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ABSTRACT

Ultraviolet radiation (UVR) causes skin cancer in humans and can induce skin cancer in test animals. The interaction of UVR with
many drugs has been reported, however, there is a paucity of data concerning the carcinogenesis of cosmetic ingredients and environmen-
tal contaminants in combination with UVR. A research center has been developed at the U.S. Food and Drug Administration's National
Center for Toxicological Research to quantify the potential carcinogenicity of combined exposure to chemicalsand UVR. The chemicals

tested in this facility are nominated to, and approved by, the National Toxicology Program.
In this paper we describe the nomination of chemicals, test animals, source of UVR, dosimetry, and test paradigm that are used. This
unique test facility is being used to protect public health through quantifying the photocarcinogenicity of chemicals to which the publicis

exposed.
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INTRODUCTION & BACKGROUND

The U.S. Food and Drug Administration (FDA) was
established to protect the health of U.S. citizens by ensuring
the safety of drugs, cosmetics, medical devices, food, and
food additives, contaminants, and preparation methods. As
part of this responsibility, the FDA has an interest in deter-
mining whether exposure of drugs to sunlight (ex vivo or in
vivo) can create toxic derivatives of the drugs and has for
many years compelled drug manufacturers to determine the
possible phototoxicity or photocarcinogenicity of some
drugs. The FDA's Center for Drug Evaluation and Research
(CDER) recently published a guideline describing when
drugs should be tested for phototoxicity or photocarcino-
genicity®. This guideline emphasizes a “ decision-tree”
approach where in vivo phototoxicity or photocarcinogene-
sis studies are suggested only if the chemical absorbs ultra-
violet or visible light and has shown some evidence for pho-
totoxicity in vitro. Of particular interest at the FDA’'s
National Center for Toxicological Research (NCTR) are the
chemicals that have phototoxic potential and either do not
require premarket safety testing (e.g. some cosmetic ingredi-
ents) or are contaminants that are ubiquitous to the environ-
ment (e.g. polycyclic aromatic hydrocarbons, psoralens).

* Author for correspondence. Tel: 870-543-7672;
Fax: 870-543-7136; E-mail: Phoward@nctr.fda.gov

There has been continued interest by agencies in the
U.S. Government to quantify the toxicological risk of envi-
ronmental chemicals. NCTR, one of the six Centers of the
FDA, has a mission to provide toxicological data, from both
in vitro and in vivo assays, to assist the FDA in making sci-
ence-based regulatory decisions. The National Toxicology
Program (NTP), located at the National Institute for
Environmental Health Sciences (NIEHS), was established to
determine and quantify the toxicological and carcinogenic
risk to man of chemicals in the environment. The NTP
funds in vitro and in vivo toxicological studies including
many 2-year rodent carcinogenicity assays and reports the
findings to government agencies and the U.S. Congress (e.g.
NTP23). These reports serve as comprehensive reviews of
the toxic and carcinogenic potential of specific chemicals.

The nomination of chemicalsto the NTP beginswhen a
scientist or clinician notices human cases of toxicity or car-
cinogenicity following exposure to a particular chemical, or
suspects a chemical might have toxic properties based on
structural similarity to known toxicants. In the case of each
of the FDA Centers, these nominations are forwarded to
Chemical Selection Working Groups (CSWG) who evauate
the validity of the concern. All chemical nominations are
forwarded to the FDA CSWG where the nomination is eval-
uated for scientific merit and potential impact on public
health. Nominations with sufficient scientific concern and
public health impact are then forwarded to, and evaluated
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by, the NTP Interagency Chemical Coordination and
Evaluation Committee, which receives nominations from all
U.S. government agencies. The nominations are evaluated
by similar criteria (scientific merit, public health impact)
and prioritized with recommendations for the type of testing
(e.g. in vitro only, or in vivo carcinogenesis bioassay).
Successful nominations are forwarded by this committee to
the NTP for prioritization and funding.

At times, both the FDA and NTP are interested in quan-
tifying the toxicological and carcinogenic potential of the
same chemical. In 1992, these two agencies developed an
Interagency Agreement (IAG) to cooperate and share exper-
tise and resources concerning chemicals of mutual interest.
This IAG has been highly successful, resulting in the com-
pletion of toxicologica studies (e.g. mechanistic-based stud-
ies, sub-chronic studies, 2-year carcinogenesis bioassays) on
chloral hydrate, fumonisin B1, urethane (with ethanol),
malachite green, and endocrine disrupters (ethinyl estradiol,
genestein, vinclozolin).

The alpha-hydroxy acids were nominated by the FDA
to the NTP in 1998. These chemicals are included in cos-
metic products as chemical-exfoliants and have been used to
remove skin affected by ichthyosis, acne, xerosis, actinic
keratosis, seborrheic keratosis, warts, and psoriasis(4);
however, one of the primary uses of alpha-hydroxy acid con-
taining creams is correction of photoaged skin®1), Since
these products are used to correct sunlight-aged skin, thereis
the distinct possibility that these products could be used
immediately before or after exposure to sunlight. Since
treatment with glycolic acid would result in increase epider-
mal thickness through proliferation, and since the sunlight
exposure would result in DNA damage, there existsthe like-
lihood that increased mutations and skin cancer could occur
in humans as a result of continued sun exposure during use
of apha-hydroxy acids. It became apparent that the best sys-
tem for modeling human use of these cosmetics would be
phototoxicology and photocarcinogenesis studies where ani-
mals are treated with cosmetic products and exposed to light
containing ultraviolet radiation (UVR). This nomination
became the basis for developing the Phototoxicology Center
at NCTR.

I. Animal model

There have been severa species of animals utilized to
serve as surrogate models for human response to topically
applied chemicals and solar light. These include South
American opossum Monodel phis domestica, hairless rats or
guinea pigs, and shaved conventional or transgenic ani-
mals12-15); however, the albino hairless SKH-1 mouse is the
most widely accepted animal model for carcinogenesis stud-
ies involving UVR and topically applied chemicals (131416,
Figure 1). A comparison of the sensitivity of this and eight
other hairless mouse strains to ultraviolet radiation (UVR)
was reported?), where it was demonstrated that squamous
cell carcinoma development was dependent on the dose of
UVR.
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[1. Light source

There have been numerous light sources used to deter-
mine the biological impact of various regions of the electro-
magnetic radiation spectrum. Some of these light sources
produce proportionally more light in the ultraviolet region of
the spectrum and are excellent sources for studying the bio-
logical impact of UVR; however, these electromagnetic
radiation sources are dissimilar to terrestrial sunlight, the
largest source of human exposure to UVR. Since light
sources with a wide range of emission spectra are available,
the biologica effectiveness of photons of light needs to be
considered before choosing a light source. Spectral action
curves are mathematical representations of the effectiveness
of photons in causing a biological response. As examples,
the relationship of photon energy (i.e. wavelength) to induc-
tion of erythemal in the skin of humans™ and retinal ther-
mal hazards has been determined®). UVR at 270-290 nmis
the most effective at inducing erythema in humans, while
light at 430-450 nm is the most effective at inducing blue-
light photochemical and retinal thermal damage. Therefore,
if one were to conduct a study of the effect of a protective
drug for blue-light photochemical damage, one would not
want to select a radiation source which principally emitted
between 280 nm and 400 nm, even though this would be an
excellent source to study UV R-induced erythema.

Studies at our facility are designed to determine the
effects of topically applied chemicals on the induction of
sunlight-induced skin cancer in the SKH-1 mouse and the
effect of the light on the toxicity of the topically applied
chemicals. The spectral action curves have been determined
for the induction of skin cancer in the SKH-1 mouse. The
SCUP (Skin Cancer Utrecht-Philadelphia) skin cancer
action spectrum(9 combines the skin carcinogenesis data
from multiple studies of PD. Forbes and F. Urbach and col-
leagues’?021) at the Temple University and Argus Research
Laboratories, Pennsylvania USA, and F.R. de Gruijl and J.C.
van der Leun and colleagues at University of Utrecht,
Netherlands (Figure 2). In this mathematical model, the
wavelength-dependent relationship of skin cancer induction
is maximum at 293 nm, and the effectiveness decreases by
10 between 300 nm and 340 nm. The relationship between

Figure 1. Albino Crl:SKH-1 (hr/hr-) mouse
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the human erythemal action spectrum and SCUP action
spectrum bears particular comment. The dose- and wave-
length-dependence of erythema in human skin has been rec-
ognized since the late 1920's. A spectral action curve for
this response has been proposed by the Commission
Interationale de I’ Eclairage (CIE, 1722) and is shown in
Figure 2. Thereis considerable similarity in the SCUP skin
cancer action spectrum and CIE erythemal action spectrum,
where the biological impact of electromagnetic radiation at
295 nm is approximately 10* greater than that at 340 nm.
These similar spectral action curves suggest that underlying
mechanisms of action (i.e. interaction of photon of light with
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Figure 2. The SCUP action spectrum(9 for the induction of skin can-
cer in SKH-1 hairless mice (dashed line), and the CIE erythemal
action spectrum(?:22) (solid line).
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Figure 3. The spectra of the following were obtained using an
Optronics OL-754 spectroradiometer: A (solid line), sunlight at 1130
hrs on 17 July 2001 in Jefferson, Arkansas USA; B (solid line), FS
(fluorescent sunlamp, high output, National Biologics, Twinsburg,
Ohio USA) at adistance of 15 cm; C (dashed line), FSfiltered through
cellulose triacetate (Kodacel®, Eastman Kodak) at distance of 15 cm;
D (dot-dash-dot), simulated solar light (SSL) from 6.5 kW xenon-arc
lamp filtered through Schott WG320 filter (Schott Glass Technologies,
Duryea, PA USA), at adistance of 50 cm.
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biological matrix) are similar for these two biological
processes.

There are several sources that could be used to provide
UVR for in vivo animal studies. The most commonly used
source of UVR are fluorescent lamps which can produce
intense levels of radiation in the UVB (280-315 nn) or UVA
(315-400 nm) range, as shown in Figure 3. The fluorescent
sunlamps (FS) emit considerable amounts of UVR below
290 nm, which are not present in sunlight (Figure 3). Asa
result, if one were attempting to mimic the exposure of
humans to the UVR in sunlight, the FS would expose the
test object to wavelengths to which humans are not normally
exposed. In an effort to reduce these lower wavelengths of
UVR, the FS emissions are typically filtered through cellu-
lose triacetate as shown in Figure 3; however, even with the
filtering, there is considerable amount of UVR between 285
nm and 300 nm when compared to sunlight. In addition, the
ratio of UVB to UVA in filtered FS radiation is approxi-
mately 1:1, which is considerably higher than that of natural
sunlight (approximately 1:20 or greater depending on the
latitude, season, and environmental conditions). This ratio
of UVB to UVA can become a critical factor in a study if
there is synergism between the biological effects of UVB
and UVA, or if the stability and toxicity of a chemical are
different in UVA and UVB.

We have chosen to use filtered radiation from a long-
arc xenon arc lamp for our studies using SKH-1 hairless
mice. The use of this lamp in biological studies has been
described(2.21.23) . The output from this lamp strongly
resembles extraterrestrial solar radiation, and the UVR com-
ponent is attenuated using long-pass glass filters (Schott
Glass Technologies, Duryea, Pennsylvania USA). The spec-
trum of light we have achieved (Figure 3) has a UVB to
UVA ratio of approximately 1:21, and can be modified
depending on the needs of the study. At present, the intensi-
ty of the simulated solar light at 2 meters is approximately
25% the intensity of summer sunlight at 34°N latitude.

I11. Dosimetry

There are various methods for measuring the dose of
UVR in an animal study. A spectroradiometer is the most
accurate device for measuring the spectral distribution and
dose of radiation delivered to an animal(?¥. Spectroradi-
ometers can be calibrated against NIST-traceable standards
and can provide the irradiance of a light source (i.e.
watts/m?). The biggest experimental limitation to using
spectroradiometric measurements for each study is the time
required for obtaining the measurement, where quantifying
the irradiance between 280 nm and 450 nm can take several
minutes with most instruments. Thisis not a practical solu-
tion to rapid determination of UVR.

Broad-band dosimeters have been used to measure the
dose of particular areas of the electromagnetic radiation
spectrum. These devices typically have a photon-sensitive
device (e.g. photodiode) with a sensitivity to the wave-
lengths of interest. The spectral sensitivity of the instrument
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is atered by filtering the light through a series of optical fil-
ters. These dosimeters are very reliable, and with proper
calibration, can accurately measure the UVR from a light
source. We have chosen to use the Robertson-Berger erythe-
mally-weighted dosimeter for determining the dose of UVR
delivered to mice on our studies®426), The spectral respon-
siveness of the Robertson-Berger dosimeter closely matches
the SCUP skin cancer action spectrum and CIE erythema
action spectrum. The irradiance of the SSL is determined
between 250 nm and 450 nm using a spectroradiometer. The
irradiance (W/m2/nm) is then multiplied times the CIE ery-
themal action spectrum to determine the weighted irradiance
(W « CIE/m%nm), which is converted to Standard Erythemal
Doses [SED(?7:28);1 SED = 100 J » CIE/m?]. The Robertson-
Berger dosimeters are then calibrated to the weighted irradi-
ance of SSL. This method of calibrating the dosimeters is
very reproducible and accurate, and relies on the similarity
of the spectral responsiveness of the dosimeter and CIE ery-
themal action curve. This method would not be valid if the
spectral responsiveness of the dosimeters was different.
With this approach, we can frequently calibrate many
dosimeters and measure the dose of UVR in SEDs.

STUDY PROTOCOL

There are numerous experimental designs for the deliv-
ery of UVR to animals. In our case, we have taken advan-
tage of the study designs reported by P.D. Forbes and col-
leagues using SSL(1316.2021.29-31) - The mice are randomly
assigned to dose groups and are exposed to UVR starting at
8 weeks of age. The size of the groups depends on the sta-
tistical power desired for the study, but istypically 18, 24, or
36 mice/group/sex. Mice are allocated to groups that
receive either 0, 0.7, 1.4, or 2.1 SED/day of SSL. The mice
are treated five days/week for 40 weeks, followed by an
additional 12 weeks of no treatment to allow tumor devel op-
ment. A dose-response relationship can be established with
this protocol, where one-half of the mice will have skin
tumors greater than 1 mm in diameter at approximately 54
weeks, 35 weeks and 22 weeks when receiving 0.7, 1.4, or
2.1 SED/day SSL, respectively (Howard, unpublished).
Additional groups of mice are treated with the test article
alone, in the absence of light, to determine if the test article
can induce skin damage or cancer. The effect of the test arti-
cleis determined by treating groups of mice with test article
and 0.7 or 1.4 SED/day of SSL. A photococarcinogenic test
article will decrease the mean time to tumor of a given dose
of SSL, while a photoprotective chemical will increase the
mean time to tumor for the particular dose of SSL.

The timing of the application of the test article and the
SSL can be critical and is dependent on the proposed mecha:
nism of action of the test article. For instance, the test article
would be applied on a daily basis before exposure to SSL if
the hypothesis is the test article is photoactivated by SSL to
atoxic and carcinogenic chemical. If, however, the test arti-
cleisthought to stimulate the growth of photodamaged cells
into hyperplastic foci, the test article would be applied fol-
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lowing irradiation. As a result, the exact study design will
depend on the hypothesized mechanism of action of the test
article. In some studies, a mixed design has been used,
where the test article is applied before irradiation on
Mondays, Wednesdays, and Fridays, and applied after irradi-
ation on Tuesdays and Thursdays®@9).

The mice are monitored for tumor development on a
weekly basis. The mice are examined by trained personnel,
and the size of skin lesions are quantified using calipers®).
The development of the skin lesions is subsequently fol-
lowed, alowing the investigator to determine the mean time
to tumor (that is, week where one-half of the mice have skin
tumors) for each of the test groups. Statistical analyses are
then used to compare the tumor development in the groups
and determine if the test article affected the development of
skin lesions with a particular dose of SSL.

CONCLUSIONS

The Center for Phototoxicology has been developed to
quantify the effect of test chemicals on the carcinogenesis of
SSL using an established animal model (i.e. SKH-1 hairless
mouse). In addition to the one-year photocarcinogenesis
studies, we are conducting studies to determine the photo-
toxicity of the test compound in vivo, and studies on the
mechanism of action of each test article. This approach is
being used to determine if there is risk to the public when
using topically applied alpha- and beta-hydroxy acids, aloe
vera, and retinyl palmitate in combination with SSL.
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