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ABSTRACT

'The use of sunscreen products has been advocated by
many health care practitioners as a means o reduce skin
damage produced by ultraviolet radiation (UVR) frem
sunlight. There is a need (o better understand the efficacy
and safety of sunscreen products given this engoing cam-
paign encouraging their use. The approach used to es-
tablish sunscreen efficacy, sun protection tactor (SPF), is
a useful assessment of primarily UVB (290-320 nm) fil-
ters. The SPF test, however, does not adequately assess
the complete photoprotective profile of sunscreens spe-
cifically against long wavelength UVAI (340—00 nm}.
Moreover, 1o date, there is no singular, agreed upon
method for evaluating UVA efficacy despite the imme-
diate and seemingly urgent consumer need to develop
sunscrecn products that provide broad-spectrum UVB
and UVA photoprotection. With regard to the safety of
UVB and UVA filters, the carrent list of commonly used
organic and inorganic sunscreens has favorable toxico-
logical profiles based on acute, subchronic and chronic
animal or human studies. Further, in most studies, sun-
screens have been shown to preveot the damaging effects
of UVR exposure. Thus, hased on this review of currently
available data, it is concluded that sunscreen ingredients
or products do not pose a human health concern. Fur-
ther, the regular use of appropriate broad-spectrum sun-
screen products ceuld bave a significant and faverable
impact on public health as part of an overall strategy to
reduce UVR exposure.

INTRODUCTION

The incidence of nonmelanoma and melanoma skin cancers
has been increasing in most parts of the world for several
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decades (1,2}, Exposure to UV radiation (UVR)F lrom Lhe
sun plays a causal role in acute and chronic skin damage
including skin cancers (3). As such, the medical communily
and other health care providers have advocated a photo-
avoidance strategy consisting of limiting sunlight exposure
between midday hours of 1100 and 1500, wearing protective
clothing and using sunscreens. Because sunscreens prevent
sunbum and their use is encouraged, it has been suggested
thal sun exposure may actually be prolonged because users
believe thcy are protected und therelore will spend more
time in the sun. This potential consequence raises several
ancillary concerns. For example, because most sunscreens
are primarily UVB (290-320 nm) and, in some cases, short
wavelength UVAIL (320-340 nm) filters, then use of such
products changes the UVR specirum to which the skin is
cxposcd, Consequently, if behavior is modilied by sunscreen
use resulting in longer periods of sun exposure, then the dose
ol long-wavelength UVR, 340 nin and above, would be in-
creased. Purther, cven though sunscreens prevent sunburn,
little is known regarding the threshold or dosc—response for
UVR-induced effects on other cndpoints such as immuno-
suppression or DNA damage. Finally, because sunscrecns
are becoming widespread and available, questions have been
raised regarding their long-term safety, particularly in the
presence of UVR. The intent of this review is (o address
these concerns, when possibie, with direct evidence and dis-
cuss ways that sunscreen products might be improved. To
this end, it seems necessary to examine some basic concepts
regarding the complexities of UVR and its effects on skin.
After considering the effects of UVR on unprotected skin,
the consequences of introducing sunscreens into this intricate
interaction will be reviewed.

tAbhreviations: BAS. 3-benzoyl-4-hydroxy-6-methoxybenzenesul-
fonic acid, CHO, Chinese hamster ovary: CW, critical wave-
length: EMR, electromagnetic radiation; MED, minimal erythema
dose; B-MOP, 8-methoxypsoralen: NMSC, nommelanoma skin
cancer; OMC, octyl methoxycinmamale; OTC, ovee-the-counter:
PABA, p-aminchenzoic acid; SPF, sun protection factor; SPS,
sunsereen protected spectruim: SSR, solar-simulated  radiation:
TiQ,, iitaniom dioxide: UVAT, 340-400 nm radiation: UVAIL
320340 nm radistion; UVB, 290-320 am radiation; UV, 100-—
200 nm radiation; UVR, altraviclet radiation; Znd), zinc oxide.
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SOLAR UVR

The sun cmits non-ionizing electromagnetic radiation (EMR}
composed of UV (100-400 nm), visible (400-780 nm) and
infrared (780-3000 nm) radiation. With regard to human
health, the most relevant and concerning form of EMR is
TWR (4-6). Ultraviolet radiation is composed of wave-
lengths between 100 and 400 nm that are further divided
inte UVC (100-290 mun), UVB {290-320 nm) and UVA
(320400 nm). Because wavelengths below 290 nm are ab-
sarbed by atmospheric ozone and do not reach the earth’s
surface, UVC from sunlight is of linle practical concern (7).

As stated, the primary source of UVB and UVA radiation
is the sun, 1o which exposure is considered largely unavoid-
able. The amount of UVR reaching a given location on earth
varies seasonally, geographically and diurnally. For exam-
ple, UVR intensity is highest at the equater and high alti-
tudes and decreases with increasing latitudes. The intensity
of UVB is considered highest during the summer mounths
and on a daily basis between 1100 and 1500 h. Impoctantly,
however, UVA intensity is morc consistent throughoui the
day and from season to scasen compared to UVB. Meteo-
rological and atmospheric conditions including cloud cover,
pollution, humidity and temperature modify the spectram
and intensity of tervestrial sunlight, particularly the UV com-
ponent (8). For most individuals in developed countries, ex-
posure o solar UVR comes in short, mulliple episodes to
the face, neck and hands (9) that are a consequence of ev-
eryday life. This incidental exposure can account for as
much as 80-90% of an cstimated yearly exposare to UVR
(16,11) and, not coincidentatly, over 60% of nonmelanoma
skin cancers (NMSC) appear at these sites (3,12,13).

EFFECTS OF SOLAR UVR ON THE SKIN

Exposure to UVR has pronounced acute, chronic or delayed
cifects on the skin. The UVR-induced skin effects manifest
as acute responses such as inflammation, fe. sunburn (14},
pigmentation (15), hyperplasia (16), immunosuppression
(17,18) and vilamin ¥ sypthesis (19,203, and chronic effects,
primanly photocarcinogenesis (3,21) and photoaging (22—
24). These acute and chronic etfects are dependent on the
spectrum and cumulative dosc of UVR; however, the com-
plete action spectrum for the majority of UVR-induced ef-
fects has not beep completely defined in human skin. In ad-
dition, and quite importantly, thesc responses have different
thresholds such that the prevention of UVR-induced changes
for one endpoint does not guarantec a similar level of pro-
tection for any other. Regardless, it should be kept in mind
that exposurc to UVR always produces more skin damage
in unprotceted than in sunscreen-prolected skin because the
acutle and chronic effects of UVR are dose, time and wave-
length dependent (3), and in the most empirical terms sun-
screens reduce the dose of UVR.

Evidence for a role of UVR in skin cancers

Exposure to UVR from sunlight probably causes NMSC,
based in part on the following evidence:

¢ People with xeroderma pigmentosum, a genetic disease
with defective DNA repair, are exquisitely sensitive to UVR

and develop NMSC at an early age predominanily on sun-
exposed parts of the bedy (23).

#® The incidence of NMSC is inversely related to latitnde
in populations of mainly European origin (26) and is greater
in cutdoor compared to indoor workers (27).

® The NMSC is most commoen on the head, neck, arms
and hands, areas of the body that receive the largest dose of
UVR (28).

® Persons that easily sunburn, i.e. Fitzpatrick skin types
I and II, are more susceptible to the development of NMSC
(29,30).

# Mutations in the p53 tumor suppressor gene have been
found in 90% of squamous and 50% of basal cell carcino-
mas, most of which are UVR signature mutations (31.32).

® Exposure to UVR produces dose-, time- and wave-
length-dependent skin tamers in animals (3,21).

The case for the role of sunlight exposure as a risk factor
for development of malignant melanoma is more complex
compared to NMSC. Nonetheless, there is epidemiological
evidence supportive of the role of sunlight exposure, partic-
ularly severe sunburn in childhood, as a risk factor for mel-
anoma (2,33). Sun sensitivity, that is pigmentation traits such
as color of eyes, hair and skin, and skin reaction to sun
exposure, i.e. inability to tan, and intermittent exposure to
intense sunlight are important determinants of susceptibility
to melanoma (34,35). Interestingly, in confrast to NMSC,
UVB-mediated p533 mutations are virtually absent in mela-
nomas (31), which suggests separate mechanisms responsi-
ble for the devclopment of these skin cancers.

Evidence for a role of UVR in photoaging

Like skin cancer, chrenic exposure to solar UVR is thought
to accelerate aging of human skin. This skin pholoaging is
characterized by dryness, roughness, irregular pigmentation
such as freckling/lentigenes, actinic keratoses, wrinkling,
elastosis, inelasticity and sebaceous hyperplasia (24). The
incidence and severity of skin pholoaging are believed to be
a function of cumulative UVR exposure, based on human
and animal studies. For example, Cuucuasian women with
excessive sun exposure have a higher incidence of photoag-
ing than women with a low UVR exposure history (36,37).
In addition, signs of photodamage specifically on the face
arc absent in unexposed skin, e.g. inner portion of the arm,
of the same individual {38). Importantly, photoaging differs
from chronological or intrinsic aging of the skin and may be
slowed or reversed by reduction in UVR exposure as is the
case with sunscreens or, perhaps, with other treatments such
as all-trans-retinoic acid (39).

SUNSCREENS AS PART OF A
PHOTOPROTECTION STRATEGY

Sunscreen-mediated photoprotection is concerned with the
reduction of exposure to UVR, specifically UVE and UVA,
primarily from the sun. There arc two categories of sun-
screen agents: organic and inorganic. The organic sunscreens
are referred to as soluble or chemical sunscreens. The in-
organic sunscreens are commonly known as physical, min-
eral, insoluble, natural or nonchemical. The termu nonchem-
ical is an obvious misnomer that has gained some consumer



Table 1.
market

List of UVR fiiters vsed in the United Stares skin carc

UV filter

{approximale rank order) Comment

Octy! methoxycinnamate
(OMC)
Oxyhenzone

Found in over 90% of sunscreen prod-
ucts uscd in the world

Combined with OMC in many beach
products

Used in oxybenzone/ONC primarily
for its solveur properties

Found in many recreational sunscrecn
products

2-Phenyl-benzimidazole-3- Used in combination with OMC
sulfonic actd (PBSA) datly UV protectant products

Methyl anthranilate

Homosalate

2-Ethylhexyl-o-dimethy-
lamino

Renzoate {Padimale (3)

Avobenzone

Zine oxide

Octyl salicylate

Octocrylene

Currently four products

Recently approved category I sun-
RUTEET

Titaniom dioxide

p-Aminobenzoic acid
(PABA)

Glyceryl aminobenzoate

Amyl p-dimethylamino-
benzoate (Padimate A)

Fthyl 4
[his(hydroaypropyl)]
aming

Rarely used

Rarely nsed
Rarely uscd

Rarcly used

Dicxybenzone Rurely used
Sulidobenzone Rurely vsed
Cinuxate Rarcly used

Diethanolamine p-rocthox- Rarely used
yeinnamate

Lawsone F dihydroxyace- Rarcly used
tone (DHA)

Red petrolatam

Sodium 3, 4-dimethyl-
phenyl glyoxylate

Benzeate digalloy)
tricleaie

Ticthanolamine sulicylate

Rarely used
Rarely used

Rurely used

Rurely used

recognition nonctheless. The distinction between these two
catcgarics of sunscreens is somewhas arbitrary based on
mechanism; howevet, for the parpose of this review, we will
use this distinction and address each separately.

Organic sunscreens

Organic sunscreens have been the mainstay of sunscreen for-
mulation for decades and, although inorganic senscreens are
gaming in popularity, organic sunscreens are still used in
greater amounts, Organic sunscreens are often classified as
derivatives of: (1) anthranilates, (2) benzophenoncs, (3) cam-
phors, (4) cinnamates, (5) dibenzoyhnethanes, {(6) p-aminob-
enzoates or (7} salicylates (40). These aromatic compounds
absorb a specific portion of the UVR spectrum that is gen-
erally re-emitted at a less energetic, longer wavelength, i.e
heat or lighl, or used in a photochemical reaction, such as
cis—trans or keto-enol phoiochemical isomerization (40).
There are 23 (including red petrolatum) organic sunscreen
agents currently available in the United States for use in
over-the-counter (OTC) sunscreen products (Table 1), Of
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these, nine are ordinarily used in sunscreen products and the
remaining are rarely if ever present In Supscreen products
markeled today. Of the nine sunscreens that are used, live
of these comprise the majority of sunscreen products used
in the world. The organic sunscreens are almost always used
in combination because no single organic sunscreen agent,
used at levels currently aliowed by the U.S. Food and Drug
Administration (41}, can provide 4 high sun protection factor
(SPE). Further, individual organic sunscreens have a rela-
tively narrow absorption spectrum that can be broadened by
combinations. Specific combinations of organic sunscrecns
are used frequently depending on the intended product us-
age, recreational or daily photoprotection and the desired
attributes such as waterproof or sweal-proof. Most recently,
the combination of organic and inorganic sunscreens has be-
come increasingly popular in sunscreen products.

Inorganic sunscreens

During lhis decade, the incrganic sunscreens have heen used
with increasing frequency in beach and daily use photopro-
tection products. This has been driven, in part, by their safety
and effectiveness, particularly in blocking UVA, and the
concern regarding potential adverse effects of organic sun-
screens. The inorganic sunscreens are generally viewed as
harmless pigments that cannot enter the skin and are largely
unaffected by light energy like organic sunscreens may be.
The two most commonly used inorganic sunscreens are 1i-
tanium dioxide (Ti0.) and zinc oxide (Zn0). Although these
two metal oxides differ substantially in their appearance and
attenuation spectra (42), they share some general properlics
that are discussed briefly.

Zinc oxide and Ti(), exist as odarless white powders com-
prised of a Gausian or normal distribution of particie sizes.
Microfine powders, used in sunscreen products, bave an av-
erage particle size of approximately 0.20 pm {micron) or
less with a distribution theti is narrow and well controlled.
Importantly, compared to the aditional pigment grades of
these metal oxides that have been used for years in cosmetic
products, micrefine powders do not contain smaller particles,
rather the lower end of the normal particle size distribution
is augmented through specialized manufacturing procedures.
In other words, microfine powders have always been present
in ZnO- or TiQ,-containing products but were optically over-
whelmed by the larger particles. Thus, microfine particles do
not represeni an entirely new particle size, just a refinement
of ihe existing parlicle size distribution (43).

Each particulate has a size at which it maximally scatters
visible light (43). This is the ideal size for usc as a white or
colored pigment. As a sunscreen, however, any color ren-
dered to the product by an ingredient is undesirable. Thus,
the average particle size of a metal oxide is reduced below
the optimal light scattering size, allowing visible light t be
transmiticd and therefore, appearing virtually invisible on
the skin. This property has been ecmployed 1o yield the mi-
crofine grades of metal oxides thal are now being widely
used in sunscreen and daily skin care formulations.

Zinc oxide or ‘Ti(» used in sunscreen preparations is often
coated with other materials soch as silicones, fatty acids or
oxides of aluminum, silicon or zirconium to aid in disper-
sion, The coalings were developed by the paint industry to
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reduce particle agglomeration, which improves the distri-
bution of particles when applied as a thin film on a surface,
The proper coating provides better compatibility between the
particle and the dispersion medivm, which ultimately im-
proves aesthetics and decreases processing costs. Further,
coating may reduce any potential photoreactivity of the met-
al oxides (44).

SUNSCREEN EFFICACY

Sunscreens reprcsent unigue products because, if applied
properly, their efficacy is guaranteed. This guarantee is
based on their ability to prevent sunburn, which has been
the criterion used to evaluate these products to date. As pre-
sented in this paper, however, this singutlar criterion does not
appear to be sufficient for evaluation of sunscreen prodocts
in the future. This view is based on the need for broad-
specuum UVB and UVA photeprotection products. None-
theless, unlike any other OTC drug, the final sunscreen prod-
uct is tested for efficacy before consumer distribution. The
methods used (o evaluate the efficacy of sunscrcens will be
bricfly considered.

SPF: A measure of protection against UVB

There is no guestion regarding product efficacy—sunscrecns
prevent sunburn. The selection of a sunscreen or combina-
tion of sunscreens and the resullant formulation is designed
and evaluated for this purpose. The SPF for a sunscreen is
defined as the ratio of sun exposure that skin can tolerate
before buming or minimal erythema is apparent with and
without sunscreen protection. Thus, SPF is really the pro-
tection factor for sunburn.

Becausc the action specirum for UVR-induced sunburn is
similar to that for a specific measure of DNA damage, it
often has been inferred that protection against sunburn is the
same as protection against DNA damage and a hos( of other
endpoints as well. However, as mentioned previously, it is
now clear that each biological response has a unique action
spectrum and even when different responses have similar
action spectra the threshold or dosc—responsc or both to
UVR may differ dramatically (3,14,17,19-23,39), Thus, al-
though SPF provides a measure of sunburn proteclion, its
value for other endpoints is limited and could be viewcd as
misleading.

Measures of UVA efficacy

When the SPF system originated, it was commonly accepted
that the action spectrum for UVR-related skin changes or
damage was similar to that for erythema in human skin, For
cxample, the action spectrum for NMSC in rodents is similar
to that for erythema in human skin (21). Of course, we now
know that the action spectra for other endpoints such as pho-
toaging and, perhaps melanoma, are not the same as erythe-
ma. Because SPF utilizes erythema as the endpoint, and
UV A 1s only mildly erythrogenic, it seems obvious that SPF
alone does not adequately describe a sunscrecn’s profective
profile. In pragmatic terms, it is possible (o have an SPF 13
sunscreen that blocks only a limited amount of UVAII (320—
340 nm) and viriwally no UVAI (340400 nm). Remarkably,
this describes the majority of sunscreen products on the mar-
ket in the United States today.

The ideal test for UVA photoprotection should use, as an
endpoint, some biological even known to be mediated by
these waveclengths, Unfortunately, to date, an endpoint for
use as a representative surrogate for UVA cvents has not
been agreed upon, There are several in vive tests that have
been proposed but not widely adopted. For examnple, im-
mediate pigment darkening (45), 8-methoxypsoralen (8-
MOP) photoloxic protection (46 and UVA erythema pro-
tection (47) have been siudied to varying extents, each with
some critical concern, such as exaggerated protection factors
in 8-MOP-sensitized skin (46) or lack of UV-dose reciproc-
ity for UV A-induced erythema {45).

Sirnilarly, in vitro tests have been described, most of these
based on some manipulation of spectrophotometric measure-
ments. One of these, the critical wavelength (CW), has been
proposed to evaluate sunscreens for their UV A absorption,
based on the methods outlined by Diffey (48). In this meth-
od, the transmission through a substrate, both with and with-
out the sunscrecn, is measured on a wavelengih-by-wave-
length basis using a light source with a continnous ocutput
over the terrestrial UVR spectrum. The attenvation spectrum
of the sunscrecn is then determiined. Importantly, prior to
attenuation tesiing, the sunscreen can be subjected to a preir-
radiation step, thus testing for any photoinstability of the
product. The CW is the wavelength at which 90% of the
total area under the attenuation spectrum from 290 to 400
nm is obtained. This procedure provides a qualitative means
by which the UV A atfenuation of a sunscreen product may
be assesscd.

Considering the current need for broad-spectrun UVB/
UVA sunscreen products and the absence of a mcaningtul
and clinically viable biologic marker, it would seem best to
docurnent, at 4 minimum, that the sunscreen attenuates ra-
diation of the proper spectrum. To this cnd, proponents of
the CW method stress its simplicity, reproducibility and its
ability to account for product photoinstability. Nonetheless,
critics suggest that the human relevance is uncertain because
it is an iz wvitre lest where no biclogical endpoint is mea-
sured.

SUNSCREEN SAFETY

Besides traditional recreational and daily photoprotection
products, sunscreens are increasingly included in diverse
consumer products. Given this, questions regarding Lheir
long-term safety, particularly in the presence of UVR ex-
posure, have been raised. The intent of this section, there-
fore, 18 to address some cuirent concerns regarding sun-
screen safety. This is not a comprehensive review of the
published studies on sunscreen safety, rather an aiternpl to
compare and contrast results of in vitro studies with those
obtained in vivo.

It is important to distinguish between long-term safety
concerns and short-term adverse reactions. Sensitivities, both
photo- and nonpholoinduced, 10 organic sunscrecns are well
documented and seemingly rare cvents, although therc are
few published studies making it difficult o know the actual
prevalence (49-51). These important and meaningful events
likely impact compliance but do not represcnt the sort of
long-term toxicity issues we discuss in this paper.

In general terms, the toxicological evaluation ol any
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¢ molecular/subcellular

isolated cells

e tissue culture
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Animal Studies

Clinical studies

Figore 1. Toxicological hierarchy in assessment of human risk. This
cartoon represents different levels of human relevance from a toxi-
cological viewpoinl. Resulis from & virre stedics nced to be bal-
anced against animal and clinical studies when considering risk to
human health.

chemical where human exposure 13 likely often includes
short-term in vitre studies thai are believed to be predictive
of loeng-term or delayed toxicity. This is quite cvident in the
carcinogenic risk assessmentl of chemicals where bacteria
mutation assays have becormce a mainstay in this process.
With regard to sunscreens, assessment of the mutagenic po-
tential reprcsents a unique challenge considering their spe-
cific function, namely absorption of UVR, As such, short-
term int vitro approaches measuring various cndpoints have
been conducted with sunscreens, many of which include
UVR cxposure. In general, these are cytoloxicity or geno-
toxicity. r.e. bacteria mutagenicity and mammalian ceil clas-
togenicity siudies that include concurrent UVR exposure.
The photogenotoxicity lesting of a chemical is judged
against results obtained with a positive control, 8-MOP. Be-
cause 8-MOP is the only demonstrated human photocarcin-
ogen known, the assessment of any compound using these
in vitre tesls is tenuous al best. Nonethceless, there are a
number of studies examining the acute interaction between
UVR and chemicals for both organic and physical sun-
screens. In general, these studics have been conducted to
identify what effects sunscreens have on UVR-induced dum-
age, either genelic or cylotoxic, and, by inlercnce, UVR-
induced skin carcinogencsis, This sirategy remains in the
infant stages of development, aithough to date, this approach
appears to have little bearing on human safety assessment.
Finally, when evaluating the human safety of sunscreens
and other xenobictics, it is important to understand the hi-
erarchical value of the cxperimental results. For example,
studies conducted in humans provide direct evidence in the
species of inlerest thereby eliminating issues regarding ex-
trapolation and relevance inherent in animal and in virre in-
vesugations. Similarly, studics conducted in animals provide
an integrated response resembling the human circumstance
more closcly than in vitre single cell studies. This hierar-
chical prioritization, crudely illustrated in Fig. 1, is critical
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when considening the poteniial human health risk from ex-
posure to a chemical.

Studies with organic sunscreeens

p-Amincbenzoic acid {PABA) was patented in 1943 and for
many ycars was the primary organic sunscreen active used.
Derivatives of PABA including 2-cthylhexyl-o-dimethylam-
inobenzoaic {Padimate O) and amy) p-dimethylaminoben-
zoale (Padimate A) were developed and utilized during the
1960s and 1970s. Since then a number of other sunscreen
agents have become available, several with reduced proba-
bility of photorelated toxicity making PABA and its deriv-
atives rarely used sunscreens, Despile its infrequent use,
PABA has been the subject ol much rescarch.

In vitro photochemistry and cytotoxicity studies. Hodges
et al. (52) was among the first 1o show thai baclerial cyto-
toxicity to PABA was enhanced after UVR exposure. Sub-
sequently, it was found that PABA can sensitize the for-
mation ol cyclobutanc dimers in DNA of bacterial and mam-
malian cells (53). Following these studies, PABA was shown
to form adducts with thymine and thymidine after UV imra-
diation (54,55). The consequences of PABA photosensiti-
zation of thymine dimers and direct adducts was extended
to agueous solulions containing bacterial plasmid DNA with
a similar result (56). These authors suggested that PABA
and 1wo other sunscreens, benzophenone-9 and 2-phenyl-
benzimidazole-5-sulfonic acid, were potential carcinogens
based on these in vitro data. Along these same lines, Know-
land er al. (57) reported that the 2-ethylhexyl-o-dimethylam-
ino derivative of PABA, Padimate O, was harmless in the
dark but mutagenic following exposure to sunlight or, more
correctly, solar-simulated radiation (SS5R) from an artificial
light source. This work conducted in yeast was extended by
McHugh and Knowland (58), where it was reported that ir-
radiated Padimate O generates DNA strand breaks and le-
sions that are blocked by free radical scavengers, likely re-
lated to the formation of singlet oxygen following iiradiation
(59). Collectively, these data suggest that PABA-like sun-
screens might represent a human hazard 1f applied and cx-
posed to UVR from sunlight as intended.

In vilro photogenotoexicity studies. Although somc of the
studics discussed above could be viewed as evidence for
phologenutoxicity, it has not been until recently that the clas-
sical bacterial mutagenicity, i.e. Ames test, and mammalian
cell clastogenicily studies have been modified to include
UVR as a means to evaluate sunscreens. These phologeno-
toxicity studies have given somewhat mixed results lor sun-
screens and clearly more work is needed to vahdate these
metheds. Regardless, Dean et ol. (60) reported that PABA
was photoclastogenic but not photomutagenic using Chinese
hamster ovary (CHO) cells or Escherichia celi bacteria, re-
speclively. The lack of photomutagenicily of PABA was
confirmed by Chélelat ef af. (61} and Henderson et al. (62).
However, in contrast to Dean et al. (60)), Chételat et al. {63)
found that irradiated PABA was not clastogenic in CHO
cells under the conditions of their study. In another study,
Mondon and Shahin {64) found that PABA aciually pro-
tected against lethal and genotoxic effects of UVB in V79
Chinese hamster cells and yeast. Finally., UV-induced un-
scheduled DINA synthesis was found to be blocked by PABA
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in cultures of human keratinocytes or fibroblasts (65,66).
Therefore, at a minimum, these data cast doubl on the po-
tential human concern related to the use ol products con-
taining organic sunscreens.

Acute in vivo studies. From the in virro study results
above, it is apparent that under specific artificial conditions,
organic sunscreens, predominantly PABA and its deriva-
tives, can interact with DNA following UVR either directly
ar indirectly. The cftect of PABA and other organic sun-
screens on measures of DNA damage produced by acute
exposure to UVR has been evaluated in vive using primarily
hairless mice. Walter (67) and Walter and DeQuoy (68)
found that several organic sunscreens including PABA and
i1s derivatives reduced UV-induced DNA damage in the skin
of hairless mice. More recently, Ley and Fourianier {69)
reported that octyl methoxycinmamate (OMC), the most
common UVB sunscreen used in the world, and terephthal-
ylidene dicampbor sulfonic acid, a UVB/UVA filter, reduced
the number of UV-induced pyrimidine dimers in epidermal
IDNA of hairless mice exposed 10 SSR.

Most recently, studies investigating UVR-induced mutu-
tions in the p33 tumeoer suppressor gene have been conducted.
As stated earlier, it has becn reported that the p53 tumor
suppressor gene is mutated in 90% of squamous cell carci-
nomas and 50% of basal cell carcinomas ffom human sub-
jects (31). Ananthaswamy et al. (70) described the ability of
sunscrecns, one confaining the UVB filters octocrylene and
2-phenylbenzimidazole-5-sulfonic acid and the other con-
taining the same UVB filiers plus UVA fillers avobenzone
and terephthalylidene dicamphor sulfonic acid, to inhibit the
induction of p53 mutations in UVR-irradiated C3H mouse
skin. In order to avoid the tedious task of examining all 11
exons of p53, these authors selected a site that is mutated in
27% of UV-induced skin tumors in mice for sequence anal-
ysis. They showed that the application of sunscreens before
¢ach irradialion nearly abolished the occurrence of p53 mu-
tations at the selecied site. In these studies artificial light
emifting only a portion of the solar spectrum was employed,
which means that these mice were not exposed Lo the high
doses of longer wavelength UVA and shorter wavelength
vigible light that is contained in the solar spectrum. None-
theless, this is an important study because it examined the
effects of sunscreens on a molecule that influences the fate
ol a cell.

Chronic in vivo studies. In considering the causal, quan-
titative relationship between UVR and skin cancer as sug-
gested by Blum et ¢l (71), it struck many that reducing UVR
exposure would not only support this relationship but may
be a practical means of reducing skin cancers in humans.
Studies using rodents, predominantly hairless mice, have cs-
tablished a cause and effect relationship between UVR cx-
posure and NMSC, An action spectrum for UVR-induced
skin cancer in hairless mice has been reported and continues
to be refined (21). Thus, it is not surprising that animal stud-
ies have been conducted cxamining the ability of sunscreens
to prevent UVR-induced skin cancer. To this end, there are
at least 21 published siudies conducted since 1960 that have
found without exception that UVR-induced skin mamor jor-
mation in rodents is inhibited by topical treatment with in-
dividual or combinations of sunscreens. A list of these stud-
ies is presented in Tabie 2.

Table 2.
SCrecns

Summary of photo co-carcinogenicity studies with sun-

Test materials References

Single compounds

Titaninm dioxide Greenoak ef al. (97}, Besiak and Halh-
day (98)

Octyl methoxycinnamate Gallagher er al. (141), Reeve ef al.

(OMO) {1423, Forbes et af. (82), Reeve ¢f
ul. (80}, Fourtanier ef wf. {143),
Bestak and Halliday (98), Reeve
and Kerr {(79), Kligman et af. (83)

Sayder and May (73), Flindt-Hansen
et al. (74-76)

Kligman et al. {77}, Reeve er af. (80),
Bisselt et af {144), Recve and Kerr
(79), Bissctt and McBride (14%)

wulf er af. (81}

Fourtanicr (143}

Knox er al. (72)

p-Amincbenzoic acid
(PABA)

Octy! dimethyl PABA
{Padimate Q)

Glyceride PABA
Mexoryl SX
3-Benzov!-4-hydroxy-6-
methoxy henzenesul-
fonic acid (BSA)

Combinations
Oxybenzone + OMC
Osxybenzone + TPadi-
mate 3
OMC + 1,7.7 trimethyl- Young et al. (146)
3-benzyhidene-bicyclo-
[2.2.1]-2-heptone
OMC ~ avobenzone
OMC + oxybenzone +
avobenzone

Wulf et af. (81), Kligman et e, (83)
Kligman ef al. (77}

Bissett ef wl. (23), Young et al. (147)
Kligman e¢ el (83}

Ome of the first published studies examining the ability of
sunscreens to inhibit UVR-induced skin cancer in rodents
was the work of Knox er al. (72). They conducted a series
of experiments with mice to determinc the effect of a ben-
zophenone derivative, 3-benzoyl-4-hydroxy-6-meshoxyben-
zenesullfonic acid (BAS), or PABA on the development of
skin cancer produced by artificial UYR. Both BAS and
PABA were found to decrcase UVR-induced tumor forma-
tion. Consistent with these results are the studies by Snyder
and May (73) and Flindt-Hansen et al. (74,75) that lound
lopical treatment with PABA significantly reduced the tu-
morigenic effects of UVR in mice. Furthermore, Flindi-Han-
sen ef al. (76) demonstrated that preirradiated, photodegrad-
ed solutions of PABA still protected mice against IJVR-in-
duced tumor formation. Thus, in contrast to in vitro results
demonstrating enhancement of UVR dimer formation or
photomusations that lcad 1o the logical hypothesis that
PABA would enhance UV-induced tumorigenesis, these in
vive data convincingly demonstrate that this sunscreen pro-
lects against UVR-induced tumer formation in mice.

Studies with PABA derivatives have, in general, been
shown Lo protect against UV-induced skin tumor {ormation
in rodents. For example, Kligman et al. (77) found that Pa-
dimate O, the alleged photomutagen (55.78), significantly
reduced UVR-induced tumor formation in albino hairless
mice., More recently Reeve and Kerr (79) found that a so-
{ution of Padimale O with a protection factor of 6, nearly
abolished the tumor response cven at UV doses equal to the
protection factor, f.e. six times the minimal dose 1o produce
edema in the hairlcss mouse. Interestingly, an earlier report



by this same group, Reeve et ¢l (80), failed 10 demonstrate
a protective ¢fiect of Padimate O in mice pretreated with the
carcinogen, 7,12-dimethylbenz(a)anthracene and exposed 1o
chronic UVR, suggesting perhaps that Padimate O might be
more eflective against UVR initiation compared to promo-
tion. Finally, Wull er al. (81) reporied thar a glyceride-
PABA-containing sunscreen delayed UV-induced tumori-
genesis in hairless mice. Collectively. these studies are con-
sistent with thosc using PABA that find sunscreens protect
against UV-induced skin tumor formation in rodents. Most
important, these in vive data clearly oppose the in vitro re-
sults.

Additional studies with other sunscreens and sunscreen
combinaiions have been conducled and are presented in Ta-
ble 2. Despite the cxaggerated UVR exposure resulting in
tumorigenesis in most animals in these studies, wreatment
with sunscrecns alone or in combination significantly de-
layed or comipletely abolished UVR-induced tumer forma-
tion. In addition, several key points cmerge from these data
that warrant comment. For example, treatment with sun-
screens reduces UVR-induced tumor formation in a dose-
dependent manner (82} and inhibits UVR-induced tumor ini-
tiation (82) and UVR-induced tumor promotion following
mmitiatton with either a potent chemical carcinogen (73.80)
or UVR itsclf (75). In scveral studics where sunscreens re-
duced UVR-induced tumor formation, there were skin re-
sponses observed even in the presence of sunscreen indica-
tive of a significant UVR exposure (72,77}, and in at least
two studies (80,83) exposure to UVR was increased to the
SPF of the product resulting in substantial, repeated UV ex-
posure. In addition, even preirradiated photodegraded PABA
blocked completely UVR-induced tumor formation in hair-
less mice (76). Finally, considering the cpidermal perme-
ability of hairless mouse skin together with the duration and
frequency of treatment, it is rcasonable to suggest that these
conditions maximize the concentration of sunscrcen prod-
ucls, fLe. parcnl compourndd, metabolitcs and any polential
pholodegradation products, in the skin over time and there-
tore assess the toxicological polential of any pholodegrada-
tion products in these studies. Thus, in toto, these dats would
seem (o diminish if not climinaie concerns from in vitro
pholocytoloxicity or photomutagenicity studies with respect
to leng-term sunscreen toxicity, specifically pholocarcino-
Eenicily concerns,

Studies with inorganic sunscreens

Although metal oxides, TiQ, and Zn(). have been used for
years in consumer products and are generally considered to
be inert, recent photecatalytic applications of TiO, (84.85)
have led some to a reconsideration of their effect in sun-
screens. Ti(), is a semiconductor that can absorb light and
under certain conditions generate free radicals (43,44.78).
The band gap (3 ¢V for TiO,) is a measure of the minimum
energy in electron volts required Lo promole an electron from
the valence band 0 the conduction band. A compound with
a band gap in the region of 3 eV can be excited by radiation
at wavelengths below ~380 nm. Thus, TiQ, may be suscep-
tible to excilation by UVB and UVA in sunlight. Photocx-
citation of Ti0; could promote a single elecitron from the
valence band to the conduction band, leaving a positively
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charged space, or hole, behind. Usually, the electron recom-
bines with the hole, but sometimes the hole migrates to the
surtace of the particle, where it can react with absorbed spe-
cics. In an agueous environmenl it can react with water or
hydroxyl icns, forming hydroxyl radicals (86} Such pro-
cesses are well known for aqueous preparations of TiO, ex-
posed 1o either artificial UV light or natural sunlight. Tn this
capacity, the photocatalytic potential ot TiO, has been used
experimentally to degrade suspensions of organic malterials
and purify drinking water (87).

Considering the photecatalylic potential of metal oxides,
it has been proposed as well that a photoreactive pigment in
i sunscreen product may degrade erganic UVR filters also
present in the formula. This has becn studied using com-
mercially represcntative sunscreens that contained both or-
ganic and inorganic sunscreens (88). Thin films of the sun-
screens were applied 10 a synihetic subsirate and irradiated
with increasing doses of solar-simulated UVR, the highest
dose being 30 Jem®. The sunscreen and subsirate were di-
gested and the percent organic sunscreen remaining was de-
lermined. Both coated, microline ZnO and TiO, were shown
to be photoprotective with respect 1o the organic sunscrecns
octyl methoxycinnamate and avobenrzone. Similar resulis
were oblained with unceaiecd microfine Zn(} as well. These
data show that, in finished formulation. these metai oxides
not only caused no detectable break down of adjacent or-
ganic molecules but actually improved their survival.

In viire cvtotoxicity and photogenotoxicity studies. Stud-
ies have becn conducted te detenmnine the effects of TiO, on
cell viability and other in vitro measures following irradia-
tion. Interestingly. the potential therapeutic application of the
photocatalytic potential of TiO. as an anticancer maodality
was the basis for some of these studies. Cai er gl (89) and
Kubota ez ai. (90) found that TiO, particles exposed to UVR-
killed tumor cells in culture or after transplantation Lo the
backs of mice. The cytotoxic cffects In cither case were sig-
nificantly reduced by free radical scavengers. The particles
of Ti0, were shown (o be distributed intra- and extracellu-
lurly in these studies. Similar cytotoxic effects of irradiated
Ti(), was reporied using human U937 monccytic ieukemia
cells by Huang et ol {91). Finally, in a study by Boehm et
al. (92), it was found that irradiation of coated Ti(, was less
cylotoxic to human fibroblasts compared to uncoated TiO,.

Besides the lethal effecls of irradiated TiO, on cuoltured
cells, the consequence of this combination on genetic bio-
melecules has been investigated. In studies by Hidaka et af.
(93), it was found that particles of TiQ, irradiated with a
mercury lamp could degrade solutions of naked DNA and
RNA. Dunford et al. (94) reported that TiO, alone or in
combination with ZnO oxidatively degraded phenol, a sur-
rogate chemical. after irradiation. In this same study, 11 was
found that both metal oxides produced DNA strand breaks,
converting supercoiled plasmid DNA to a relaxed and ulti-
malely linear form. Finally, these authors present serniguan-
rative resulls obtained in cullured human libroblasts where
Ti0, produced DNA damage assessed using the comet as-
say. In all the experiments reported by Dunford er al. (94},
it was found that the effects of irradiated TiO; could be
reduced in the presence of free radical scavengers. In support
of the studies by Dunlord et af (94} are the results of Nak-
agawa e al {93) evaluating the photogenotoxicity of TiO,.
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In single cell gel assays (f.e. comet assay) assessing DNA
damage, the most pronounced effects were observed at cy-
totoxic doses of UVR + Ti0O,. There was no effect of TiO,
+ UVR/visible light on microbial {i.¢. photo Ames} or mam-
malian cell mutation assays. In thesc studies, there was an
increase in chromosome aberrations occurring, again, at cy-
1otexic expeosure of irradiated TiO,. Collectively, these data
are consistent with other in virre studies demonstrating DNA
damage at cytotoxic exposure o TiO, and UVR.

Acute in vivo studies. From the preceding discussion and
as was the case with organic sunscreens, it logically follows
that any putative cytotoxic/photomutagenic propertics of
Ti(, would be expected to cnhance UVR-induced skin dam-
age in vivo, This hypothesis has been tested under acute and
chronic conditions asing hairless mice. In acute studies in-
vestigating UVR-induced DNA damage, both Ti0, and ZnO
applied o the skin of hairless mice prevented UVR-induced
DNA damage (68,96). Thus, in contrast to the in vitre study
results, TiQ, and Zn() prevent the DNA damage produced
by UVR in these in vive studies.

Chronic in vivo studies. The hypothesis that TiO, may
enhance UVR-induced damage has been investigated in
chronic photocarcinogenicity studies in mice. In iwo sepa-
rate studies, it was found that micronized Ti(), substantially
reduced UVR-induced tumor formation in mice (97,98),
These data are consistent with the acute in vivo results and
diametrically opposed to the seemingly logical extension of
the in vifro studies. Simply stated, the in vitro studies do not
predict chronic in vive findings. Thus, congidering the worst
case using the most photocatalytically active metal oxide,
Ti(},, there is no evidencc that repeated application in the
presence of UVR represcnts a potential human hazard under
the conditions of these studies. To the contrary, in vive ex-
periments have shown the 1opical application of metal oxides
as sunscreens to be beneficial.

Sunscreen studies in humans

Acute studies. The effect of sunscreens on the acuic cffects
of UVR has been assessed in human skin. For cxample,
Freeman et af. (99) found that a sunscreen containing OMC
and benzophenone-3 protected human skin from UVR-in-
duced DNA damage as evaluated by formation of pyrimidine
dimers. The study by van Praag ef @l (100) found a sun-
screen containing the UV A filter, avobenzone, and the UVB
filters, 3-(4'-methylbenzylidcne)-camphor and 2-phenyl-ben-
zimidazole-5-sulfonic acid, prevented UVB-induced cyclo-
butane dimer formation in human skin. Finally, PABA sig-
nificantly reduced unscheduled DNA synthesis produced by
high dose, 2 minimal erythema deose (MED), UVR exposure
in human skin (101). Collectively, these dala showing pre-
vention by sunscreens of acute UVR-induced DNA damage
in vive support their protective benefit in humans. Moreover,
despite the diverse methods and different endpoints, a sin-
gular lavorable cutcome was obtained.

The most recent human studies by Pontén er qf. (102) and
Krekels ef af. (103) have examined the effects of sunscrecns
on UVR-induced p33 expression taken from skin biopsies.
Subjects exposed to UVR had an inecrease in p53 expression
in the basal cell layer of unprotected skin. In both studies,
application of a sunscreen significantly reduced p53-positive

cells. These authors conclude that p53 is a sensitive measure
of UVR-induced DNA damage and that sunscreens protect
against this effect.

Chronic studies. Therc is no direct evidence in humans
that sunscreen use prevents nonmelanoma or melanoma skin
cancers primarily due to the inability to conduct such a pro-
tracted study. However, in two prospective clinical studies
it was found that repeated vse of sunscreens suppresses the
development of precancerous lesions (i.e. aclinic or solar
keratosis). Thompson ef af. (104) found that regular use of
a sunscreen containing OMC and avobenzone (tert-butyldi-
benzoyimethane} for 7 months prevented the development
of solar keratoses in a dose-dependent manner. Because solar
{actinic) keratoscs are precursors of squamous cell carcino-
ma and a risk factor for basal cell carcinomas and melanoma
{105), these data are suggestive that sunscreen use reduces
the risk of skin cancers in the long term. Similarly, Naylor
et al. {106) found that regular use of an SPF 29 sunscreen
containing OMC, benzophenone-3 and octyl salicylate over
2 years significantly reduced cutanecus neoplasia, as indi-
cated by its suppression of precancerous lesions. These data
are the most direct evidence that use of sunscrcen reduces
the risk of NMSC in humans. Finally, the use of sunscreens
has been reported to diminish some aspects of photoaging
in humans (107}, These data are supported by animal studies
that have clearly established that sunscreens diminish pho-
todamage (108-110). Thus, prospective clinical studies of
sumscreen use by humans have found that regular, daily use
reduces measures of chronic UVR-induced skin damage.

DISCUSSION

The most appareni acuie benefit of currently available sun-
screens is the preveniion of sunburn from UVR exposure.
This effect has been suggested to be both a benefit and a
potential concern. The obvious benefit is the preveniion of
sunburn that may reduce the risk of nonmelanoma and per-
haps melanema skin cancers because severity and frequency
of sunburms has been associated with NMSC formation
(2,29,30). The concern has been inadequate protection of
existing sunscreens and, more important, the potential for
prolonged UVR exposure without acute signals (i.e sun-
burn) ultimatcly leading to greater doses of UVA {111). Al-
though the assumption that sunscreen nse premotes or en-
courages prolonged sun exposure has not been substantiated
with any data (112), it remains a popular view that js, in
part, logical and appeuling. Regardless, it should be noted
that for a given acute UVR exposure, the skin damage pro-
duced in the absence of sunscreen photoprotection exceeds
that obtained in their presence.

The human safety of current sunscreens

The most contentious views related to the safety of sun-
screens have been built on in vitro findings using prepara-
tions of naked DNA or cultured cells. These studies have
found that fellowing irradiation, sunscrecns may attack DNA
either directly or indirectly viz & viz frec vadicals to produce
damage in the form of adducts or cell death (56,58). From
these results, it has been suggested that sunscreens may con-
tribute to long-term skin damage. Specificatly, it has been
suggested that the DNA damage observed in these in vitro



studies may be carcinogenic and may resuil when sunscreens
are used as directed. If the in vitro mechanisms have any
basis for concern, then acute and, mes! important, chronic
application should reflect these events and sunscreens should
accelerale the appearance of UVR-induced DNA damage or
tumor formation in vive. As demonstrated, however, the in
vive results provide a singular answer that sunscreens prolect
against acute and chronic or delayed UVR-induced skin
damage. For example, there was a trend toward delaying
UV-induced tumor formation and decreasing the number of
tugors per mouse in all photo-cocarcinogenicity studies con-
ducted with sunscreens alone or in combination (Table 2).
The singular outcome of these studies occurred despite
methodological differences in all studics. The cxtent of pro-
tection by the sunscreens ranged from complete inhibition
of UV-induced tumor formation to a delay in the appearance
of tumors by 2—-3 wecks. Thus, safery concerns based on
current in viftro results with sunscreens have no bearing on
the human use of sunscreens and may, in fact, be harmful
to the exient that they discourage sunscreen usc.

‘Why is there such a discrepancy betwecen the in vifro and
in vivo findings with sunscreens? Part of the answer, a1 least
in the case of metal oxides, may be the proximity belween
sunscreen and cellular materials such as DNA in vitre. I the
inorganic sunscreens are (o participale in any of Lhe reactions
noted in he ir vitre experiments, then the metal oxide par-
licle itselt must be present at the site of action. The metals.
titanium or zinc, are not themselves photoactive. Most work
studying metal oxide skin penetration has identified ibe mel-
al, Ti or Zn, not the metal oxide, Ti(y, or ZnQ). For mstance,
Ti has been shown in biopsies of clinical Taaterial analyzed
by energy dispersive X-ray anmalysis or electron-probe mi-
croanalysis and Irom this, it has been inlerred that TiO, can
pass through skin (113=115). These findings include case
studies and do not differentiate between Ti(), and Ti and, as
such, are far from comclusive. 1F TiO; was present, the pos-
gible route of entry is not at all clear and would warrant
further study. Regardless, even il small amounts of Ti(. do
penetrate the skin, getting to a critical sile of action, i.e
nuclcus of basal cells in the skin, and receiving enough
UVR, the likelihood of some bioleogically signilicant event
scems unlikely.

As above, the penciration of Zn** has been studied and
incorrectly interpreted as being indicative of ZnO penetra-
tion. A limited number of studies have found that Zn®* from
a ZnO-impregnated occlusive dressing penetrated wounded
rodent skin (116-118) and human skin (118,119). Again, in
these studies, Zn*” not Zn0O was analyzed. In the human
studies, Zn>" was measured from fluid of suction blisters. a
procedure that compromises the barrier funciion of the skin.
Other studies using more conventional approaches to assess
human skin penetration have found no evidence of penetra-
tion of ZnQ. Derry et al. (120) reported no significanl per-
cutangous penelration of Zn* after topical application of
40% Zn0 to humans. Dussert et af. (121} found no evidence
of ZnO penetration as determined by TEM, a proccdure that
would have identified the actual presence of oxide parsticles.
Finally, Vinson and Proch (122} found a ncgligible amount
of Zn?*, approximately 0.1% of the applicd dose of ZnQ,
was absorbed after wopical application under patch. Tn sum-
mary, the absorption of ZnQ through intact human skin fol-
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lowing topical application is nondetectable and that of Zn?!
is, at most, negligible. Under appropriate conditions, hydro-
lysis of ZnO likely accounts for any change in cpidermal
Zn?* concentrations after topical administration. Importantly.
Zo?* has no redox potential vnder physiologic conditions,
thus the relevance of its absorption is questionable, espccial-
Iy in light of the ubiguitous nature of Zn™' in mammalian
Sy siems.

The question of permeability of human skin to inovganic
sunscreens deserves a definitive study, using metheds that
are sensitive encugh to detcct very low levels of the metal
oxides themselves that could be relevant w DNA damage.
For the organic sunscreens, the penetration and metabolism
ol organic sunscreens requires additional studics. in addition,
the photestability of the organic sunscrecns 1s now becoming
a concern although it appears to be most relevant to only
one agent, avobenzone. Nonctheless, to dale, the preclinical
and clinical study results all support the human safety ot the
currently used organic and inorganic sunscreens,

Protected versus unproiccted skin

When one applies a sunscreen, the attenuation spectrum of
that sunscreen deiines the spectrum of UVR to which un-
derlying cells in the skin are subjected. In this way, sun-
screens alter the light spectmum to which the skin is exposed.
This sunscreen-protected spectrum (SPS) will depend on the
kind of sunscreen used and, with the majority of sunscreen
products currently available, it is cerlain that longer UVA
wavelengths will comprise this SPS. ILis [or this reason that
ideally we should know the complete action specira, thresh-
old and dose—response for any physiological, biological and
molecular phenomena that occur in the skin. For example.
the elucidation of skin immunelogy two decades ago led to
a concern that even though sunscreens block the acute in-
flammation produced by UVR they might not prevent the
immune-suppressive effects. Numerous studies have come
down on different sides of this question (123,124). Different
experimental conditions, including light sources and the lack
of UVC filters, can account for many of the disagreements
and the full siory remains to be told because a complete
aclion spectrum lor immune suppression has not been de-
scribed. Thus, 1t seems critical that UVR-mediated biological
events be carefully characterized before the significance ot
UV R—sunscreen interactions can be fully undersioond.
Although sunscreens do not form an impervious barrier
across the solar UVR spectrum, most currenily marketed
products absorb UVEB very cfficiently and hence prevent er-
vthema very effectively as described by their SPE. Some
sunscreens alse confain UV A-absorbing chemicals. How-
ever, except for butylmethoxydibenzoylmethane {(ie. avo-
benzone) and the metal oxides of titanium and zinc, cur-
rently used sunscreens are nol impervious to all UVA wave-
lengths. Some UVA filters absorb in the UVAIL region,
~320-360 nm (Table 3) but not in the long wavelengths of
UVAL It is important 1o note that, as of this wriling, the
ierm broad specirum can be used for sunscreen products in
the United States containing UVAIL (320-340 nm) filters,
even though, as previously noted, the majority ol markeled
sunscreen products do nol contain UV AL flters. Thus, cells
in the skin, even if protected with a currently labeled broad-
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Table 3. Attenuation speetra for commonly used UVR filters®

[ngrediear uvB UvALl UVAI

Octyl methoxyeinnamate

Oxybenzone

Octy| salicylate

Ocloerylene

2-Phenyl-benzimidazole-5-
sulfonic acid

Menthyl snthranlate

Homosalate

Padimate O

Avobenzone

Microfine zinc oxide

Microfine titanium dioxide

P4+t
I+ |
|

-+
P
o+ 4

*UVRE: 200-320 nm; UVAIT: 320-340 nm: UVAT; 340400 nm.

spectrum sunscreen, ¢an be cxposed to biologically relevant
doses of longer UVA wavclengths. Thus, we believe sun-
screens need to be improved partticularly in blocking longer
UVA wavelengths, Nonetheless, given their broad benefits,
we supporl the continued promotion of their recreational and
daily use as part of a stralegy to reduce UVR exposure with
the desire of improving public health.

Sunscreen use and melanoma

It is well beyond the scope of this review to consider the
rolec of sunscreen use and the prevention/causation of mel-
anoma. However, it is necessary o mention considering the
controversies surrounding this subject. In the most simplc
terms, if UVR exposure plays a role in the etiology of mel-
anoma as suggested (2,33-35), then reducing sun exposurc
should diminish the risk of developing this skin cancer.
Thus, sunscreens would by this definition be beneficial in
reducing the risk of melanoma provided they are applied
properly, on a regular basis and do not medify behavior
lcading to prolonged periods of sun exposure. Clearly, the
lack of an animal model of melanoma has slowed our ability
to understand the pathogenesis of this diseasc, There is an
urgent need for more research in the causation of melancma
and prospective clinical studies ot preventive approaches in-
cluding the use of sunscreens.

The need for broad-spectrum UVB/UVA sunscreen
products

There is growing ecvidence that although UVB is the most
damaging component of sunlight, UVA is responsible for
numerous morphological, molecular and biochernical cvenis
that may contribute to photodamage of skin (125-128). The
effects of long-term UV A radiation have been reported to be
different qualitatively and quantitatively from those of UVB
(129-131}. Finally, the mechanism(s)/chromophores by
which these wavelengths affect biological processes are dif-
ferent. For example, UVB is believed tc be absorbed pri-
marily by DNA, RNA and proteins that may be the direct
chromophores mediating the damaging effects of these
wavelengths. In contrast, the effects of UVA are secondary
to the formation of free radicals, and the chromophore(s)
leading to the generation of thesc reactive oxygen species is
unknown.

Emphasizing the need for broad-spectrum sunscreens, Dif-
fey (132) calculated the UV A dose received with and with-
out sunscreens. It was shown that 6 Jom® of UVA would
be absorbed by the skin (~—20 min to receive 1 MED withou
a sunscreen). With an SPF-8 sunscreen containing a UVEB
absorber and a UVA absorber such as benzophenone, the
time one could remain in the sun without developing ery-
thema would be exiended to 2.5-3 h. During this period, the
skin would receive a total of 15 Jem? of UV A, Studies have
shown that repeated exposure to similar, suberythemal doses
of UVA produce skin damage (133). Thus, sunscreens
should provide long wavelength, UVAI, photeprotection to
reduce UVR-induced skin darnage particularly if they have
the potential to meodify human behavior resulting in pro-
longed sun exposure.

UVA studies in lumans. Chronic suberythemic cxposure
to UVA appears to produce changes in human skin indica-
tive of photoaging (133-135). Deleterious effects of suber-
ythemal doses of UVR have been reported previously in hu-
man studics by Kaidbey {136). After application of SPF-15
and -30 sunscreens, subjects were exposed to ~ 15 MED of
SSR. Faint erylhema developed in some of the SPF-15-pro-
tected sites but not in the SPF-30 sites. Although the greatest
number of sun burn or apoptotic cells occurred with the for-
mer, they were induced in all subjects, even those protected
with the SPF-30 sunscreen. The most noteworthy conclusion
from thesc studies was thal injury can also occur in human
epidermal cells in the absence of crythema and with doses
that are far below the SPF of the sunscreen. In another study,
Pearse and Marks (137) applied an SPF-5 sunscreen to hu-
man skin and exposed sites to 2, 4 and 6 MED of UVB.
Erythema was prevented in the 2 and 4 MED groups but
skin thickening and epidermal enzyme activity were affected
by the transmitted radiation (137). The latter observation em-
phasizes the need to understand the skin photobiology that
results from the SPS.

Using a different approach, Lavker e @/, (133) exposed
human subjects, at different sites, to 0.5 MED of SSR (290—
400 nmy and 0.5 MED of UV A (320400 nm) (28 individual
doses during a 5 week period). Compared to unirradiated
skin, significant changes were observed including increased
binding of lysozyme to elastic fibers, suggesting some
change in the fibers and increased inflammation as deter-
mined by leukocyte common antigen deposition. Similar
changes were produccd by both spectra with the greatest
effect scen with UVA. Lavker et al. (134) cxtended these
findings showing that the dose-dependent changes in lyso-
zyme deposition, inflammation and hyperplasia produced by
broadband UVA were produced cqually by UVAIL suggest-
ing that these longer UVA wavelengths play a significant
role in UVR-induced skin damage.

Chronic UVA siudies in rodents. In a recent study con-
ducted in hairless mice, Kligman er al. (83) showed that with
respect 1o the deleterious effects of chronic exposure to SSR,
it is not sufficient merely to preveni acute UVB-mediated
skin responses but that full-spectrum protection 15 essential.
These studies were performed assuming that use of high SPF
products will modify human behavior, resulting in prolonged
solar UVR cxposure because erythema was prevented. Thus,
the SPF of the sunscreen was used to determine the UV
dose. It was shown that a UVB-absorbing sunscreen (SPF-



7y allowed the greatest damage to the epidermis and con-
ncctive lissuc matrix even though nene of the animals de-
veloped an acute skin response. The authors reported that
dermal connective tissue was especially vulnerable to the
small amounts of lransmilted radiation in these studies. Tt
was shown that protection was significantly increased with
an SPF-16 sunscreen that comained, in addition to the UVB
absorber, a UV ALl absorber and an erythema protection fac-
tor more than twice that of the UV dosc delivered. An SPF-
18 sunscreen, with the addition of the UV AL absorber (340
400 nm: peak absorption 355 nm) provided the most effec-
tive protection.

Photecarcinogenesis has been reported following repeated
exposure o UVA in rodents {138,139). In addition, Setlow
et al. (143) has determined the action spectra lor melanoma
in fish and shown that wavelengths of light as long as 450
nm, with a peak at 365 nm, can induce tumor formation.
Setlow er af have suggested that the contribution of large
amounts of longer wavelength UVA and even visible pho-
tons could conwribute to melanoma even in sunscreen-pro-
tected skin. While some critics have questioned the rele-
vance of applying animal studies to human photobiclogy,
thesc data are suggestive that UV A is biologically important.

Collectively, these studies point to the need for UVA pho-
toprotechon. ‘These data raise the gquestion of identifving
chromophores for longer UVA wavelengths and possibly
shorter visible light wavelengths. While this is an often tout-
ed feature of action spectra determinalions, it is rare to be
able to specity an actual chromophore; however, such stud-
ics do indicate which wavelengths have polentiating effects.

CONCLUSIONS

UVR exposure is causally linked to NMSC and may play a
role in melanoma. Sunscreens unequivocaily and reliably de-
crease the amount of UVR to which the skin is exposed.
Past and most current sunscrecns provide excelient UVE
protection but lack UWVA, especially UV AIL attenuating in-
gredients. Newer sunscreens are being formulated 10 cover
virtually the entirve UV spectrum by incorporating recently
available long UVA blocking ingredients,

Although continued investigations will certainly be [ruit-
ful, existing in vive animal and bhuman stodies are remavk-
ably consistent in their conclusion that sunscreens are both
sale and elfective. Again, one criticism has been thar sun-
screens block enly a portion of the UVR spectrum. Now that
true broad-spectrum protection is possible, this should no
longer be an issuc.

Where sunscreens may pose a danger, however, is in their
ability to change behavior and mrn us into “‘mad dogs and
Englishmen®” that go out into the noonday sun. As such,
sunscrecns are only part of a sensible sun protection sirategy
that must include proper clothing, hats, sunglasses, sun
avoidance during peak hours and, most importantly, educa-
tion. Until the notion of a healthy tan is climinated from the
western psyche, we believe the current skin cancer epidemic
will continue.
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