., van der Leun, J.C. and Berrens, L. Transmission of human epidermis
and stratum corneum as a function of thickness in the ultraviolet and visible wavelengths.

Photochem. Photobiol. 40, 485-494 (1984).

International Agency for Research in Cancer (IARC). Exposure to artificial UV radiation and
skin cancer / views and expert opinions of an IARC Working Group that met in Lyon, France 27-
29 June (2005). URL: http://www.iarc.fr/en/publications/pdfs-

online/wrk/wrk1/ArtificialUVRad&SkinCancer.pdf (accessed 13.09.2014).

This article is protected by copyright. All rights reserved.



69. Gandini, S., Autier, P. and Boniol, M. Reviews on sun exposure and artificial light and

melanoma. Prog. Biophys. Mol. Biol. 107, 362-366 (2011).

70. Nilsen, L.T.N., Aalerud, T.N. Hannevika, M. and Veiergd, M.B. UVB and UVA irradiances

from indoor tanning devices. Photochem. Photobiol. Sci. 10, 1129-1136 (2011).
71. Balk, S.J. and Geller, A.C. Teenagers and artificial tanning. Pediatrics 121, 1040-1042 (2008).

72. Balk, S.J. Ultraviolet radiation: a hazard to children and adolescents. Pediatrics 127, 791-817

2011).

73. Pawlak, M.T., Bui, M., Amir, M., Burkhardt, D.L., Chen, A.K., Dellavalle, R.P. Legislation
restricting access to indoor tanning throughout the world. Arch. Dermatol. 148, 1006-1012

(2012).

74. Holick, M.F. Sunlight and vitamin D for bone health and prevention of autoimmune diseases,

cancers, and cardiovascular disease. Am. J. Clin. Nutr. 80, 1678-1688 (2004).

75. Bikle, D.D. Vitamin D metabolism and function in the skin. Mol. Cell Endocrinol. 347, 80-89

(2011).

76. Webb, A.R., de Costa, B.R., Holick, M.F. Sunlight regulates the cutaneous production of vitamin

D3 by causing its photodegradation. J. Clin. Endocrinol. Metab. 68, 882—887 (1989).
77. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 357, 266-281 (2007).

78. DeLuca, H.F. Overview of general physiologic features and functions of vitamin D. Am. J. Clin.

Nutr. 80, 1689-1696 (2004).
79. Thacher, T.D. and Clarke, B.L. Vitamin D insufficiency. Mayo Clin. Proc. 86, 50-60 (2011):

80. Chen, J., Liu, W., Lin, Q., Chen, L., Yin, J. and Huang, H. Vitamin D deficiency and low bone
mineral density in native Chinese rheumatoid arthritis patients. Int. J. Rheum. Dis. 17, 66-70

(2014).

81. Lips, P. and van Schoor, N.M. The effect of vitamin D on bone and osteoporosis. Best Pract.

Res. Clin. Endocrinol. Metab. 25, 585-591 (2011).

This article is protected by copyright. All rights reserved.



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Ceglia, L. and Harris, S.S. Vitamin D and its role in skeletal muscle. Calcif. Tissue Int. 92, 151-

162 (2013).

Girgis, C.M., Clifton-Bligh, R.J., Hamrick, M.W., Holick, M.F. and Gunton, J.E. The roles of

vitamin D in skeletal muscle: form, function, and metabolism. Endocr. Rev. 34, 33-83 (2013).

Taha, S.A., Dost, S.M. and Sedrani, S.H. 25-Hydroxyvitamin D and total calcium:
extraordinarily low plasma concentrations in Saudi mothers and their neonates. Pediatr. Res. 18,

739-741 (1984).

Gloth, F.M. 3rd, Gundberg, C.M., Hollis, B.W., Haddad, J.G. Jr., and Tobin, J.D. Vitamin D

deficiency in homebound elderly persons. JAMA 274, 1683-1686 (1995).

Clemens, T.L., Adams, J.S., Henderson, S.L. and Holick, M.F. Increased skin pigmentation

reduces the capacity of skin to synthesise vitamin D3. Lancet 1, 74-76 (1982).

Matsuoka, L.Y., Ide, L., Wortsman, J., MacLaughlin, J.A. and Holick, M.F. Sunscreens suppress

cutaneous vitamin D3 synthesis. J. Clin. Endocrinol. Metab. 64, 1165-1168 (1987).

Raiten, D.J. and Picciano, M.F. Vitamin D and health in the 21st century: bone and beyond.

Executive summary. Am. J. Clin. Nutr. 80, 1673-1677 (2004).

Benakova, N. (2011) Phototherapy of psoriasis in the era of biologics: still in. Acta

Dermatovenerol. Croat., 19, 195-205 (2011).

Reynolds, N.J., Franklin, V., Gray, J.C., Diffey, B.L. and Farr, P.M. Narrow-band ultraviolet B
and broad-band ultraviolet A phototherapy in adult atopic eczema: a randomised controlled trial.

The Lancet 357, 2012-2016 (2001).

Naldi, L. and Griffiths, C.E. Traditional therapies in the management of moderate to severe
chronic plaque psoriasis: an assessment of the benefits and risks. Br. J. Dermatol. 152, 597-615

(2005).

This article is protected by copyright. All rights reserved.



92. Sklar, L.R., Almutawa, F., Lim, H.-W. and Hamzavi, 1. Effects of ultraviolet radiation, visible
light, and infrared radiation on erythema and pigmentation: a review. Photochem. Photobiol. Sci.

12, 54-64 (2013).

94. Claerhout, S., Van Laethem, A., Agostinis, P. and Garmyn, M. Pathways involved in sunburn

cell formation: deregulation in skin cancer. Photochem. Photobiol. Sci. 5, 199-207 (2006).

95. Lippens, S., Hoste, E., Vandenabeele, P., Agostinis, P. and Declercq, W. Cell death in the skin.

Apoptosis 14, 549-569 (2009).

96. Ravanat, J.L., Douki, T. and Cadet, J. UV damage to nucleic acid components. In Comprehensive
Series in Photosciences (P.U. Giacomoni, ed.), pp. 207-230, Elsevier Science, Amsterdam

(2001).
97. Ikehata, H. and Ono, T. The mechanisms of UV mutagenesis. J. Radiat. Res. 52, 115-125 (2011).

98. Pfeifer, G.P. and Besaratinia, A. UV wavelength-dependent DNA damage and human non-

melanoma and melanoma skin cancer. Photochem. Photobiol. Sci. 11, 90-97 (2012).

99. Wikonkal, N.M. and Brash, D.E. Ultraviolet radiation induced signature mutations in

photocarcinogenesis. J. Investig. Dermatol. Symp. Proc. 4, 6-10 (1999).

100. Liu, J., Zhang, C. and Feng, Z. Tumor suppressor p53 and its gain-of-function mutants in cancer.

Acta Biochim. Biophys. Sin. (Shanghai) 46, 170-179 (2014).

101. Giglia-Mari, G. and Sarasin, A. TP53 mutations in human skin cancers. Hum. Mutat. 21, 217-228

(2003).

102. Rivlin, N., Brosh, R., Oren, M. nad Rotter, V. Mutations in the p53 Tumor Suppressor Gene:

Important Milestones at the Various Steps of Tumorigenesis. Genes Cancer 2, 466-474 (2011).

103. Taylor, H.R. The biological effects of UV-B on the eye. Photochem. Photobiol. 50, 489-492

(1989).

104. Young, A.R. Acute effects of UVR on human eyes and skin. Prog. Biophys. Mol. Biol. 92, 80-85

(2006).

This article is protected by copyright. All rights reserved.



105. Roberts, J.E. Ultraviolet radiation as a risk factor for cataract and macular degeneration. Eye

Contact Lens 37, 246-249 (2011).

106. Yam, J.C. and Kwok, A K. Ultraviolet light and ocular diseases. Int. Ophthalmol. 34, 383-400

(2014).

107. Quan, T., Qin, Z., Xia, W., Shao, Y., Voorhees, J.J. and Fisher, G.J. Matrix-degrading

metalloproteinases in photoaging. J. Investig. Dermatol. Symp. Proc. 14, 20-24 (2009).
108. Gilchrest, B.A. Photoaging. J. Invest. Dermatol. 133, E2-E6 (2013).

109. Rabe, J.H., Mamelak, A.J., McElgunn, P.J.S., Morison, W.L. and Sauder, D.N. Photoaging:

mechanisms and repair. J. Am. Acad. Dermatol. 55, 1-19 (2006).
110. Baumann L. Skin ageing and its treatment. J. Pathol. 211, 241-251 (2007).

111. Berneburg, M., Plettenberg, H., Medve-Konig, K., Pfahlberg, A., Gers-Barlag, H., Gefeller, O.
and Krutmann, J. Induction of the photoaging-associated mitochondrial common deletion in vivo

in normal human skin. J. Invest. Dermatol. 122, 1277-1283 (2004).

112. Cadet, J. and Douki, T. Oxidatively generated damage to DNA by UVA radiation in cells and

human skin. J. Invest. Dermatol. 131, 1005-1007 (2011).

113. Krutmann, J. and Schroeder, P. Role of mitochondria in photoaging of human skin: the defective

powerhouse model. J. Investig. Dermatol. Symp. Proc. 14, 44-49 (20009).

114. Schroeder, P., Gremmel, T., Berneburg, M. and Krutmann, J. Partial depletion of mitochondrial
DNA from human skin fibroblasts induces a gene expression profile reminiscent of photoaged

skin. J. Invest. Dermatol. 128, 2297-2303 (2008).

115. Marionnet, C., Pierrard, C., Lejeune, F., Sok, J., Thomas, M. and Bernerd, F. Different oxidative
stress response in keratinocytes and fibroblasts of reconstructed skin exposed to non extreme

daily-ultraviolet radiation. PLOS One 5, 12059 (2010).

116. Shindo, Y., Witt, E., Han, D., Epstein, W. and Packer, L. Enzymic and non-enzymic antioxidants

in epidermis and dermis of human skin. J. Invest. Dermatol. 102, 122-124 (1994).

This article is protected by copyright. All rights reserved.



117. Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T., Mazur, M. and Telser, J. Free radicals and
antioxidants in normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 39,

44-84 (2007).

118. Leccia, M.T., Yaar, M., Allen, N., Gleason, M. and Gilchrest, B.A. Solar simulated irradiation
modulates gene expression and activity of antioxidant enzymes in cultured human dermal

fibroblasts. Exp. Dermatol. 10, 272-279 (2001).

119. Shindo, Y. and Hashimoto, T. Time course of changes in antioxidant enzymes in human skin

fibroblasts after UV A irradiation. J. Dermatol. Sci. 14, 225-232 (1997).

120. Placzek, M., Przybilla, B., Kerkmann, U., Gaube, S. and Gilbertz, K. Effect of ultraviolet (UV)
A, UVB or ionizing radiation on the cell cycle of human melanoma cells. Br. J. Dermatol. 156,

843-847 (2007).

121. De Gruijl, F.R. Photocarcinogenesis: UVA vs. UVB radiation. Skin Pharmacol. Appl. Skin

Physiol. 15, 316-320 (2002).

122. Cadet, J., Sage, E. and Douki, T. Ultraviolet radiation-mediated damage to cellular DNA. Mutat.

Res. 571, 3-17 (2005).

123. Pilger, A. and Riidiger, H.W. 8-Hydroxy-2'-deoxyguanosine as a marker of oxidative DNA
damage related to occupational and environmental exposures. Int. Arch. Occup. Environ. Health

80,1-15 (2006).

124. Valavanidis, A., Vlachogianni, T. and Fiotakis, C. 8-hydroxy-2' -deoxyguanosine (8-OHdG): A
critical biomarker of oxidative stress and carcinogenesis. J. Environ. Sci. Health C Environ.

Carcinog. Ecotoxicol. Rev. 27, 120-139 (2009).

125. Halliday, G,M., Agar, N.S., Barnetson, R.S., Ananthaswamy, H.N. and Jones, A.M. UV-A

fingerprint mutations in human skin cancer. Photochem. Photobiol. 81, 3-8 (2005).

126. Agar, N.S., Halliday, G.M., Barnetson, R.S., Ananthaswamy, H.N., Wheeler, M. and Jones, A.M.

The basal layer in human squamous tumors harbors more UVA than UVB fingerprint mutations:

This article is protected by copyright. All rights reserved.



arole for UVA in human skin carcinogenesis. Proc. Natl. Acad. Sci. USA 101, 4954-4959

(2004).

127. Mouret, S., Forestier, A. and Douki, T. The specificity of UVA-induced DNA damage in human

melanocytes. Photochem. Photobiol. Sci. 11, 155-162 (2012).

128. Van der Pols, J.C. Epidemiology of Basal Cell and Squamous Cell Carcinoma of the Skin. In
Skin Cancer - A World-Wide Perspective (R. Dummer, M.R. Pittelkow, K. Iwatsuki, A. Green,

N.M. Elwan, eds.), pp. 3-12, Springer-Verlag Berlin Heidelberg (2011).

129. Fuchs, A. and Marmur, E. The kinetics of skin cancer: progression of actinic keratosis to

squamous cell carcinoma. Dermatol. Surg. 33, 1099-1101 (2007).

130. Armstrong, B.K. and Kricker, A. The epidemiology of UV induced skin cancer. J. Photochem.

Photobiol. B. 63, 8-18 (2001).

131. Situm, M., Buljan, M., Bulat, V., Lugovi¢ Mihi¢, L., Bolanca, Z. and Simi¢, D. The role of UV

radiation in the development of basal cell carcinoma. Coll. Antropol. 32, 167-170 (2008).

132. Riinger, T.M. Role of UVA in the pathogenesis of melanoma and non-melanoma skin cancer. A

short review. Photodermatol. Photoimmunol. Photomed. 15, 212-216 (1999).

133. Damian, D.L., Matthews, Y.J., Phan, T.A. and Halliday, G.M. An action spectrum for ultraviolet

radiation-induced immunosuppression in humans. Br. J. Dermatol. 164, 657-659 (2011).

134. Meyer, T., Stockfleth, E. and Christophers, E. Immune response profiles in human skin. Br. J.

Dermatol. 157, 1-7 (2007).
135. Schwarz, T. Mechanisms of UV-induced immunosuppression. Keio J. Med. 54: 165-171 (2005).

136. Rivas, J.M. and Ullrich, S.E. The role of IL-4, IL-10, and TNF-alpha in the immune suppression

induced by ultraviolet radiation. J. Leukoc. Biol. 56, 769-775 (1994).

137. Amerio, P., Carbone, A., Auriemma, M., Varrati, S. and Tulli, A. UV induced skin

immunosuppression. Antiinflamm. Antiallergy Agents Med. Chem. 8, 3-13 (2009).

This article is protected by copyright. All rights reserved.



138. Chomiczewska-Skora, D., Adamus, A., Trznadel-Grodzka, E. and Rotsztejn, H. Effects of

ultraviolet radiation on Langerhans cells. Centr. Eur. J. Immunol. 38, 393-398 (2013).

139. Aubin, F. Mechanisms involved in ultraviolet light-induced immunosuppression. Eur. J.

Dermatol. 13, 515-523 (2003).

140. Gibbs, N.K., Tye, J. and Norval, M. Recent advances in urocanic acid photochemistry,

photobiology and photoimmunology. Photochem. Photobiol. Sci. 7, 655-667 (2008).

141. Gibbs, N.K. and Norval, M. Photoimmunosuppression: a brief overview. Photodermatol.

Photoimmunol. Photomed. 29, 57-64 (2013).

142. Reilly, S.K. and De Fabo, E.C. Dietary histidine increases mouse skin urocanic acid levels and
enhances UVB-induced immune suppression of contact hypersensitivity. Photochem. Photobiol.

53, 431-438 (1991).

143. Kurimoto, I. and Streilein, J.W. Deleterious effects of cis-urocanic acid and UVB radiation on
Langerhans cells and on induction of contact hypersensitivity are mediated by tumor necrosis

factor-alpha. J. Invest. Dermatol. 99, 69-70 (1992).

144. Kaneko, K., Smetana-Just, U., Matsui, M., Young, A.R., John, S., Norval, M. and Walker, S.L.
Cis-Urocanic acid initiates gene transcription in primary human keratinocytes. J. Immunol. 181,

217-224 (2008).

145. Moodycliffe, A.M., Bucana, C.D., Kripke, M.L., Norval, M. and Ullrich, S.E. Differential effects
of a monoclonal antibody to cis-urocanic acid on the suppression of delayed and contact

hypersensitivity following ultraviolet irradiation. J. Immunol. 157, 2891-2899 (1996).

146. Gibbs, N.K. and Norval, M. Urocanic acid in the skin: a mixed blessing? J. Invest. Dermatol.

131, 14-17 (2011).

147. Ferlay, J., Steliarova-Foucher, E., Lortet-Tieulent, J., Rosso, S., Coebergh, J.W., Comber, H.,
Forman, D. and Bray, F. Cancer incidence and mortality patterns in Europe: estimates for 40

countries in 2012. Eur. J. Cancer 49, 1374-1403 (2013).

This article is protected by copyright. All rights reserved.



148. Australian Institute of Health and Welfare (AIHW) & Australian Association of Cancer
Registries (AACR) Cancer in Australia: an overview. Cancer series no. 74 Cat. no. CAN 70,
Canberra: ATHW (2012). URL.:
http://www.aihw.gov.au/WorkArea/DownloadAsset.aspx?id=60129542353 (accessed

13.09.2014).

149. Liang, J.J., Robinson, E. and Martin, R.C. Cutaneous melanoma in New Zealand: 2000-2004.

ANZ J. Surg. 80, 312-316 (2010).
150. Garbe, C. and Leiter, U. Melanoma epidemiology and trends. Clin. Dermatol. 27, 3-9 (2009).

151. De Vries, E. and Coebergh, J.W. Cutaneous malignant melanoma in Europe. Eur. J. Cancer 40,

2355-2366 (2004).

152. Nelemans, P.J., Groenendal, H., Kiemeney, L..A., Rampen, F.H., Ruiter, D.J. and Verbeek, A.L.
Effect of intermittent exposure to sunlight on melanoma risk among indoor workers and sun-

sensitive individuals. Environ. Health Perspect. 101, 252 (1993).

153. Elwood, J.M. and Gallagher, R.P. Body site distribution of cutaneous malignant melanoma in

relationship to patterns of sun exposure. Int. J. Cancer 78, 276-280 (1998).

154. Whiteman, D.C., Whiteman, C.A. and Green, A.C. Childhood sun exposure as a risk factor for
melanoma: a systematic review of epidemiologic studies. Cancer Causes Control 12, 69-82

(2001).

155. Pustisek,N., Sikanic-Dugic,N., Hirsl-Hecej,V. and Domljan,M.L. (2010) Acute skin sun damage

in children and its consequences in adults. Coll. Antropol., 34 Suppl 2, 233-237 (2010).

156. Walker, G.J., Soyer, H.P., Terzian, T. and Box, N.F. Modelling melanoma in mice. Pigment Cell

Melanoma Res. 24, 1158-1176 (2011).

157. Gaffal, E., Landsberg, J., Bald, T., Sporleder, A., Kohlmeyer, J. and Tiiting, T. Neonatal UVB
exposure accelerates melanoma growth and enhances distant metastases in Hgf-Cdk4(R24C)

C57BL/6 mice. Int. J. Cancer 129, 285-294 (2011).

This article is protected by copyright. All rights reserved.



158. Von Thaler, A.K., Kamenisch, Y. and Berneburg, M. The role of ultraviolet radiation in

melanomagenesis. Exp. Dermatol. 19, 81-88 (2010).

159. Tucker, M. A. Is sunlight important to melanoma causation? Cancer Epidemiol. Biomarkers Prev.

17, 467-468 (2008).

160. Kanavy, H.E. and Gerstenblith, M.R. Ultraviolet radiation and melanoma. Semin. Cutan. Med

Surg. 30, 222-228 (2011).

161. Mitchell, D. and Fernandez, A. The photobiology of melanocytes modulates the impact of UVA

on sunlight-induced melanoma. Photochem. Photobiol. Sci. 11, 69-73 (2012).

162. Noonan, F.P., Zaidi, M.R., Wolnicka-Glubisz, A., Anver, M.R., Bahn, J., Wielgus, A., Cadet, J.,
Douki, T., Mouret, S., Tucker, M.A. Popratiloff, A., Merlino, G. and De Fabo, E.C. Melanoma
induction by ultraviolet A but not ultraviolet B radiation requires melanin pigment. Nat.

Communic. 3, 884 (2012).

163. Jhappan, C., Noonan, F.P. and Merlino, G. Ultraviolet radiation and cutaneous malignant

melanoma. Oncogene 22, 3099-3112 (2003).

164. Dhillon, A.S., Hagan, S., Rath, O. and Kolch, W. MAP kinase signalling pathways in cancer.

Oncogene. 26, 3279-3290 (2007).

165. Davies, H., Bignell, G.R., Cox, C., Stephens, P., Edkins, S., Clegg, S., Teague, J., Woffendin, H.,
Garnett, M.J., Bottomley, W., Davis, N., Dicks, E., Ewing, R., Floyd, Y., Gray, K., Hall, S.,
Hawes, R., Hughes, J., Kosmidou, V., Menzies, A., Mould, C., Parker, A., Stevens, C., Watt, S.,
Hooper, S., Wilson, R., Jayatilake, H., Gusterson, B.A., Cooper, C., Shipley, J., Hargrave, D.,
Pritchard-Jones, K., Maitland, N., Chenevix-Trench, G., Riggins, G.J., Bigner, D.D., Palmieri,
G., Cossu, A., Flanagan, A., Nicholson, A., Ho, JJ W., Leung, S.Y., Yuen, S.T., Weber, B.L.,
Seigler, H.F., Darrow, T.L., Paterson, H., Marais, R., Marshall, C.J., Wooster, R., Stratton, M.R.

and Futreal, P.A. Mutations of the BRAF gene in human cancer. Nature 417, 949-954 (2002).

166. Bauer, J., Biittner, P., Murali, R., Okamoto, I., Kolaitis, N.A., Landi, M.T., Scolyer, R.A. and

Bastian, B.C. BRAF mutations in cutaneous melanoma are independently associated with age,

This article is protected by copyright. All rights reserved.



anatomic site of the primary tumor, and the degree of solar elastosis at the primary tumor site.

Pigment Cell Melanoma Res. 24, 345-351 (2011).

167. Brenner, M., Degitz, K., Besch, R. and Berking, C. Differential expression of melanoma-
associated growth factors in keratinocytes and fibroblasts by ultraviolet A and ultraviolet B

radiation. Br. J. Dermatol. 153, 733-739 (2005).

168. Muthusamy, V. and Piva, T.J. UVB-stimulated TNFa release from human melanocyte and

melanoma cells is mediated by p38 MAPK. Int. J. Mol. Sci. 14, 17029-17054 (2013).

169. Rodeck, U. Growth factor independence and growth regulatory pathways in human melanoma

development. Cancer and Metastasis Rev. 12, 219-226 (1993).

170. Brenner, M. and Hearing, V.J. The protective role of melanin against UV damage in human skin.

Photochem. Photobiol. 84, 539-549 (2008).

171. Yamaguchi, Y., Brenner, M. and Hearing, V.J. The regulation of skin pigmentation. J. Biol.

Chem.282, 27557-27561 (2007).

172. Maddodi, N., Jayanthy, A. and Setaluri, V. Shining light on skin pigmentation: the darker and the

brighter side of effects of UV radiation. Photochem. Photobiol. 88, 1075-1082 (2012).

173. Tiwari, S. and Chand Mishra, P. Urocanic acid as an efficient hydroxyl radical scavenger: a

quantum theoretical study. J. Mol. Model. 17, 59-72 (2011).

174. Grundmann, J.U. and Gollnick, H. Prevention of ultraviolet ray damage: external and internal

sunscreens. Ther. Umsch. 56, 225-232 (1999).

175. Murphy, G., Young, A.R., Wulf, H.C., Kulms, D. and Schwarz, T. The molecular determinants

of sunburn cell formation. Exp. Dermatol. 10, 155-160 (2001).

176. Yamaguchi, Y., Takahashi, K., Zmudzka, B.Z., Kornhauser, A., Miller, S.A., Tadokoro, T.,
Berens, W., Beer, J.Z. and Hearing, V.J. Human skin responses to UV radiation: pigment in the
upper epidermis protects against DNA damage in the lower epidermis and facilitates apoptosis.

FASEB J, 20(9), 1486-1488 (2006).

This article is protected by copyright. All rights reserved.



177. Afaq, F. and Mukhtar, H. Effects of solar radiation on cutaneous detoxification pathways. J.

Photochem. Photobiol. B 63, 61-69 (2001).
178. Forestier, S. Rationale for sunscreen development. J. Am. Acad. Dermatol. 58, 133-138 (2008).

179. Antoniou, C., Kosmadaki, M.G., Stratigos, A.J. and Katsambas, A.D. Sunscreens--what's

important to know. J. Eur. Acad. Dermatol. Venereol. 22, 1110-1118 (2008).

180. European Parliament and Council, 2009. Regulation (EC) No. 1223/2009 of the European.
Parliament and of the Council of 30 November 2009 on cosmetic products. Official Journal of
the European Union L 342/59 (2009). URL: http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2009:342:0059:0209:en:PDF (accessed

13.09.2014).

181. European Parliament and Council, 2014. Regulation (EU) No 866/2014 of 8 August 2014
amending Annexes III, V and VI to Regulation (EC) No 1223/2009 of the European Parliament
and the Council on cosmetic products. URL: http://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri=CELEX:32014R0866&from=EN (accessed 13.09.2014).

182. Commission Directive 2008/123/EC of 18 December 2008 amending Council Directive
76/768/EEC, concerning cosmetic products, for the purpose of adapting Annexes Il and VII
thereto to technical progress. Official Journal of the European Union L 340/71 (2008). URL:

http://ec.europa.eu/enterprise/tbt/tbt_repository/EEC217_EN_0_2.pdf (accessed 13.09.2014).

183. Food and Drug Administration (FDA) Sunscreen drug products for over-th-counter human use;
final monograph. Federal Register 64/98, 27666-27693, USA (1999). URL:

http://www.fda.gov/ohrms/dockets/98fr/052199b.pdf (accessed 13.09.2014).

184. Osterwalder, U., Sohn, M. and Herzog, B. Global state of sunscreens. Photodermatol.

Photoimmunol. Photomed. 30, 62-80 (2014).

185. Schulze, R. Einige Versuche und Bemerkungen zum Problem der handelsiiblichen

Lichtschutzmittel. Parf. Kosm. 37,7 (1956).

This article is protected by copyright. All rights reserved.



186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Greiter, F. Sun protection factor - development methods. Parf. Kosm. 55, 70-75 (1974).

Food and Drug Administration (FDA). Sunscreen drug products for over-the-counter human use:
proposed safety, effective and labeling conditions. Federal register 43/166, 38206-38269, USA

(1978).

Australian Standards Association. Sunscreen products - evaluation and classification. AS 2604-

1986.

Japan Cosmetic Industry Association (JCIA). Standard SPF Test Method (1991).

The European Cosmetic Toiletry and Perfumery Association (COLIPA). Sun protection factor

test method. Ref 94/289 (1994).

The European Cosmetic Toiletry and Perfumery Association (COLIPA), Cosmetic Toiletry &
Fragrance Association of South Africa (CTFA-SA), and Japan Cosmetic Industry Association

(JCIA). International Sun Protection Factor (SPF) test method, 001-2003, February 2003.

Cosmetic Toiletry & Fragrance Association of South Africa (CTFA-SA), the European Cosmetic
Toiletry and Perfumery Association (COLIPA), Japan Cosmetic Industry Association (JCIA),
Cosmetic, Toiletry & Fragrance Association of the USA (CTFA-US). International Sun

Protection Factor (SPF) test method, May 2006.

ISO 24444:2010. Cosmetics - Sun protection test methods - In vivo determination of the sun
protection factor (SPF). URL: http://www.iso.org/iso/catalogue_detail.htm?csnumber=46523

(accessed 13.09.2014).

Bech-Thomsen, N. and Wulf, H.C. Sunbathers' application of sunscreen is probably inadequate
to obtain the sun protection factor assigned to the preparation. Photodermatol. Photoimmunol.

Photomed. 9, 242-244 (1992).

Petersen, B. and Wulf, H.C. Application of sunscreen--theory and reality. Photodermatol.

Photoimmunol. Photomed. 30, 96-101 (2014).

This article is protected by copyright. All rights reserved.



196. Schalka, S., Dos Reis,V.M. and Cucé, L..C. The influence of the amount of sunscreen applied and
its sun protection factor (SPF): evaluation of two sunscreens including the same ingredients at

different concentrations. Photodermatol. Photoimmunol. Photomed. 25, 175-180 (2009).

197. Rai, R., Shanmuga, S.C. and Srinivas, C.R. Update on photoprotection. Indian J. Dermatol. 57,

335 (2012).

198. Haywood, R., Wardman, P., Sanders, R. and Linge, C. Sunscreens inadequately protect against
ultraviolet-A-induced free radicals in skin: implications for skin aging and melanoma? J. Invest.

Dermatol. 121, 862-868 (2003).

199. Moyal, D.D. and Fourtanier, A.M. Broad-spectrum sunscreens provide better protection from
solar ultraviolet-simulated radiation and natural sunlight-induced immunosuppression in human

beings. J. Am. Acad. Dermatol. 58, S149-S154 (2008).

200. Tronnier, H. Testprobleme bei der exakten Bestimmung hoher Lichtschutzfaktoren. Apotheker

Journal 18, 6 (1996).
201. Finkel, P. Lichtschutzfaktor: Je hoher, desto besser? Parf. Kosm. 78, 30-33 (1997).

202. Bernerd, F., Marionnet, C. and Duval, C. Solar ultraviolet radiation induces biological alterations
in human skin in vitro: relevance of a well-balanced UVA/UVB protection. Indian J. Dermatol.

Venereol. Leprol. 78, 15-23 (2012).

203. Official Journal of the European Union. Commission Recommendation on the efficacy of
sunscreen products and the claims made relating thereto, L 265, pp. 39-43 (2006/647/EC). URL:
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2006:265:0039:0043:en: PDF

(accessed 13.09.2014).

204. Hwang, Y.J., Park, H.J., Hahn, H.J., Kim, J.Y., Ko, J.H., Lee, Y.W., Choe, Y.B. and Ahn, K.J.
Immediate pigment darkening and persistent pigment darkening as means of measuring the
ultraviolet A protection factor in vivo: a comparative study. Br. J. Dermatol. 164, 1356-1361

2011).

This article is protected by copyright. All rights reserved.



205. Moyal, D., Wichrowski, K. and Tricaud, C. In vivo persistent pigment darkening method: a
demonstration of the reproducibility of the UVA protection factors results at several testing

laboratories. Photodermatol. Photoimmunol. Photomed. 22, 124-128 (2006).

206. Japan Cosmetic Industry Association (JCIA). Technical Bulletin. Measurment standards for

UVA protection efficacy (1996).

207.1S0 24442:2011. Cosmetics - Sun protection test methods - In vivo determination of sunscreen
UVA protection. URL: http://www.iso.org/iso/catalogue_detail.htm?csnumber=46521 (accessed

13.09.2014).

208. Diffey, B.L. A method for broad spectrum classification of sunscreens. Int. J. Cosmet. Sci. 16,
47-52 (1994). URL: http://www.fcfar.unesp.br/arquivos/link/20131025104242601025.pdf

(accessed 13.09.2014).

209. Food and Drug Administration (FDA). Sunscreen drug products for over-the-counter human use;
final monograph. Federal Register 76/117, 35620-35665, USA (2011). URL:

http://www.gpo.gov/fdsys/pkg/FR-2011-06-17/pdf/2011-14766.pdf (accessed 13.09.2014).

210.1S0 24443:2012. Determination of sunscreen UVA photoprotection in vitro. URL:

http://www.iso.org/iso/catalogue_detail ?csnumber=46522 (accessed 13.09.2014).

211. The European Cosmetic Toiletry and Perfumery Association (COLIPA). Method for the in vitro

determination of UVA protection provided by sunscreen products (2007).

212. The European Cosmetic Toiletry and Perfumery Association (COLIPA). In vitro method for the
determination of the UVA protection factor and "critical wavelength" values of sunscreen

products (2011).

213. Moyal, D., Alard, V., Bertin, C., Boyer, F., Brown, M.W., Kolbe, L., Matts, P. and Pissavini, M.

The revised COLIPA in vitro UVA method. Int. J. Cosmet. Sci. 35, 35-40 (2013).

214. Australian/New Zealand Standard. Sunscreen products - Evaluation and classification. AS/NZ

2604:1998.

This article is protected by copyright. All rights reserved.



215. Australian/New Zealand Standard. Sunscreen products - Evaluation and classification. AS/NZ

2604-2012.

216. The European Cosmetic Toiletry and Perfumery Association (COLIPA). Guidelines for
evaluating sun product water resistance (2005). URL:
https://www.cosmeticseurope.eu/publications-cosmetics-europe-

association/guidelines.html?view=item&id=18 (accessed 13.09.2014).

217. The European Cosmetic Toiletry and Perfumery Association (COLIPA). Method for the in vitro

determination of photostability of UV filters in cosmetic products (2004).

218. Schrader, K. Die Sonnenschutzfaktorbestimmung Kritische Bewertung aus der Sicht eines
Priifinstitutes. Bundesgesundheitsblatt-Gesundheitsforschung-Gesundheitsschutz, 44, 457-462

(2001).

219. Stokes, R. and Diffey, B. In vitro assessment of sunscreen photostability: the effect of radiation

source, sunscreen application thickness and substrate. Int. J. Cosmetic Sci. 21, 341-351 (1999).

220. Garoli, D., Pelizzo, M.G., Nicolosi, P., Peserico, A., Tonin, E. and Alaibac, M. Effectiveness of

different substrate materials for in vitro sunscreen tests. J. Dermatol. Sci. 56, 89-98 (2009).

221. Crovara Pescia, A., Astolfi, P., Puglia, C., Bonina, F., Perrotta, R., Herzog, B. and Damiani, E.

On the assessment of photostability of sunscreens exposed to UVA irradiation: from glass plates

to pig/human skin, which is best? Int. J. Pharm. 427, 217-223 (2012).

222. Shaath, N.A. Global developments in sun care ingredients. Cosmetics & Toiletries, 121, 57

(2006).
223. Dransfield, G.P. Inorganic Sunscreens. Radiat. Prot. Dosim. 91, 271-273 (2000).

224. German Cosmetics Ordinance of 7th October 1997 (Federal Gazette - BDBI. 1. p.2410), last
amended on 16th July 2014 (BGBI. I. p.1054). URL: http://www.gesetze-im-

internet.de/bundesrecht/kosmetikv_2014/gesamt.pdf (accessed 13.09.2014).

This article is protected by copyright. All rights reserved.



225. Scientific Committee on Consumer Safety (SCCS). Opinion on zinc oxide (nano form);
SCCS/1489/12. Adopted at the 16th plenary meeting of 18 September 2012. URL:
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_103.pdf (accessed

13.09.2014)

226. Scientific Committee on Consumer Safety (SCCS). Addendum to the opinion SCCS/1489/12 on
zinc oxide (nano form); SCCS/1518/13. Adopted by written procedure on 23 July 2013.
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_137.pdf (accessed

13.09.2014).

227. Nohynek, G.J., Dufour, E.K. and Roberts, M.S. Nanotechnology, cosmetics and the skin: is there

a health risk? Skin Pharmacol. Physiol. 21, 136-149 (2008).

228. Scientific Committee on Consumer Safety (SCCS). Opinion on titanium dioxide (nano form);
SCCS/1516/13. Adopted by written procedure on 22 July 2013. URL:
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_136.pdf (accessed

13.09.2014).

229. Nohynek, G.J., Lademann, J., Ribaud, C. and Roberts, M.S. Grey goo on the skin?

Nanotechnology, cosmetic and sunscreen safety. Crit. Rev. Toxicol. 37, 251-277 (2007).

230. Newman, M.D., Stotland, M. and Ellis, J.I. The safety of nanosized particles in titanium dioxide-

and zinc oxide-based sunscreens. J. Am. Acad. Dermatol. 61, 685-692 (2009).

231. Smijs, T.G. and Pavel, S. Titanium dioxide and zinc oxide nanoparticles in sunscreens: focus on

their safety and effectiveness. Nanotechnol. Sci. Appl. 4, 95-112 (2011).

232. Gilbert, E., Pirot, F., Bertholle, V., Roussel, L., Falson, F. and Padois, K. Commonly used UV
filter toxicity on biological functions: review of last decade studies. Int. J. Cosmet. Sci. 35, 208-

219 (2013).

233. Shukla, R.K., Sharma, V., Pandey, A.K., Singh, S., Sultana, S. and Dhawan, A. ROS-mediated
genotoxicity induced by titanium dioxide nanoparticles in human epidermal cells. Toxicol. In

Vitro 25, 231-241 (2011).

This article is protected by copyright. All rights reserved.



234. Buchalska, M., Kras, G., Oszajca, M., L.asocha, W. and Macyk, W. Singlet oxygen generation in
the presence of titanium dioxide materials used as sunscreens in suntan lotions. J. Photochem.

Photobiol. A 213, 158-163 (2010).

235. Sharma, V., Shukla, R.K., Saxena, N., Parmar, D., Das, M. and Dhawan, A. DNA damaging
potential of zinc oxide nanoparticles in human epidermal cells. Toxicol. Lett. 185,211-218

(2009).

236. Wang, C.C., Wang, S., Xia, Q., He, W., Yin, J.J., Fu, P.P. and Li, J.H. Phototoxicity of zinc
oxide nanoparticles in HaCaT keratinocytes-generation of oxidative DNA damage during UVA

and visible light irradiation. J. Nanosci. Nanotechnol. 13, 3880-3888 (2013).

237.Pan, Z., Lee, W., Slutsky, L., Clark, R.A., Pernodet, N. and Rafailovich, M.H. Adverse effects of
titanium dioxide nanoparticles on human dermal fibroblasts and how to protect cells. Small 5,

511-520 (2009).

238.Jeng, H.A. and Swanson, J. Toxicity of metal oxide nanoparticles in mammalian cells. J.

Environ. Sci. Health A Tox. Hazard Subst. Environ. Eng. 41, 2699-2711 (2006).

239. Tiano, L., Armeni, T., Venditti, E., Barucca, G., Mincarelli, L. and Damiani, E. Modified TiO(2)
particles differentially affect human skin fibroblasts exposed to UVA light. Free Radic. Biol.

Med. 49, 408-415 (2010).

240. Sayes, C.M., Wahi, R., Kurian, P.A., Liu, Y., West, J.L., Ausman, K.D., Warheit, D.B. and
Colvin, V.L. Correlating nanoscale titania structure with toxicity: a cytotoxicity and
inflammatory response study with human dermal fibroblasts and human lung epithelial cells.

Toxicol. Sci. 92, 174-85 (2006).

241.Xue, C., Wu, J., Lan, F.,, Liu, W., Yang, X., Zeng, F. and Xu, H. Nano titanium dioxide induces
the generation of ROS and potential damage in HaCaT cells under UVA irradiation. J. Nanosci.

Nanotechnol. 10, 8500-8507 (2010).

This article is protected by copyright. All rights reserved.



242, Jaroenworaluck, A., Sunsaneeyametha, W., Kosachan, N. and Stevens, R. Characteristics of
silica-coated TiO2 and its UV absorption for sunscreen cosmetic applications. Surf. Interface

Anal. 38, 473-477 (2006).

243. Serpone, N., Salinaro, A., Horikoshi, S. and Hidaka, H. Beneficial effects of photo-inactive
titanium dioxide specimens on plasmid DNA, human cells and yeast cells exposed to UVA/UVB

simulated sunlight. J. Photochem. Photobiol. A 179, 200-212 (2006).

244. Siddiquey, I.A., Ukaji, E., Furusawa, T., Sato, M. and Suzuki, N. The effects of organic surface
treatment by methacryloxypropyltrimethoxysilane on the photostability of TiO2. Mater. Chem.

Phys. 105, 162-168 (2007).

245.Lademann, J., Weigmann, H., Schafer, H., Muller, G. and Sterry, W. Investigation of the stability
of coated titanium microparticles used in sunscreens. Skin Pharmacol. Appl. Skin Physiol. 13,

258-264 (2000).

246. Senzui, M., Tamura, T., Miura, K., Ikarashi, Y., Watanabe, Y. and Fujii, M. Study on penetration
of titanium dioxide (TiO(2)) nanoparticles into intact and damaged skin in vitro. J. Toxicol. Sci.

35, 107-113 (2010).

247.7Zvyagin, A.V., Zhao, X., Gierden, A., Sanchez, W., Ross, J.A. and Roberts,M.S. Imaging of zinc
oxide nanoparticle penetration in human skin in vitro and in vivo. J. Biomed. Opt. 13, 064031

(2008).

248. Lademann, J., Weigmann, H., Rickmeyer, C., Barthelmes, H., Schaefer, H., Mueller, G. and
Sterry, W. Penetration of titanium dioxide microparticles in a sunscreen formulation into the

horny layer and the follicular orifice. Skin Pharmacol. Appl. Skin Physiol. 12, 247-256 (1999).

249. Mavon, A., Miquel, C., Lejeune, O., Payre, B. and Moretto, P. In vitro percutaneous absorption
and in vivo stratum corneum distribution of an organic and a mineral sunscreen. Skin Pharmacol.

Physiol. 20, 10-20 (2007).

250. Ceve, G. and Vierl, U. Nanotechnology and the transdermal route: A state of the art review and

critical appraisal. J. Control Release 141, 277-299 (2010).

This article is protected by copyright. All rights reserved.



251. Williams, A.C. and Barry, B.W. Penetration enhancers. Adv. Drug Deliv. Rev. 56, 603-618

(2004).

252. Kezic, S. and Nielsen, J.B. Absorption of chemicals through compromised skin. Int. Arch.

Occup. Environ. Health 82, 677-688 (2009).

253.Jiang, S.J., Chu, A.W., Lu, Z.F., Pan, M.H., Che, D.F. and Zhou, X.J. Ultraviolet B-induced
alterations of the skin barrier and epidermal calcium gradient. Exp. Dermatol. 16, 985-992

(2007).

254. Filipe, P., Silva, J.N., Silva, R., Cirne de Castro, J.L.., Marques, G.M., Alves, L.C., Santus, R. and
Pinheiro, T. Stratum corneum is an effective barrier to TiO2 and ZnO nanoparticle percutaneous

absorption. Skin Pharmacol. Physiol. 22, 266-275 (2009).

255. Adachi, K., Yamada, N., Yoshida, Y. and Yamamoto, O. Subchronic exposure of titanium

dioxide nanoparticles to hairless rat skin. Exp. Dermatol. 22, 278-283 (2013).

256. Sadrieh, N., Wokovich, A.M., Gopee, N.V., Zheng, J., Haines, D., Parmiter, D., Siitonen, P.H.,
Cozart, C.R., Patri, A.K., McNeil, S.E., Howard, P.C., Doub, W.H. and Buhse, L.F. Lack of
significant dermal penetration of titanium dioxide from sunscreen formulations containing nano-

and submicron-size TiO2 particles. Toxicol. Sci. 115, 156-166 (2010).

257. Gontier, E., Ynsa, M.D., Biro, T., Hunyadi, J., Kiss, B., Gaspar, K., Pinheiro, T., Silva, J.N.,
Filipe, P. and Stachura, J. Is there penetration of titania nanoparticles in sunscreens through skin?

A comparative electron and ion microscopy study. Nanotoxicol. 2, 218-231 (2008).

258. Monteiro-Riviere, N.A., Wiench, K., Landsiedel, R., Schulte, S., Inman, A.O. and Riviere, J.E.
Safety evaluation of sunscreen formulations containing titanium dioxide and zinc oxide
nanoparticles in UVB sunburned skin: an in vitro and in vivo study. Toxicol. Sci. 123, 264-280

(2011).

259. Lin, L.L., Grice, J.E., Butler, M.K., Zvyagin, A.V., Becker, W., Robertson, T.A., Soyer, H.P.,

Roberts, M.S. and Prow, T.W. Time-correlated single photon counting for simultaneous

This article is protected by copyright. All rights reserved.



monitoring of zinc oxide nanoparticles and NAD(P)H in intact and barrier-disrupted volunteer

skin. Pharm. Res. 28, 2920-2930 (2011).

260. Miquel-Jeanjean, C., Crepel, F., Raufast, V., Payre, B., Datas, L., Bessou-Touya, S. and Duplan,
H. Penetration study of formulated nanosized titanium dioxide in models of damaged and sun-

irradiated skins. Photochem. Photobiol. 88, 1513-1521 (2012).

261. Samontha, A., Shiowatana, J. and Siripinyanond, A. Particle size characterization of titanium
dioxide in sunscreen products using sedimentation field-flow fractionation-inductively coupled

plasma-mass spectrometry. Anal. Bioanal. Chem. 399, 973-978 (2011).

262. Schulz, J., Hohenberg, H., Pfliicker, F., Gértner, E., Will, T., Pfeiffer, S., Wepf, R., Wendel, V.,
Gers-Barlag, H. and Wittern, K.P. Distribution of sunscreens on skin. Adv. Drug Deliv. Rev. 54,

157-163 (2002).

263. French,R.A., Jacobson,A.R., Kim,B., Isley,S.L., Penn,R.L. and Baveye,P.C. Influence of ionic
strength, pH, and cation valence on aggregation kinetics of titanium dioxide nanoparticles.

Environ. Sci. Technol. 43, 1354-1359 (2009).

264. Baveye, P. and Laba, M. Aggregation and toxicology of titanium dioxide nanoparticles. Environ.

Health Perspect. 116, 152-153 (2008).

265. Bens, G. Sunscreens. In Sunlight, Vitamin D and Skin Cancer (J. Reichrath, ed.), pp. 137-161

Springer-Verlag, Berlin (2008).
266. Schauder, S. Lichtkrank durch Lichtschutz. Deutsches Arzteblatt 92, 2008-2009 (1995).

267. Bryden, A.M., Moseley, H., Ibbotson, S.H., Chowdhury, M.M., Beck, M.H., Bourke, J., English,
J., Farr, P., Foulds, 1.S., Gawkrodger, D.J., George, S., Orton, D.I., Shaw, S., McFadden, J.,
Norris, P., Podmore, P., Powell, S., Rhodes, L.E., Samsom, J., Wilkinson, M., van Weelden, H.
and Ferguson, J. Photopatch testing of 1155 patients: results of the U.K. multicentre photopatch

study group. Br. J. Dermatol. 155, 737-747 (2006).

This article is protected by copyright. All rights reserved.



268. Kerr, A.C., Ferguson, J., Haylett, A.K., Rhodes, L.E., Adamski, H., Alomar, A., Serra, E.,
Antoniou, C., Aubin, F., Vigan, M., Biedermann, T., Fischer, J., Bourrain, J., Bruynzeel, D.,
Carrascosa, J.M., Chowdhury, M.M., de la Cuadra, J., Foti, C., Gawkrodger, D.J., Gardeazabal,
J., Gimenez-Arnau, A., Goncalo, M., Goossens, A., Ibbotson, S.H., Dawe, R.S., Marguery, M.,
Lecha, M., Peyron, J., Pigatto, P., Neumann, N.J., Niklasson, B., Spiewak, R., Stone, N., Gruber-
Wackernagel, A., Tanew, A., Thomas, P., Bonnevalle, A., Wilkinson, S.M., Wolf, P. and Wulf,

H.C. A european multicentre photopatch test study. Br. J. Dermatol. 166, 1002-1009 (2012).

269. Mturi, G.J. and Martincigh, B.S. Photostability of the sunscreening agent 4- tert-butyl-4'-

methoxydibenzoylmethane (avobenzone) in solvents of different polarity and proticity.

Photochem. Photobiol. A 200, 410-420 (2008).

270. Sayre, R M., Dowdy, J.C., Gerwig, A.J., Shields, W.J. and Lloyd, R.V. Unexpected photolysis of
the sunscreen octinoxate in the presence of the sunscreen avobenzone. Photochem. Photobiol. 81,

452-456 (2005).

271. Karlsson, 1., Hillerstrom, L., Stenfeldt, A.L., Martensson, J. and Borje, A. Photodegradation of
dibenzoylmethanes: potential cause of photocontact allergy to sunscreens. Chem. Res. Toxicol.

22, 1881-1892 (2009).

272. Herzog, B., Wehrle, M. and Quass, K. (2009) Photostability of UV absorber systems in

sunscreens. Photochem. Photobiol. 85, 869-878 (2009).

273. Lhiaubet-Vallet, V., Marin, M., Jimenez, O., Gorchs, O., Trullas, C. and Miranda, M. A. Filter-
filter interactions. Photostabilization, triplet quenching and reactivity with singlet oxygen.

Photochem. Photobiol. Sci. 9, 552-558 (2010).

274. Scalia, S. and Mezzena, M. Incorporation in lipid microparticles of the UV A filter, butyl
methoxydibenzoylmethane combined with the UVB filter, octocrylene: effect on photostability.

AAPS PharmSciTech. 10, 384-390 (2009).

This article is protected by copyright. All rights reserved.



275.Hanno, 1., Anselmi, C. and Bouchemal, K. Polyamide nanocapsules and nano-emulsions
containing Parsol® MCX and Parsol® 1789: in vitro release, ex vivo skin penetration and photo-

stability studies. Pharm. Res. 29, 559-573 (2012).

276.Liu, Y., Ying, G., Shareef, A. and Kookana, R.S. Photostability of the UV filter benzophenone-3

and its effect on the photodegradation of benzotriazole in water. Envir. Chem. 8, 581-588 (2011).

277. Vanquerp, V., Rodriguez, C., Coiffard, C., Coiffard, L.J. and De Roeck-Holtzhauer, Y. High-
performance liquid chromatographic method for the comparison of the photostability of five

sunscreen agents. J. Chromatogr. A 832, 273-277 (1999).

278. Liao, C. and Kannan, K. Widespread Occurrence of Benzophenone-Type UV Light Filters in
Personal Care Products from China and the United States: An Assessment of Human Exposure.

Environ. Sci. Technol. 48, 4103-4109 (2014).

279. Pfaendner, R. How will additives shape the future of plastics? Polym. Degrad. Stabil. 91, 2249-

2256 (2006).

280. Gustavsson Gonzalez, H., Farbrot, A.and Larko, O. Percutaneous absorption of benzophenone-3,

a common component of topical sunscreens. Clin. Exp. Dermatol. 27, 691-694 (2002).

281. Janjua, N.R., Kongshoj, B., Andersson, A.M. and Wulf H.C. Sunscreens in human plasma and
urine after repeated whole-body topical application. J. Eur. Acad. Dermatol. Venereol. 22, 456-

461 (2008).

282. Gonzalez, H., Farbrot, A., Larko, O. and Wennberg, A.M. Percutaneous absorption of the
sunscreen benzophenone-3 after repeated whole-body applications, with and without ultraviolet

irradiation. Br. J. Dermatol. 154, 337-340 (2006).

283. Schlumpf, M., Cotton, B., Conscience, M., Haller, V., Steinmann, B. and Lichtensteiger, W. In

vitro and in vivo estrogenicity of UV screens. Environ. Health Perspect. 109, 239-244 (2001).

284. Krause, M., Klit, A., Blomberg Jensen, M., Sgeborg, T., Frederiksen, H., Schlumpf, M.,

Lichtensteiger, W., Skakkebaek, N.E. and Drzewiecki, K.T. Sunscreens: are they beneficial for

This article is protected by copyright. All rights reserved.



health? An overview of endocrine disrupting properties of UV-filters. Int. J. Androl. 35, 424-436

(2012).

285.Kunz, P.Y., Galicia, H.F. and Fent, K. Comparison of in vitro and in vivo estrogenic activity of

UV filters in fish. Toxicol. Sci. 90, 349-361 (2006).

286. Pigatto, P.D., Guzzi, G., Schena, D., Guarrera, M., Foti, C., Francalanci, S., Cristaudo, A., Ayala,
F. and Vincenzi, C. Photopatch test: an Italian multicentre study from 2004-2006. Contact

Dermatitis 59, 103-108 (2008).

287.Rodriguez, E., Valbuena, M., Rey, M. and Porras de Quintana, L. (2006) Causal agents of
photoallergic contact dermatitis diagnosed in the national institute of dermatology of Colombia.

Photoderm. Photoimmunol. Photomed. 22, 189-192 (2006).

288. Hughes, T.M. and Stone, N.M. Benzophenone 4: an emerging allergen in cosmetics and

toiletries? Contact Dermatitis 56, 153-156 (2007).
289. Heurung, A.R., Raju, S.I. and Warshaw, E.M. Benzophenones. Dermatitis 25, 3-10 (2014).
290. Mackie, B.S. and Mackie, L.E. The PABA story. Australas. J. Dermatol. 40, 51-53 (1999).

291. Waters, A.J., Sandhu, D.R., Lowe, G. and Ferguson, J. Photocontact allergy to PABA in

sunscreens: the need for continued vigilance. Contact Dermatitis 60, 172-173 (2009).

292. Greenspoon, J., Ahluwalia, R., Juma, N. and Rosen, C.F. Allergic and photoallergic contact

dermatitis: a 10-year experience. Dermatitis 24, 29-32 (2013).

293. Avenel-Audran, M. Sunscreen products: finding the allergen... Eur. J. Dermatol. 20, 161-166

(2010).

294. Wong, T. and Orton, D. Sunscreen allergy and its investigation. Clin. Dermatol. 29, 306-310

(2011).

295. Jiménez-Diaz, I, Molina-Molina, J.M., Zafra-Gémez, A., Ballesteros, O., Na-valon, A., Real, M.,
Séenz, J.M., Ferndndez, M.F. and Olea, N. Simultaneous determination of the UV-filters benzyl

salicylate, phenyl salicylate, octyl salicylate, homosalate, 3-(4-methylbenzylidene) camphor and

This article is protected by copyright. All rights reserved.



3-benzylidene camphor in human placental tissue by LC-MS/MS. Assessment of their in vitro

endocrine activity. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 936, 80-87 (2013).

296. Morohoshi, K., Yamamoto, H., Kamata, R, Shiraishi, F., Koda, T. and Morita, M. Estrogenic
activity of 37 components of commercial sunscreen lotions evaluated by in vitro assays. Toxicol.

In Vitro 19, 457-469 (2005).

297. Chatelain, E., Gabard, B. and Surber C. Skin penetration and sun protection factor of five UV

filters: effect of the vehicle. Skin Pharmacol. Appl. Skin Physiol. 16, 28-35 (2003).

298. Deflandre, A and Lang, G. Photostability assessment of sunscreens. Benzylidene camphor and

dibenzoylmethane derivatives. Int. J. Cosmet. Sci. 10, 53-62 (1988).

299. Schauder, S., Schrader, A. and Ippen, H. Gottinger Liste 1994 —Sonnenschutzkosmetik in

Deutschland, 3rd edition, pp. 31-41. Blackwell Wissenschafts-Verlag, Berlin (1994).

300. Schlumpf, M., Kypke, K., Wittassek, M., Angerer, J., Mascher, H., Mascher, D., Vokt, C.,
Birchler, M. and Lichtensteiger, W. Exposure patterns of UV filters, fragrances, parabens,
phthalates, organochlor pesticides, PBDEs, and PCBs in human milk: correlation of UV filters

with use of cosmetics. Chemosphere 81, 1171-1183 (2010).

301. Séite, S., Moyal, D., Richard, S., de Rigal, J., Lévéque, J.L., Hourseau, C. and Fourtanier, A.
Mexoryl SX: a broad absorption UVA filter protects human skin from the effects of repeated

suberythemal doses of UVA. J. Photochem. Photobiol. B 44, 69-76 (1998).

302. Fourtanier, A., Moyal, D. and Seité, S. Sunscreens containing the broad-spectrum UVA absorber,
Mexoryl SX, prevent the cutaneous detrimental effects of UV exposure: a review of clinical

study results. Photodermatol. Photoimmunol. Photomed. 24, 164-174 (2008).

303. Moyal, D. Prevention of ultraviolet-induced skin pigmentation. Photodermatol. Photoimmunol.

Photomed. 20, 243-247 (2004).

This article is protected by copyright. All rights reserved.



304. Benech-Kieffer, F., Meuling, W.J., Leclerc, C., Roza, L., Leclaire, J. and Nohynek, G.
Percutaneous absorption of Mexoryl SX in human volunteers: comparison with in vitro data. Skin

Pharmacol. Appl. Skin Physiol. 16, 343-355 (2003).

305. Pattanaargson, S. and Limphong, P. Stability of octyl methoxycinnamate and identification of its

photo-degradation product. Int. J. Cosmet. Sci. 23, 153-160 (2001).

306. MacManus-Spencer, L.A., Tse, M.L., Klein, J.L. and Kracunas, A.E. Aqueous photolysis of the
organic ultraviolet filter chemical octyl methoxycinnamate. Environ. Sci. Technol. 45, 3931-3937

(2011).

307. Trotta, V., Goios, F., Monteiro, H., Almeida, I.F. and Scalia, S. Influence of lipid microparticle
encapsulation on in vitro efficacy, photostability and water resistance of the sunscreen agents,

octyl methoxycinnamate and butyl methoxydibenzoylmethane. Drug. Dev. Ind. Pharm. 40,

1233-1239 (2014).

308. Perugini, P., Simeoni, S., Scalia, S., Genta, 1., Modena, T., Conti, B.and Pavanetto, F. Effect of
nanoparticle encapsulation on the photostability of the sunscreen agent, 2-ethylhexyl-p-

methoxycinnamate. Int. J. Pharm. 246, 37-45 (2002).

309. Axelstad, M., Boberg, J., Hougaard, K.S., Christiansen, S., Jacobsen, P.R., Mandrup, K.R.,
Nellemann, C., Lund, S.P. and Hass, U. Effects of pre- and postnatal exposure to the UV-filter
octyl methoxycinnamate (OMC) on the reproductive, auditory and neurological development of

rat offspring. Toxicol. Appl. Pharmacol. 250, 278-290 (2011).

310. Janjua, N.R., Mogensen, B., Andersson, A.M., Petersen, J.H., Henriksen, M., Skakkebaek, N.E.
and Wulf, H.C. Systemic absorption of the sunscreens benzophenone-3, octyl-
methoxycinnamate, and 3-(4-methyl-benzylidene) camphor after whole-body topical application

and reproductive hormone levels in humans. J. Invest. Dermatol. 123, 57-61 (2004).

311. Gaspar, L.R. and Maia Campos, P.M. Evaluation of the photostability of different UV filter

combinations in a sunscreen. Int. J. Pharm. 307, 123-128 (2006).

This article is protected by copyright. All rights reserved.



312. Avenel-Audran, M., Dutartre, H., Goossens, A., Jeanmougin, M., Comte, C., Bernier, C.,
Benkalfate, L., Michel, M., Ferrier-Lebouédec, M.C., Vigan, M., Bourrain, J.L., Outtas, O.,
Peyron, J.L. and Martin, L. Octocrylene, an emerging photoallergen. Arch. Dermatol. 146, 753-

757 (2010).

313. Karlsson, 1., Vanden Broecke, K., Méartensson, J., Goossens, A. and Borje A. (2011) Clinical and

experimental studies of octocrylene's allergenic potency. Contact Dermatitis 64, 343-352.

314. Travassos, A.R., Claes, L., Boey, L., Drieghe, J. and Goossens A. (2011) Non-fragrance

allergens in specific cosmetic products. Contact Dermatitis 65, 276-285.

315. Gongalo, M., Ferguson, J., Bonevalle, A., Bruynzeel, D.P., Giménez-Arnau, A., Goossens, A.,
Kerr, A., Lecha, M., Neumann, N., Niklasson, B., Pigatto, P., Rhodes, L.E., Rustemeyer, T.,
Sarkany, R., Thomas, P. and Wilkinson, M. (2013) Photopatch testing: recommendations for a

European photopatch test baseline series. Contact Dermatitis 68: 239-243.

316. Chatelain, E. and Gabard, B. Photostabilization of butyl methoxydibenzoylmethane

(Avobenzone) and ethylhexyl methoxycinnamate by bis-ethylhexyloxyphenol methoxyphenyl

triazine (Tinosorb S), a new UV broadband filter. Photochem. Photobiol. 74, 401-406 (2011).

317.L'alloret, F., Candau, D., Seité, S., Pygmalion, M.J., Ruiz, L., Josso, M., Meaudre, H., Gauchet,
L., Pena, A.M. and Colonna, A. New combination of ultraviolet absorbers in an oily emollient

increases sunscreen efficacy and photostability. Dermatol. Ther. (Heidelb.) 2, 4 (2012).

318. Couteau, C., Chauvet, C., Paparis, E. and Coiffard, L. UV filters, ingredients with a recognized

anti-inflammatory effect. PLOS One 7, e46187 (2012).

319. Durand, L., Habran, N., Henschel, V. and Amighi, K. In vitro evaluation of the cutaneous
penetration of sprayable sunscreen emulsions with high concentrations of UV filters. Int. J.

Cosmet. Sci. 31, 279-292 (2009).

320. Shaw, T., Simpson, B., Wilson, B., Oostman, H., Rainey, D. and Storrs F. True photoallergy to

sunscreens is rare despite popular belief. Dermatitis 21, 185-198 (2010).

This article is protected by copyright. All rights reserved.



321. Moyal, D. Prevention of ultraviolet-induced skin pigmentation. Photodermatol. Photoimmunol.

Photomed. 2004 Oct;20(5):243-7.

322. Herzog, B., Mongiat, S., Deshayes, C., Neuhaus, M., Sommer, K. and Mantler, A. In vivo and in
vitro assessment of UV A protection by sunscreen formulations containing either butyl methoxy
dibenzoyl methane, methylene bis-benzotriazolyl tetramethylbutylphenol, or microfine ZnO. Int.

J. Cosmet. Sci. 24, 170-185 (2002).

323.Hojerov4, J., Medovcikova, A. and Mikula, M. Photoprotective efficacy and photostability of
fifteen sunscreen products having the same label SPF subjected to natural sunlight. Int. J. Pharm.

408, 27-38 (2011).

324. Cardoso, J., Canelas, M. Gongalo, M. and Figueiredo, A. Photopatch testing with an extended

series of photoallergens: a 5-year study. Contact Dermatitis 60, 314-319 (2009).

325. Orton, D.I and Willis, C.M. Contact Dermatitis. In Allergy and Allergic Diseases (A.B. Kay,
A.B., A.P. Kaplan, J. Bousquet, P.G. Holt, eds.), pp. 1831-1852. John Wiley & Sons, Chichester,

UK (2008).

326. Lepoittevin, J.P. Metabolism versus chemical transformation or pro- versus prehaptens? Contact

Dermatitis 54, 73-74 (2006).

327.Karlberg, A.T., Borje, A., Duus Johansen, J., Lidén, C., Rastogi, S., Roberts, D., Uter, W. and
White, I.LR. Activation of non-sensitizing or low-sensitizing fragrance substances into potent

sensitizers - prehaptens and prohaptens. Contact Dermatitis 69, 323-334 (2013).

328. Divkovic, M., Peasel, C.K., Gerberick, G.F. and Basketter, D.A. Hapten—protein binding: from
theory to practical application in the in vitro prediction of skin sensitization. Contact Dermatitis

53, 189-200 (2005).

329. Nishibu, A., Ward, B.R., Boes, M. and Takashima, A. Roles for IL-1 and TNF-alpha in dynamic
behavioral responses of Langerhans cells to topical hapten application. J. Dermatol. Sci. 45, 23-

30 (2007).

This article is protected by copyright. All rights reserved.



330. Natsch A. The Nrf2-Keap1-ARE toxicity pathway as a cellular sensor for skin sensitizers--
functional relevance and a hypothesis on innate reactions to skin sensitizers. Toxicol. Sci. 113,

284-292 (2010).

331. Tkachev, V.O., Menshchikova, E.B. and Zenkov, N.K. Mechanism of the Nrf2/Keapl/ARE

signaling system. Biochemistry (Mosc) 76, 407-422 (2011).

332. Kwak, M.K., Wakabayashi, N. and Kensler, T.W. Chemoprevention through the Keap1-Nrf2

signaling pathway by phase 2 enzyme inducers. Mutat. Res. 555, 133—-148 (2004).

333. Dinkova-Kostova, A.T., Holtzclaw, W.D., Cole, R.N., Itoh, K., Wakabayashi, N., Katoh, Y.,
Yamamoto, M. and Talalay, P. Direct evidence that sulfhydryl groups of Keap1 are the sensors
regulating induction of phase 2 enzymes that protect against carcinogens and oxidants. Proc. Natl

Acad. Sci. USA 99, 11908-11913 (2002).

334. Migdal, C., Botton, J., El Ali, Z., Azoury, M.E., Guldemann, J., Giménez-Arnau, E., Lepoittevin,
J.P., Kerdine-Romer, S. and Pallardy, M. Reactivity of chemical sensitizers toward amino acids

in cellulo plays a role in the activation of the Nrf2-ARE pathway in human monocyte dendritic

cells and the THP-1 cell line. Toxicol. Sci. 133, 259-274 (2013).

335.Hennen, J., Aeby, P., Goebel, C., Schettgen, T., Oberli, A., Kalmes, M. and Blomeke, B. Cross
talk between keratinocytes and dendritic cells: impact on the prediction of sensitization. Toxicol.

Sci. 123, 501-510 (2011).

336. Kerr, A. and Ferguson, J. Photoallergic contact dermatitis. Photodermatol. Photoimmunol.

Photomed. 26, 56-65 (2010).

337. Karlberg, A.T., Bergstrom, M.A., Borje, A., Luthman, K. and Nilsson, J.L.. Allergic contact
dermatitis--formation, structural requirements, and reactivity of skin sensitizers. Chem. Res.

Toxicol. 21, 53-69 (2008).

338. Basketter, D.A. Skin immunology and sensitization. In Principles and Practice of Skin

Toxicology (R. Chilcott, S. Price, eds.), pp. 151-168. John Wiley & Sons, Chichester (2008).

This article is protected by copyright. All rights reserved.



339. Thyssen, J.P., Linneberg, A., Menné, T. and Johansen, J.D. The epidemiology of contact allergy
in the general population--prevalence and main findings. Contact Dermatitis. 57, 287-299

(2007).
340. Bieber, T. Atopic dermatitis. N. Engl. J. Med. 358, 1483-1494 (2008).

341. The European Parliament and the Council of the European Union. Regulation (EC) No
1907/2006 of the European Parliament and of the Council of 18 December 2006 concerning the
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), establishing a
European Chemicals Agency, amending Directive 1999/45/EC and repealing Council Regulation
(EEC) No 793/93 and Commission Regulation (EC) No 1488/94 as well as Council Directive
76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC.
Official Journal of the European Union L 136, 3-17. URL: http://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32006R 1907 &qid=1410618098058&from=EN (accessed

13.09.2014).

342. OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 406: Skin Sensitisation,
adopted 17th July 1992. URL: http://www.oecd-ilibrary.org/environment/test-no-406-skin-

sensitisation_9789264070660-en (accessed 13.09.2014).

343. OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 442A: Skin Sensitization -
Local Lymph Node Assay, adopted 23th July 2010. URL: http://www.oecd-
ilibrary.org/environment/test-no-442a-skin-sensitization_9789264090972-en (accessed

13.09.2014).

344. OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 442B: Skin Sensitization -
Local Lymph Node Assay: BrdU-ELISA, adopted 23th July 2010. URL: http://www.oecd-

ilibrary.org/environment/test-no-442b-skin-sensitization_9789264090996-en (accessed

13.09.2014).

345. OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 429: Skin Sensitisation -

Local Lymph Node Assay, adopted 23th July 2010. URL: http://www.oecd-

This article is protected by copyright. All rights reserved.



ilibrary.org/environment/test-no-429-skin-sensitisation_9789264071100-en (accessed

13.09.2014).

346. Kimber, 1. and Basketter, D.A. The murine local lymph node assay: a commentary on

collaborative trials and new directions. Food Chem. Toxicol. 30, 165-169 (1992).

347.Rovida, C., Ryan, C., Cinelli, S., Basketter, D., Dearman, R. and Kimber, I. The local lymph

node assay (LLNA). Curr. Protoc. Toxicol. Chapter 20, Unit 20.7 (2012).

348. Buehler, E.V. Delayed contact hypersensitivity in the guinea pig. Arch. Dermatol. 91, 171-177

(1965).

349. Magnusson, B. and Kligman, A.M. The identification of contact aller-gens by animal assay. The

guinea pig maximization test. J. Invest. Dermatol. 52, 268-276 (1969).

350. Regulation (EC) No 440/2008 of 30 May 2008 laying down test methods pursuant to Regulation
(EC) No 1907/2006 of the European Parliament and of the Council on the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH). Official Journal of the
European Union L 142, 1-739. URL: http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2008:142:0001:0739:en:PDF (accessed

13.09.2014).

351. Weltzien, H., Corsini, E., Gibbs, S., Lindstedt, M., Borrebaeck, C., Budde, P., Schulz-Knappe,
P., Thierse, H.-J., Martin, S. and Roggen, E. Safe cosmetics without animal testing?
Contributions of the EU Project Sens-it-iv. J. fiir Verbraucherschutz und Lebensmittelsicherheit

4, 41-48 (2009).

352. Luanpitpong, S. and Rojanasakul, Y. Transdermal Drug Delivery. In Basic Physical Pharmacy

(J.K.H. Ma, B. Hadzija, eds.), pp. 365-382. Jones & Bartlett Learning, Burlington, (2012).

353. Bartosova, L and Bajgar, J. Transdermal drug delivery in vitro using diffusion cells. Curr. Med.

Chem. 19, 4671-4677 (2012).

This article is protected by copyright. All rights reserved.



354. Vandebriel, R.J.and van Loveren, H. Non-animal sensitization testing: state-of-the-art. Crit. Rev.

Toxicol. 40, 389-404 (2010).

355. Adler, S., Basketter, D., Creton, S., Pelkonen, O., van Benthem, J., Zuang, V., Andersen, K.E.,
Angers-Loustau, A., Aptula, A., Bal-Price, A., Benfenati, E., Bernauer, U., Bessems, J., Bois,
F.Y., Boobis, A., Brandon, E., Bremer, S., Broschard, T., Casati, S., Coecke, S., Corvi, R.,
Cronin, M., Daston, G., Dekant, W., Felter, S., Grignard, E., Gundert-Remy, U., Heinonen, T.,
Kimber, L., Kleinjans, J., Komulainen, H., Kreiling, R., Kreysa, J., Leite, S.B., Loizou, G.,
Maxwell, G., Mazzatorta, P., Munn, S., Pfuhler, S., Phrakonkham, P., Piersma, A., Poth, A.,
Prieto, P., Repetto, G., Rogiers, V., Schoeters, G., Schwarz, M., Serafimova, R., Tihti, H.,
Testai, E., van Delft, J., van Loveren, H., Vinken, M., Worth, A. and Zaldivar, J.M. Alternative
(non-animal) methods for cosmetics testing: current status and future prospects-2010. Arch.

Toxicol. 85, 367-485 (2011).

356. Uchino, T., Takezawa, T. and Ikarashi, Y. Reconstruction of three-dimensional human skin
model composed of dendritic cells, keratinocytes and fibroblasts utilizing a handy scaffold of

collagen vitrigel membrane. Toxicol. In Vitro 23: 333-337 (2009).

357. OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 431: In vitro skin corrosion:
reconstructed human epidermis (RHE) test method, adopted 26th July 2013. URL:
http://www.oecd-ilibrary.org/environment/test-no-43 1-in-vitro-skin-corrosion-human-skin-

model-test_9789264071148-en (accessed 13.09.2014).

358. OECD Guidelines for the Testing of Chemicals, Section 4, Test No. 439: In Vitro Skin Irritation
- Reconstructed Human Epidermis Test Method, adopted 26th July 2013. URL:
http://www.oecd-ilibrary.org/environment/test-no-439-in-vitro-skin-irritation-reconstructed-

human-epidermis-test-method_9789264203884-en (accessed 13.09.2014).

359. Schreiber, S., Mahmoud, A., Vuia, A., Riibbelke, M.K., Schmidt, E., Schaller, M., Kandarova,

H., Haberland, A., Schéfer, U.F., Bock, U., Korting, H.C., Liebsch, M. and Schifer-Korting, M.

This article is protected by copyright. All rights reserved.



Reconstructed epidermis versus human and animal skin in skin absorption studies. Toxicol. In

Vitro 19, 813-822 (2005).

360. Schifer-Korting, M., Bock, U., Diembeck, W., Diising, H.J., Gamer, A., Haltner-Ukomadu, E.,
Hoffmann, C., Kaca, M., Kamp, H., Kersen, S., Kietzmann, M., Korting, H.C., Krichter, H.U.,
Lehr, C.M., Liebsch, M., Mehling, A., Miiller-Goymann, C., Netzlaff, F., Niedorf, F., Riibbelke,
M.K., Schifer, U., Schmidt, E., Schreiber, S., Spielmann, H., Vuia, A. and Weimer, M. The use
of reconstructed human epidermis for skin absorption testing: Results of the validation study.

Altern. Lab. Anim. 36, 161-187 (2008).

361. Hikima, T., Kaneda, N., Matsuo, K. and Tojo, K. Prediction of percutaneous absorption in
human using three-dimensional human cultured epidermis LabCyte EPI-MODEL. Biol. Pharm.

Bull. 35, 362-368 (2012).

362. Van Gele, M., Geusens, B., Brochez, L., Speeckaert, R. and Lambert, J. Three-dimensional skin
models as tools for transdermal drug delivery: challenges and limitations. Expert Opin. Drug

Deliv. 8,705-720 (2011).

363. Kiichler, S., Striiver, K. and Friess, W. Reconstructed skin models as emerging tools for drug

absorption studies. Expert Opin. Drug Metab. Toxicol. 9, 1255-1263 (2013).

364. Roberts, D.W. and Aptula, A.O. Determinants of skin sensitisation potential. J. Appl. Toxicol. 28,

377-387 (2008).

365. Chipinda, 1., Hettick, J.M. and Siegel, P.D. Haptenation: chemical reactivity and protein binding.

J. Allergy (Cairo) 2011, 839682 (2011).

366. Dimitrov, S.D., Low, L.K., Patlewicz, G.Y., Kern, P.S., Dimitrova, G.D., Comber, M.H.,
Phillips, R.D., Niemela, J., Bailey, P.T. and Mekenyan, O.G. Skin sensitization: modeling based

on skin metabolism simulation and formation of protein conjugates. Int. J. Toxicol. 24, 189-204

(2005).

367. Maxwell, G., MacKay, C., Cubberley, R., Davies, M., Gellatly, N., Glavin, S., Gouin, T.,

Jacquoilleot, S., Moore, C., Pendlington, R., Saib, O., Sheffield, D., Stark, R. and Summerfield,

This article is protected by copyright. All rights reserved.



V. Applying the skin sensitisation adverse outcome pathway (AOP) to quantitative risk

assessment. Toxicol. In Vitro. 28, 8-12(2014).

368. OECD Environment, Health and Safety Publications - Series on Testing and Assessment, No.
168: The adverse outcome pathway for skin sensitization initiated by covalent binding to
proteins, Part 1: Scientific Evidence, ENV/JM/MONO(2012)10/PART1, May 2012. URL:
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/ ?cote=env/jm/mono%282012

%2910/part] &doclanguage=en (accessed 13.09.2014).

369. Aptula, A.O. and Roberts, D.W. Mechanistic applicability domains for nonanimal-based
prediction of toxicological end points: general principles and application to reactive toxicity.

Chem. Res. Toxicol. 19, 1097-1105 (2006).

370. Enoch, S.J., Madden, J.C. and Cronin, M.T. Identification of mechanisms of toxic action for skin
sensitisation using a SMARTS pattern based approach. SAR OSAR Environ. Res. 19, 555-578

(2008).

371.Fedorowicz, A., Singh, H., Soderholm, S. and Demchuk, E. Structure-activity models for contact

sensitization. Chem. Res. Toxicol. 18, 954-969 (2005).

372. Teubner, W., Mehling, A., Schuster, P.X., Guth, K., Worth, A., Burton, J., van Ravenzwaay, B.
and Landsiedel, R. Computer models versus reality: how well do in silico models currently

predict the sensitization potential of a substance. Regul. Toxicol. Pharmacol. 67, 468-485 (2013).

373. Gerberick, G.F., Vassallo, J.D., Bailey, R.E., Chaney, J.G., Morrall, S.W. and Lepoittevin, J.P.
Development of a peptide reactivity assay for screening contact allergens. Toxicol. Sci. 81, 332-

343 (2004).

374. Gerberick, G.F., Vassallo, J.D., Foertsch, L.M., Price, B.B., Chaney, J.G. and Lepoittevin, J.P.
Quantification of chemical peptide reactivity for screening contact allergens: a classification tree

model approach. Toxicol. Sci. 97, 417-427 (2007).

This article is protected by copyright. All rights reserved.



375. Gerberick, G.F., Troutman, J.A., Foertsch, L.M., Vassallo, J.D., Quijano, M., Dobson, R.L.,
Goebel, C. and Lepoittevin, J.P. Investigation of peptide reactivity of pro-hapten skin sensitizers

using a peroxidase-peroxide oxidation system. Toxicol. Sci. 112, 164-174 (2009).

376. Chipinda, I., Ajibola, R.O., Morakinyo, M.K., Ruwona, T.B., Simoyi, R.H. and Siegel, P.D.
Rapid and simple kinetics screening assay for electrophilic dermal sensitizers using

nitrobenzenethiol. Chem. Res. Toxicol. 23, 918-925 (2010).

377.Cho, S.A., Jeong, Y.H., Kim, J.H., Kim, S., Cho, J.C., Heo, Y., Suh, K.D., An, S. and Shin, K.
Method for detecting the reactivity of chemicals towards peptides as an alternative test method

for assessing skin sensitization potential. Toxicol. Lett. 225, 185-191 (2014).

378. Troutman, J.A., Foertsch, L.M., Kern, P.S., Dai, H.J., Quijano, M., Dobson, R.L., Lalko, J.F.,
Lepoittevin, J.P. and Gerberick, G.F. The incorporation of lysine into the peroxidase peptide

reactivity assay for skin sensitization assessments. Toxicol. Sci. 122, 422-436 (2011).

379. Joint Research Centre (JRC) of the European Commission: EURL ECVAM recommendation on
the Direct Peptide Reactivity Assay (DPRA) for Skin Sensitisation Testing, November 2013.
URL: http://ihcp.jrc.ec.europa.eu/our_labs/eurl-ecvam/eurl-ecvam-recommendations/files-

dpra/EURL_ECVAM_Recommendation_DPRA_2013.pdf (accessed 13.09.2014).

380. Aleksic, M., Thain, E., Roger, D., Saib, O., Davies, M.., Li, J., Aptula, A. and Zazzeroni, R.
Reactivity profiling: covalent modification of single nucleophile peptides for skin sensitization

risk assessment. Toxicol. Sci. 108, 401-411 (2009).

381. Natsch, A. and Gfeller, H. LC-MS-based characterization of the peptide reactivity of chemicals

to improve the in vitro prediction of the skin sensitization potential. Toxicol. Sci. 106, 464-478

(2008).

382. Naik, S.M., Cannon, G., Burbach, G.J., Singh, S.R., Swerlick, R.A., Wilcox, J.N., Ansel, J.C.
and Caughman, S.W. Human keratinocytes constitutively express interleukin-18 and secrete
biologically active interleukin-18 after treatment with pro-inflammatory mediators and

dinitrochlorobenzene. J. Invest. Dermatol. 113, 766-772 (1999).

This article is protected by copyright. All rights reserved.



383. Smith Pease, C.K., Basketter, D.A. and Patlewicz, G.Y. Contact allergy: the role of skin

chemistry and metabolism. Clin. Exp. Dermatol. 28, 177-183 (2003).

384. Van Och, F.M., Van Loveren, H., Van Wolfswinkel, J.C., Machielsen, A.J. and Vandebriel, R.J.
Assessment of potency of allergenic activity of low molecular weight compounds based on IL-
lalpha and IL-18 production by a murine and human keratinocyte cell line. Toxicology 210, 95-

109 (2005).

385. Corsini, E., Mitjans, M., Galbiati, V., Lucchi, L., Galli, C.L. and Marinovich, M. (2009) Use of
IL-18 production in a human keratinocyte cell line to discriminate contact sensitizers from

irritants and low molecular weight respiratory allergens. Toxicol. In Vitro 23: 789-796.

386. Galbiati, V. and Corsini, E. The NCTC 2544 IL-18 assay for the in vitro identification of contact

allergens. Curr. Protoc. Toxicol. Chapter 20, Unit 20.8 (2012).

387. Galbiati, V., Martinez, V., Bianchi, S., Mitjans, M. and Corsini E. Establishment of an in vitro
photoallergy test using NCTC2544 cells and IL-18 production. Toxicol. In Vitro 27, 103-110

(2013).

388. Gibbs, S., Corsini, E., Spiekstra, S.W., Galbiati, V., Fuchs, H.W., Degeorge, G., Troese, M.,
Hayden, P., Deng, W. and Roggen E. An epidermal equivalent assay for identification and

ranking potency of contact sensitizers. Toxicol. Appl. Pharmacol. 272, 529-541 (2013).

389. Teunis, M., Corsini, E., Smits, M., Madsen, C.B., Eltze, T., Ezendam, J., Galbi-ati, V., Gremmer,
E., Krul, C., Landin, A., Landsiedel, R., Pieters, R., Rasmus-sen, T.F., Reinders, J., Roggen, E.,
Spiekstra, S. and Gibbs, S. Transfer of a two-tiered keratinocyte assay: IL-18 production by
NCTC2544 to determine the skin sensitizing capacity and epidermal equivalent assay to

determine sensitizer potency. Toxicol. In Vitro 27, 1135-1150 (2013).

390. Galbiati, V., Bianchi, S., Martinez, V., Mitjans, M. and Corsini E. NCTC 2544 and IL-18
production: a tool for the in vitro identification of photoallergens. Toxicol. In Vitro 28, 13-17

(2014).

This article is protected by copyright. All rights reserved.



391. Teissier, S., Tourneix, F., Del Bufalo, A., Gomes C., Groux, H. and Meunier, J.R. Evaluation of
SENS-IS®, an Episkin® based model for Identifying Chemical Sensitizers. Poster presentation

on the 51st annual meeting of the Society of Toxicology (SOT), San Francisco, March 11-15

(2012).

392. McKim, J.M.J., Keller III, D.J. and Gorski, J.R. A new in vitro method for identifying chemical
sensitizers combining peptide binding with ARE/EpRE-mediated gene expression in human skin

cells. Cutan. Ocul. Toxicol. 29, 171-192 (2010).

393. McKim, J.M., Keller, D.J. 3rd and Gorski, J.R. An in vitro method for detecting chemical
sensitization using human reconstructed skin models and its applicability to cosmetic,

pharmaceutical and medical device safety testing. Cutan. Ocul. Toxicol. 31, 292-305 (2012).

394. Natsch, A. and Emter, R. Skin sensitizers induce antioxidant response element dependent genes:
application to the in vitro testing of the sensitization potential of chemicals. Toxicol. Sci. 102,

110-119(2008).

395. Natsch, A. The Keratinosens Assay: A high-throughput screening assay to assess chemical skin
sensitization. In High-Throughput Screening Methods in Toxicity Testing (P. Steinberg, ed.),

159-175. John Wiley & Sons, Chichester, UK (2013).

396. Bauch, C., Kolle, S.N., Ramirez, T., Eltze, T., Fabian, E., Mehling, A., Teubner, W., van
Ravenzwaay, B. and Landsiedel, R. Putting the parts together: Combining in vitro methods to

test for skin sensitizing potentials. Reg. Tox. Pharmacol. 63, 489-504 (2012).

397. Emter, R., Ellis, G. and Natsch, A. Performance of a novel keratinocyte-based reporter cell line

to screen skin sensitizers in vitro. Toxicol. Appl. Pharmacol. 245, 281-290 (2010).

398. Joint Research Centre (JRC) of the European Commission. JRC Scientific and Policy Reports:
EURL ECVAM Recommendation on the KeratinoSens™™ assay for skin sensitisation testing,
February 2014. URL: http://ihcp.jrc.ec.europa.eu/our_labs/eurl-ecvam/eurl-ecvam-
recommendations/file-kerati/JRC_SPR_Keratinosens_Rec_17_02_2014.pdf (accessed

13.09.2014).

This article is protected by copyright. All rights reserved.



399. Ryan, C.A., Gerberick, G.F., Gildea, L.A., Hulette, B.C., Betts, C.J., Cumber-batch, M.,
Dearman, R.J. and Kimber, I. Interactions of contact allergens with dendritic cells: opportunities

and challenges for the development of novel approaches to hazard assessment. Toxicol. Sci. 88,

4-11 (2005).

400. Ryan, C.A., Kimber, 1., Basketter, D.A., Pallardy, M., Gildea, L.A. and Gerberick, G.F. Dendritic
cells and skin sensitization: biological roles and uses in hazard identification. Toxicol. Appl.

Pharmacol. 221, 384-394 (2007).

401. Dos Santos, G.G., Reinders, J., Ouwehand, K,. Rustemeyer, T., Scheper, R.J. and Gibbs, S.
Progress on the development of human in vitro dendritic cell based assays for assessment of the

sensitizing potential of a compound. Toxicol. Appl. Pharmacol. 236, 372-382 (2009).

402. Ovigne, J.M., Martinozzi-Teissier, S., Verda, D., Abdou, D. Piroird, C., Ade, N. and Rousset, F.
The MUSST for in vitro skin sensitization prediction: Applicability domains and complementary
protocols to adapt to the physico-chemical diversity of chemicals. Toxicol. Lett. 180 (Suppl.) 216

(2008).

403. Python, F., Goebel, C. and Aeby, P. Assessment of the U937 cell line for the detection of contact

allergens. Toxicol. Appl. Pharmacol. 220, 113-124 (2007).

404. Sakaguchi, H., Ashikaga, T., Miyazawa, M., Kosaka, N., Ito, Y., Yoneyama, K., Sono, S.,
Itagaki, H., Toyoda, H., and Suzuki, H. The relationship between CD86/CD54 expression and
THP-1 cell viability in an in vitro skin sensitization test--human cell line activation test (h-

CLAT). Cell Biol. Toxicol. 25, 109-126 (2009).

405. Ashikaga, T., Sakaguchi, H., Sono, S., Kosaka, N., Ishikawa, M., Nukada, Y., Miyazawa, M.,
Ito, Y., Nishiyama, N. and Itagaki, H. A comparative evaluation of in vitro skin sensitisation
tests: the human cell-line activation test (h-CLAT) versus the local lymph node assay (LLNA).

Altern. Lab. Anim. 38, 275-284 (2010).

This article is protected by copyright. All rights reserved.



406. Hooyberghs, J., Schoeters, E., Lambrechts, N., Nelissen, 1., Witters, H., Schoeters, G. and Van
Den Heuvel, R. A cell-based in vitro alternative to identify skin sensitizers by gene expression.

Toxicol. Appl. Pharmacol. 231, 103-111 (2008).

407. Lambrechts, N., Vanheel, H., Nelissen, 1., Witters, H., Van Den Heuvel, R., Van Tendeloo, V.,
Schoeters, G. and Hooyberghs, J. Assessment of chemical skin-sensitizing potency by an in vitro

assay based on human dendritic cells. Toxicol. Sci. 116, 122-129 (2010).

408. Johansson, H., Albrekt, A.S., Borrebaeck, C.A. and Lindstedt, M. The GARD assay for

assessment of chemical skin sensitizers. Toxicol. In Vitro 27, 1163-1169 (2013).

409. Hitzler, M., Bergert, A., Luch, A. and Peiser, M. Evaluation of selected biomarkers for the
detection of chemical sensitization in human skin: a comparative study applying THP-1, MUTZ-

3 and primary dendritic cells in culture. Toxicol. In Vitro 27, 1659-1669 (2013).

410. Mitjans, M., Galbiati, V., Lucchi, L., Viviani, B., Marinovich, M., Galli, C.L. and Corsini, E. Use
of IL-8 release and p38 MAPK activation in THP-1 cells to identify allergens and to assess their

potency in vitro. Toxicol. In Vitro 24, 1803-1809 (2010).

411. Martinez, V., Galbiati, V., Corsini, E., Martin-Venegas, R., Vinardell, M.P. and Mitjans, M.
Establishment of an in vitro photoassay using THP-1 cells and IL-8 to discriminate photoirritants

from photoallergens. Toxicol. In Vitro 27, 1920-1927 (2013).

412. Guironnet, G., Dalbiez-Gauthier, C., Rousset, F., Schmitt, D. and Péguet-Navarro, J. In vitro
human T cell sensitization to haptens by monocyte-derived dendritic cells. Toxicol. In Vitro 14,

517-522 (2000).

413. Rougier, N., Redziniak, G., Mougin, D., Schmitt, D. and Vincent, C. In vitro evaluation of the
sensitization potential of weak contact allergens using Langerhans-like dendritic cells and

autologous T cells. Toxicology 145, 73-82 (2000).

414. Peiser, M., Hitzler, M. and Luch, A. On the role of co-inhibitory molecules in dendritic cell: T
helper cell coculture assays aimed to detect chemical-induced contact allergy. EXS. 104, 115-135

(2014).

This article is protected by copyright. All rights reserved.



415. Vocanson, M., Cluzel-Tailhardat, M., Poyet, G., Valeyrie, M., Chavagnac, C., Levarlet, B.,
Courtellemont, P., Rozieres, A., Hennino, A. and Nicolas, J.F. Depletion of human peripheral
blood lymphocytes in CD25+ cells allows for the sensitive in vitro screening of contact allergens.

J. Invest. Dermatol. 128, 2119-2122 (2008).

416. Vocanson, M., Achachi, A., Mutez, V., Cluzel-Tailhardat, M., Varlet, B.L., Rozieres, A.,
Fournier, P. and Nicolas, J.F. Human T cell priming assay: depletion of peripheral blood
Iymphocytes in CD25(+) cells improves the in vitro detection of weak allergen-specific T cells.

EXS. 104, 89-100 (2014).

417. Martin, S.F., Esser, P.R., Schmucker, S., Dietz, L., Naisbitt, D.J., Park, B.K., Vocanson, M.,
Nicolas, J.F., Keller, M., Pichler, W.J., Peiser, M., Luch, A., Wanner, R., Maggi, E., Cavani, A.,
Rustemeyer, T., Richter, A., Thierse, H.J. and Sallusto, F. T-cell recognition of chemicals,
protein allergens and drugs: towards the development of in vitro assays. Cell Mol. Life Sci. 67,

4171-4184 (2010).

418. Aeby, P., Ashikaga, T., Bessou-Touya, S., Schepky, A., Gerberick, F., Kern, P., Marrec-Fairley,
M., Maxwell, G., Ovigne, J.M., Sakaguchi, H., Reisinger, K., Tailhardat, M., Martinozzi-
Teissier, S. and Winkler, P. Identifying and characterizing chemical skin sensitizers without
animal testing: Colipa's research and method development program. Toxicol. In Vitro 24, 1465-

1473 (2010).

419. Bauch, C., Kolle, S.N., Fabian, E., Pachel, C., Ramirez, T., Wiench, B., Wruck, C.J., van
Ravenzwaay, B. and Landsiedel, R. Intralaboratory validation of four in vitro assays for the

prediction of the skin sensitizing potential of chemicals. Toxicol. In Vitro 25, 1162-1168 (2011).

420. OpenStax College, Anatomy & Physiology. OpenStax College, 25 April 2013.

http://cnx.org/content/col11496/latest/ (assessed at 13.09.2014)

421. Langhals, H. and Fuchs, K. Sonnenstrahlung, Hautreaktionen und Sonnenschutz (Sun radition,

skin reactions and sun protection). Chem. Unserer Zeit 39, 98-112 (2004).

This article is protected by copyright. All rights reserved.



422. Slominski, A., Tobin, D.J., Shibahara, S. and Wortsman, J. Melanin pigmentation in mammalian

skin and its hormonal regulation. Physiol. Rev. 84, 1155-1228 (2004).

423. Hennino, A., Vocanson, M., Chavagnac, C., Saint-Mezard, P., Dubois, B., Kaiserlian, D. and
Nicolas, J.-F. Update on the pathophysiology with special emphasis on CD8 effector T cells and

CD4 regulatory T cells. An. Bras. Dermatol. 80, 335-347 (2005).

Tables and Figures

Table I Approved UV filters worldwide with their maximum usage concentration

Table II Overview of prescribed UVA determination methods in different countries

Figure 1 Layers of Skin: The skin is composed of two main layers: the epidermis, made of closely

packed epithelial cells, and the dermis, made of dense, irregular connective tissue that houses blood

vessels, hair follicles, sweat glands, and other structures. Beneath the dermis lies the hypodermis,

which is composed mainly of loose connective and fatty tissues. (This content is available for free at

http://cnx.org/content/col11496/1.6) [420]

Figure 2 Spectrum of natural sunlight and the light-filtering effect of the atmosphere (according to

data of [62,63,65])

Figure 3 Percent transmittance of UVA, UVB, and UVC radiation (according to data of [67])

Figure 4 Formation of thymine cyclobutane dimers (according to [421])

Figure 5 Formation of the pyrimidine (6-4) pyrimidone photoproduct (according to [421])
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Figure 6 UV-induced transformation of tyrosine into pre-melanin metabolites and into melanin
(according to [421,422])

Figure 7 Basic chemical structures of commonly used UV filters

Figure 8 Overview of the most commonly used cosmetic UV filters, available on the German market
in 2013 and 2014, divided into sunscreens, skin care products, and lip care products

Figure 9 Schematic illustration of the sequence of an allergic response (mechanism according to

[423])
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UVA determination method

Europe 1ISO 24442:2012 (PPD)

ISO 24443:2011 (in vitro) + critical wavelength = 370 nm
USA FDA final rule 2011 — critical wavelength > 370 nm

FDA final rule 2011 — critical wavelength > 370 nm
Canada COLIPA in vitro method + critical wavelength

ISO 24442:2012 (PPD)

JCIA Standard (PPD)
China JCIA Standard (PPD)
Japan JCIA Standard (PPD)

ISO 24442:2012 (PPD)

ASEAN 1ISO 24443:2011 (in vitro) + critical wavelength = 370 nm

FDA final rule 2011 — critical wavelength > 370 nm

COLIPA in vitro method + critical wavelength

Mercusor ISO 24442:2012 (PPD)

1ISO 24443:2011 (in vitro) + critical wavelength = 370 nm

JCIA Standard (PPD)

Documented test results of an acceptable authority, but broad
spectrum ratio UVA/UVB 1:2:5

South Africa
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