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Fig. 6 : The identification rates of the causative allergens for contact dermatitis

with Japanese standard allergens.
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Fig. 7 : The degrees of satisfaction with patch test allergens marketed in Japan.
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Fig. 8 : The reasons for dissatisfaction with patch test allergens marketed in Japan.
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Fig. 9 : The health insurance problems in patch testing.
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Fig. 12 : Expected in circumstances of patch test after launching of the TRUE Test.
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Questionnaire Study on Present Conditions of Patch Testing
to the Member of the Japanese Society for Dermatoallergology
and Contact Dermatitis in 2010

Kayoko SUZUKI", Kayoko MATSUNAGA*

Y Department of Dermatology, Kariya Toyota General Hospital,
5-15 Sumiyosicho, Kariya, Aichi 448-8505, Japan
2 Department of Dermatology, Fujita Health University School of Medicine,
1.98, Dengakugakubo, Kutsukakecho, Toyoake, Aichi 470-1192, Japan

Currently, the only commercially available patch test allergens in Japan are 40 allergens by Torii
Pharmaceutical Co. and 6 allergens by Sato Pharmaceutical Co. Thus, dermatologists have to
purchase many patch test allergens from abroad. In addition, the National Health Insurance (NHI)
reimbursement schedule for patch testing remains extremely low. Therefore, when patch testing is
performed, a financial loss is incurred.

In light of this situation, a survey regarding patch-testing conditions was conducted among
members of the Japanese Society for Dermatoallergology and Contact Dermatitis in February 2010.
More than 90% of the dermatologists who responded considered patch testing necessary to
diagnose the cause of contact dermatitis, but only 29% performed it routinely, and 62% only
occasionally performed patch testing. Overall, 9% of dermatologists did not perform patch testing at
all, primarily because of the time and effort involved and difficulty in obtaining allergens. Regarding
the current state of patch testing. 97% were dissatisfied with the current practice in Japan, and 90%
said the reason for their dissatisfaction was that there are too few patch test allergens commercially
available in Japan.

Furthermore, 84% indicated that health insurance coverage for patch testing is a problem;
respondents specifically cited low NHI fees as the problem. Regarding the TRUE Test, 98% of
dermatologists had no experience with its use, and 82% indicated that if such a ready-to-use patch
test allergen product were available, patch testing of patients would increase.

(J Environ Dermatol Cutan Allergol, 5 (2): 91-102, 2011)
Key words : questionnaire study. patch testing. allergen, National Health Insurance (NHI)
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Comparison of Several Reconstructed Cultured
Human Skin Models by Microscopic Observation:
Their Usefulness as an Alternative Membrane for
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Abstract

Several reconstructed cultured human skin models (RSMs) are already utilized as membrane alterna-
tives to human and animal skin in skin corrosive/irritation tests. They are also utilized in skin per-
meation experiments from the viewpoint of animal welfare; however, different permeation profiles of
chemicals were found between RSMs and excised human or animal skin. RSMs and excised human
skin were morphologically evaluated by a light microscope and a transmission electron microscope.
In the results, the micromorphology of all RSMs differed from that of human skin. In particular, the
lamellar layer between corneocytes in RSMs was much narrower than that in the human stratum
corneum. The lamella layer affects not only the diffusion and partition properties of chemical com-
pounds in RSMs but also the concentration-distance profile of chemicals in the models. Furthermore,
esterase distribution in RSMs was different to that in human skin. This difference would certainly
affect the permeation of both parent ester compounds and their metabolites through RSMs. Evalua-
tion of the morphological and enzymatic differences between RSMs and human skin would be help-
ful to understand the differences in the chemical permeation profiles between RSMs and human skin.

Key words: reconstructed cultured human skin model, skin permeation, skin morphology,
lamella layer

Introduction

Reconstructed (three-dimensional) cultured hu-
man skin models (RSMs) are already used as
membrane alternatives to human and animal
skin in skin permeation experiments. Although
the Episkin®™ (Skinethic Laboratories, St
Philippe, France) and EpiDerm™ Epi606X
(Kurabo Industries Ltd., Osaka, Japan} among
RSMs have already been used for skin corro-
sive/irritation tests of chemical compounds,
there are only a few reports on chemical com-

pound permeability through RSMs (Schmook er
al., 2001, Watanabe er al., 2001, Netzlaff er ol
2007).

The skin concentration of chemical com-
pounds can be well estimated from skin permea-
tion parameters, which are obtained from the
time course of the cumulative amount of the
compounds permeating skin (Sugibayashi ef al.,
2010). Furthermore, skin irritation was found to
be fairly related to the skin concentration of
chemical compounds (Kano ef al, 2006).
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These results strongly suggested that evaluation
of chemical compound permeation through skin
would be necessary to assess the safety of topi-
cally applied chemical compounds.

We reported that the skin permeation pa-
rameters of chemical compounds were quite dif-
ferent between human skin and RSMs (Kano et
al., 2010). Furthermore, esterase activity in skin
equivalent TESTSKIN™ LSE-high (Toyobo Co.,
Ltd., Osaka, Japan) was also different to excised
rat skin (Sugibayashi er al., 2004). This differ-
ence would affect not only skin permeation but
also the skin concentration of ester-containing
parent compounds and their hydrolyzed metabo-
lites. In the present study, we investigated histo-
logical differences between human skin and
RSMs by microscopic observation. Furthermore,
carboxylesterase activities and enzyme distribu-
tion differences among RSMs were investigated
to understand RSM features as an alternative
animal membrane to human skin in skin per-
meation experiments.

Materials and Methods

1. RSMs and excised human skin
TESTSKIN™  LSE-high (LSE-high), Epi-
Derm™  Epi606X (EpiDerm), Neoderm-E,
Vitrolife-skin,  LabCyte  EPI-model and
Episkin®™ (Episkin) were purchased from To-
yobo Co., Ltd., Kurabo Industries Ltd., Tego
Science Inc. (Seoul, Korea), Gunze Ltd. (Kyoto,
Japan), Japan Tissue Engineering Co., Ltd.
(Gamagori, Aichi, Japan) and Skinethic Labora-
tories, respectively. All of these models were
used within 3 days after receipt. All experiments
were repeatedly conducted with different prod-
uct lots. Excised abdominal human skin (57
years old, Caucasian female) was purchased
from Biopredic International (Rennes, France).
The excised human skin experiment was ap-
proved by the KAC ethics committee for hu-
man-derived products.

2. Hematoxylin and eosin staining of skin sec-
tion

RSMs and excised human skin were embedded
in paraffin wax and continuous sections were
prepared at 3 pm thickness using a microtome
(Yamato Kohki Industrial Co., Ltd, Saitama,
Japan). The specimens were sequentially im-

52

mersed into xylene, 100%, 90%, 80% and 70%
ethanol to remove paraffin. The sections were
then stained with hematoxylin and eosin (H.E.)
for observation by light microscopy (IX 71:
Olympus Co., Tokyo, Japan).

3. Measurement of skin thickness

The H.E.-stained skin sections were observed
using a light microscope equipped with a digital
camera {DP 72; Olympus Co.), and the thickness
of skin sections was measured using DP2-BSW
software (Olympus Co.).

4. Observation of lamella structure with a
transmission electron microscope

Lamella structures in RSMs were observed by a
transmitted  electron  microscope  (TEM)
(JEM1200-Ex; Jeol Ltd., Tokyo, Japan). Excised
human skin and RSMs were fixed with 0.1%
phosphate buffer containing 2% paraformalde-
hyde and 2% glutaraldehyde, followed by 2 %
osmium tetroxide, then with 0.2% ruthenium
tetroxide/0.25% potassium hexacyanoferrate.
The fixed specimens were embedded in epoxy
resin. The skin samples were sectioned at 80-90
nm thickness using an ultramicrotome. The ob-
tained sections were observed by a TEM after
double staining with uranil acetate and lead cit-
rate.

5. Observation of skin structure with an in
vivo confocal laser scanning micrescope.
Noninvasive observation of the internal human
skin structure was performed in vive by a con-
focal laser scanning microscope (CLSM) (Vi-
vascope 1500; Lucid Inc., Rochester, NY,
U.S.A) (Sauermann et al., 2002, Hegyi et al,
2009). In the present experiment, RSMs and
human skin were observed every 1 pm until 50
um depth from the membrane surface. The Vi-
vascope 1500 was equipped with an 830 nm
wavelength diode laser and water-immersion
objective lens (x30).  Skin images of 500 x 500
um were obtained at each observation.

6. Evaluation of skin distribution of esterase
enzymes

RSMs and excised human skin were rinsed with
pH 7.4 phosphate-buffered saline (PBS) and
embedded into Tissue-Tek® OTC compound
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(Sakura Finetek Japan Co. Ltd., Tokyo, Japan).
These samples were frozen in cold isopentan
(2-methyl-butan) at -20 °C. Frozen sections, 20
um thick, were prepared by a cryostat
(CM3050S; Leica Microsystems Ltd., Heer-
brugg, Switzerland) and the specimens were ob-
served using a fluorescence microscope (CK40;
Olympus Co.) 15 min after application of 1 mL
of 0.02 mg/mL fluorescin-5-isothiocyanate di-
acetate (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). The excess solution was washed
off with pH 7.4 PBS before observation.

Results

1. Comparison of H.E.-stained skin images
Table 1 shows the thicknesses of RSMs and ex-
cised human skin. Each RSM (13.2 £ 4.6 ~
89.0 £ 1.0 pm) had a thicker stratum corneum
than human skin (11.5 £ 6 pm). On the other
hand, a thinner viable epidermis and dermis in
RSMs (233 £ 46 ~ 110.1 = 4.1 pm) was
observed than in human skin (474 = 7.5 um).
Figure ! compares H.E.-stained images of ex-
cised human abdominal skin (Fig. 1a) and RSMs
(Fig. 1b-g). Widely separated stratum corneum
layers were observed in several H.E.-stained
RSMs compared to human skin. The number of

cell nuclei stained by hematoxylin in each RSM
was lower than in human skin, especially in
LSE-high (Fig. 1b) and Neoderm-E (Fig. 1f).
Interestingly, many hematoxylin-stained cell
nuclei were observed in the stratum corneum in
Vitrolife skin (Fig. le). This may have been due
to inadequate keratinization of keratinocytes.

2. Comparison of lamella structure in stratum
corneum observed by a transmission electron
microscope

Figure 2 shows TEM images of excised human
skin (Fig. 2a) and RSMs (Fig. 2b-g). Lamella
layers were frequently observed in human skin
(Fig. 2a). Although lamella layers were also
found in RSMs (Fig 2b-g), the frequency was
relatively lower than in human skin. The lamella
layers in LSE-high (Fig. 2b) were narrow and
tortuous compared to those in human skin.
EpiDerm showed a fairly similar structure (Fig.
2¢) to human skin. Neoderm-E (Fig. 2f), Lab-
Cyte EPI-model (Fig. 2d) and Episkin (Fig.2g)
have aggregated lipid structures and localized
lamella analog layers in their intercellular spaces,
whereas no lamella layers were observed in
Vitrolife skin (Fig. 2e).

Table 1  Skin thickness of excised human skin and reconstituted cultured human skin models.

Stratum Viable epidermis Dermis Whole skin
cormeum (pm) (pum) {(pm)
Human 11.5 = 057 624 =+ 345 412 + 240 493 £ 246
(11.8 =+ 3.3)Y (512 += 1227
LSE-high 299 £ 0.93 292 4+ 208 80.8 =+ 2.05 136 £ 136
Epiderm 27.0 = 0.71 53.0 = ’1.35 789 + 789
12-28 7 28-43"

Labcyte EPI-model 89.0 = 1.00 59.1 £ 0.60 _— 149 = 1.07
Vitrolife skin 13.2 = 4.61 2325 £ 4.61 - 386 = 323
Neoderm-E 278 = 093 238 =+ 0.87 —— 522 £+ 0.720

Episkin 693 = 1.04 287 = 092 - 992 + 258
- 79-1027 38-48"
* Ponec et al., 2000.
# Sato et al., 1991,
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Figure 1 Histological observation of human and cultured human skins.
a) Excised human skin, b) LSE-high, c) EpiDerm, d) LabCyte EPI model,
e) Vitrolife skin, f} Neoderm-E, g) Episkin. Scale bar = 50 ym.

Figure 2 TEM observation of human and cultured human skins.
a) Excised human skin, b) LSE-high, ¢) EpiDerm, d)LabCyte
EPl-model, e) Vitrolife-skin, f) Neoderm, g) Episkin.

Scale bar shows 200 nm. White arrows show lamellar layers.
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a)

b)

Figure 3 TEM observation of hmnan and ¢ tured human skins
EpiDerm, d) LabCyte EPI model, €) Vitrolife skin, f) Neoderm-
Scale
crista cutis, v) sweat gland, vi) corneocyte, vii) comeocyt

x 500 pm skin images of LabCyte EPI'mode

3. Observation of skin structure by an in vitro
confocal laser scanning microscope

Figure 3 shows the in vitro confocal laser scan-
ning microscope (CLMS) images of human skin
(Fig. 3a) and RSMs (Fig. 3b-g). A hair (i), hair
follicle (ii), sulcus cutis (iii), crista cutis (iv) and
pore (v) were observed in human skin (Fig. 3a)
and their sizes gradually diminished by increas-
ing the skin depth. Furthermore, corneocytes
((vi) in Fig. 3a and an enlargement, Fig. 3h)
were clearly observed in the shallow part of the
human skin (Fig. 3a, h). On the other hand, the
sulcus cutis and crista cutis were not confirmed
in RSMs (Fig. 3b-g), but the obtained images
were different from each other. Corneocytes
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R

d)

gement of vi) area, 1) 500
11016 iii) suleus cutis, iv)

trolife skm (F : 3e) Interestmgiy, pores (viil) in
the skin surface were observed in the LabCyte
EPI model (Flg 3d) The pores were observed
until 50 pm from the skin surface in the LabCyte
EPI model (Fig. 3d). The surface image (2
mmx2 mm) of the LabCyte EPI model revealed
several pores (Fig. 3i). A similar tendency was
observed in different lots of the LabCyte EPI
model (data not shown).
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4. Comparison of esterase distribution between
human skin and RSMs.

Figure 4 shows the skin distribution of fluo-
rescein-5-isothiocyanate, a metabolite of fluo-
rescein-5-isothiocyanate diacetate by skin es-
terase after topical application of fluo-
rescein-5-isothiocyanate. A high intensity of
green fluorescence was locally observed in the
viable epidermis of excised human skin (Fig. 4a),
suggesting that skin esterase scarcely existed in
the stratum corneum, but extensively in the vi-
able epidermis. LSE-high, EpiDerm and Episkin
showed similar green fluorescence distributions
to human skin (Fig. 4b, ¢ and f). On the other
hand, the LabCyte EPI model and Vitrolife skin
showed green fluorescence not only in the viable
epidermis but also in the stratum corneum (Fig.
4d and e).

Discussion
H.E.-stained skin sections revealed that the skin
thicknesses of the stratum corneum, viable epi-
dermis and dermis in the RSMs were different to
those in the human skin. The outmost layer of
skin, the stratum corneum, is the biggest barrier
against the entry of exogenous substances, so its
thickness might affect the skin permeation rate
of chemical compounds (Barry et al., 1983).
Although RSMs have a thicker stratum corneum
than excised human skin, RSMs generally show
faster skin permeation of chemical compounds
(Kano et al., 2010). The shallow part of the
stratum cormeum in RSMs might not have an
effective barrier function as in the human stra-
tum corneum.

TEM observation and CLSM results show
that RSMs have a unique structure in the in-
ter-corneocytes. Partition and diffusion parame-

Figure 4 Fluorescein observation of human and cultured human skins 15 min after application of fluo-

rescin-5-isothiocyanate diacetate. a) Excised human skin, b) LSE-high, c) EpiDerm, d) LabCyte EP1 model, ¢)
Vitroiige skin, f) Episkin. Scale bar = 200 nm. Abbreviations: SC: stratum corneum, VED: viable epidermis,
DER: dermis.
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ters of chemical compounds topically applied to
RSMs were much different from human skin
(Kano er al., 2010). The diffusion and partition
parameters depend on the diffusivity of the
chemical compounds in the stratum corneum
and lipophilicity of the stratum corneum, respec-
tively. Inter-corneocyte space is filled with ce-
ramides and other lipids to compose the lamella
structure (Elias ef al., 1975, Lampe et al., 1983).
Therefore, the maturity of the lamellar structure
and content of lipid or constitution of intercellu-
lar lipids in the stratum corneum would affect
the diffusion and partition parameters of topi-
cally applied compounds. The localized distribu-
tion and frequency of lamella layers were ob-
served in several RSMs. These results might also
relate to the different partition parameters in
RSMs. Furthermore, observation using the
Vivascope 1500 revealed pores in several RSMs.
These RSMs might be difficult to use in skin
permeation experiments in the present state be-
cause these models have different lipophilicity to
human skin. The results were not fully analyzed
with a small-angle X-ray diffraction analyzer in
the present study. Further experiments will be
needed to elucidate the lamella structure differ-
ences between excised human skin and RSMs.
Investigation of the total amount of meta-
bolic enzymes (Luu-The et al., 2009, Hu er al.,
2010) and their distribution in skin is very im-
portant because the difference in the metabolic
enzyme activity and distribution between human
skin and RSMs would affect not only the skin
distribution of metabolites but also to their effi-
cacy or toxicity; however, only a few studies
have been carried out on the enzyme distribution
in RSMs. Thus, evaluation of enzyme distribu-
tion is necessary in RSMs. The skin distribution
of fluorescin-3-isothiocyanate revealed that each
RSM had a different enzyme distribution, sug-
gested that the parent and its metabolite concen-
tration-distance profiles in each RSM would be
different. Esterase is expressed in the granular
layer of the epidermis (Clark er af., 1993, Jewell
et al, 2007, Zhu er al, 2007); however, the
Vivascope 1500 revealed denucleated corneo-
cytes in the shallow part of EpiDerm, the Lab-
Cyte EPI model Neoderm-E and Episkin. These
undifferentiated cells would affect esterase ac-
tivity. Evaluation of the amount of esterase ac-

5

-~

tivity in RSMs will be needed to use them as a
membrane alternative to skin in skin permeation
experiments. '

Conclusion

The present histological observation suggested
that structural differences in RSMs could be the
reason for skin permeation differences among
RSMs; however, chemical compound permea-
tion through human skin could be predicted from
rat or porcine skin despite their different struc-
tures. Therefore, combination analysis of skin
permeation and histological results would be
extremely effective to clarify the characteristics
of each RSM. We believe that understanding the
characteristics of RSMs is very important for
more widespread usage of RSMs.
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Extracts from St. John’s Wort (S]W: Hypericum perforatum) have been used for the treatment of mild-
to-moderate depression. In spite of the high therapeutic potential, orally administered SJW sometimes
causes phototoxic skin responses. As such, the present study aimed to clarify the phototoxic mecha-
nisms and to identify the major phototoxins of SJW extract. Photobiochemical properties of SJW extract
and 19 known constituents were characterized with focus on generation of reactive oxygen species
(ROS), lipid peroxidation, and DNA photocleavage, which are indicative of photosensitive, photoirritant,
and photogenotoxic potentials, respectively. ROS assay revealed the photoreactivity of SJW extract and
some SJW ingredients as evidenced by type I and/or Il photochemical reactions under light exposure.
Not all the ROS-generating constituents caused photosensitized peroxidation of linoleic acid and pho-
todynamic cleavage of plasmid DNA, and only hypericin, pseudohypericin, and hyperforin exhibited
in vitro photoirritant potential. Concomitant UV exposure of quercitrin, an SJW component with potent
UV|Vis absorption, with hyperforin resulted in significant attenuation of photodynamic generation of
singlet oxygen from hyperforin, but not with hypericin. In conclusion, our results suggested that hyper-
icin, pseudohypericin, and hyperforin might be responsible for the in vitro phototoxic effects of SJW

extract.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Drug-induced phototoxicity is characterized by an inflamma-
tory reaction of the skin after topical or systemic administration
of pharmaceutical substances (Moore, 2002; Onoue et al,, 2009a).
Several classes of drugs including antibacterials, thiazide diuretics,
non-steroidal anti-inflammatory drugs, quinolones, and tricyclic
antidepressants, despite being non-toxic by themselves, may
become reactive under exposure to environmental light, leading
to undesired side-effects (Moore, 2002). There are at least three
types of drug-induced phototoxic skin reactions, including photoir-
ritant, photogenotoxic, and photoallergic skin responses, the
mechanisms and pathologic features of which are quite different.
A number of efforts have been made to design efficacious screening
systems for predicting the phototoxic and photoreactive potential
of new drug entities (Onoue et al,, 2009a), with the aim of avoiding
these undesired side effects.

* Corresponding author. Tel.: +81 54 264 5633; fax: +81 54 264 5635.
E-mail address: onoue@u-shizuoka-ken.ac.jp (S. Onoue).

0031-9422/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.phytochem.2011.06.011

Previously, our group proposed high-throughput screening
systems to predict the phototoxic risk of newly synthesized drug
candidates, which include a reactive oxygen species (ROS) assay
(Onoue et al., 2008b,d: Onoue and Tsuda, 2006) and a derivative
of reactive oxygen metabolites (D-ROM) assay (Cnoue et al.,
2010) for predicting phototoxic potential, capillary gel electropho-
resis-based photocleavage assay (Onoue et al,, 2008a), and DNA-
binding assay (Onoue et al, 2009b) for photogenotoxic risk. In
particular, the ROS assay was designed for predicting the phototox-
icity and/or photosensitivity of the tested chemicals on the basis of
ROS generation from photo-irradiated chemicals. According to the
1st law of photochemistry, the primary trigger for photochemical
and photobiological reactions of phototoxins is the absorption of
UV and visible (Vis) light ranging from 290 to 700 nm (Onoue
et al., 2009a). Molecular oxygen, a triplet radical which is in its
ground state, appears to be the predominant acceptor of excitation
energy as its lowest excited level (singlet state) has a compara-
tively low value. Energy transfer from excited triplet photosensi-
tizer to the oxygen (type Il photochemical reaction) could thus
produce excited singlet oxygen. Electron or hydrogen transfer
could lead to the formation of free radical species (type I
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Fig. 1. Structures of major constituents in SJW extract.

photochemical reaction). Currently, these radical species are
identified as the principal intermediate species in phototoxic re-
sponses (Foote, 1991), so that the generation of ROS from irradi-
ated chemicals is indicative of phototoxic potential.

Recently, with roughly one report per 300,000 cases treated
with extract of St. John's Wort (SJW: Hypericum perforatum),
reversible phototoxic skin reactions, such as delayed erythema,
blistering, and hyperpigmentation, are the most common pharma-
covigilance case reports documented (Schulz, 2001). SJW extract
has been used to treat a variety of conditions, especially psycho-
vegetative disorders, depressive disorders, anxiety, and/or nervous
agitation (Linde, 2009). The main bioactive components of SJW ex-
tract for treatment of depression were thought to be hypericin (4)
and hyperforin (5) (Fig. 1) (Lawvere and Mahoney, 2005), although
recent studies demonstrated that flavonoids might also be more
important for antidepressant activity (Nahrstedt and Butterweck,
2010). Numerous studies have demonstrated the pharmacokinetic
interaction between SJW extract and other drugs, the mechanisms
of which involve the drug-metabolizing enzyme CYP3A4 activated
by hyperforin (5) (Nahrstedt and Butterweck) and the transport
protein P-glycoprotein (Schulz, 2006). In contrast, the phototoxic
potential and detailed mechanism of the SJW extract have been
studied less extensively. Although hypericin (4) and its related
metabolites are believed to cause severe photosensitization,
known as hypericism (Siegers et al., 1993; Vandenbogaerde et al.,
1998; Yu et al., 1996), further phototoxic constituents remain to
be indentified and their structures elucidated.

The main purpose of the present investigation is to characterize
the in vitro photochemical and phototoxicological properties of
major SJW components, which may allow for the identification of
phototoxic components in SJW. A better understanding of the
in vitro photochemical properties of the components would be

key for the safer use of SJW extract. The ROS assay was carried
out for SJW extract and 19 SJW constituents, which include amino
acids, flavonoids, naphthodianthrones, phenylpropanes, phloroglu-
cinols, and xanthones (Fig. 1). The photoreactive components of
SJW with potent ROS generation were further characterized with
a focus on the in vitro photoirritant and/or in vitro photogenotoxic
potential. Furthermore, possible photochemical interactions be-
tween phototoxic and anti-oxidative constituents were assessed
by the ROS assay.

2. Results and discussion
2.1. ROS assay on SJW extract and major components

In the present study, ROS assays were carried out on the SJW ex-
tract for photobiochemical characterization. The exposure of the
SJW extract (100 pg/mL) to simulated sunlight (250 W/m?), con-
sisting of UVA/B and Vis light, led to the marked production of
ROS, such as singlet oxygen (Fig. 2A) and superoxide (Fig. 2B), in
a time-dependent manner. No significant generation of ROS was
seen without UV irradiation {(data not shown). For comparison, na-
proxen and erythromycin, typical phototoxic and non-phototoxic
chemicals, respectively, were also assessed using the ROS assay.
As shown in Fig. 2, naproxen had an ability to generate both singlet
oxygen and superoxide under light exposure, although ROS gener-
ation from irradiated erythromycin was negligible.

For further characterization, photochemical properties of 19
major constituents of SJW extract were also assessed by the ROS
assay (Table 1). Some SJW constituents at a concentration of
20 uM tended to generate singlet oxygen, superoxide, or both
when exposed to UV/Vis light for 60 min, which included
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Fig. 2. Generation of singlet oxygen (A) and superoxide (B) from SJW extract
irradiated with simulated sunlight. Each sample was dissolved in 20 mM NaPB (pH
7.4) and exposed to simulated sunlight for the indicated periods with an irradiance
of 250 W/m% O, SJW extract at 100 pg/mL; A, naproxen at 20 HM; and O,
erythromycin at 20 uM. Data represent mean + SD of three determinations.

13,118-biapigenin (10), 13'118-biapigenin (amentoflavone) (7),
kaempferol (14), luteolin (15), quercetin (16), hypericin (4), pseud-
ohypericin (5), hyperforin (3), and procyanidin B-2 (11). On the ba-
sis of the ROS data, the photoreactivity of these chemicals was
found to be much higher than that of naproxen. These data were
partly consistent with previous observations showing the photo-
toxic potential of hypericin (4) and hyperforin (3) (Lawvere and
Mahoney, 2005). Quercetin (16) and procyanidin (11) B-2 were
identified to be potent photoreactive chemicals; however, not all
flavonoids exhibited significant ROS generation under light expo-
sure. In particular, there appeared to be marked differences in pho-
toreactivity between the glycoside and the aglycone moieties, as
evidenced by the ROS data on quercetin (16) and its glycosides
such as hyperoside (12), quercitrin (17), isoquercitrin (13), and ru-
tin (18). No significant ROS generation was seen for y-amino-n-bu-
tyric acid (GABA) (1), catechins (9), hyperoside (12), quercitrin
(17), and chlorogenic acid (8), suggesting less photosensitivity.

2.2. Photodynamic lipid peroxidation induced by irradiated SJW -
constituents

On the basis of the ROS assay, some natural products from the
SJW extract were deduced to be photoreactive and/or phototoxic

Table 1
Generation of ROS from photo-irradiated chemicals.
Chemicals ROS generation Content
Singlet oxygen Superoxide *
(AA4s0 nm % 10%) (AAsgo nm x 10°)
SJW extract 128+3 367 -
(100 pg/mL)
SJW constituents (20 uM)
Amino acid derivatives
GABA (1) 18+6 8+9 2.1
Melatonin (2) 49+8 3x2 <0.01
Biflavones
13,118-Biapigenin (10) 10712 4+2 0.98
13’ 1I8-Biapigenin 107 £22 19+ 14 0.080
(Amentoflavone) (7)
Catechins
Catechin 15+8 N.D. 0.27
Epicatechin (9) 103 N.D. 0.23
Flavonols/Flavones
Hyperoside (12) N.D. N.D. 0.60
Isoquercitrin (13) 47+10 N.D. 032
Kaempferol (14) 72+18 15+13 0.018
Luteolin (15) 108+7 N.D. 0.061
Quercetin (16) 15011 N.D. 0.83
Quercitrin (17) 4+8 N.D. 032
Rutin (18) 264 N.D. 0.22
Naphthodianthrones
Hypericin (4) 134+4 24+6 0.12
Pseudohypericin (5) 128 £18 54 0.49
Phenylpropanoids
Chlorogenic acid (8) N.D. N.D. 0.26
Phloroglucinols
Hyperforin (3) 862 N.D. 38
Proanthocyanidins
Procyanidin B-2 (11) 1175 N.D. 0.37
Xanthones
Mangiferin (6) 367 29+5 0.11
Pharmaceuticals (20 pM)
Non-phototoxic drug
Erythromycin N.D. N.D. -
Phototoxic drugs
Naproxen 54+3 29+8 -
Quinine 2113 4+11 -

Each sample was dissolved in 20 mM NaPB (pH 7.4) and exposed to UVA/B and Vis
light (250 W/m?) for 60 min. Data represent mean+SD for three independent
experiments.

" Content of each constituents in the tested SJW extract.

mainly via type I photochemical reaction. These findings, taken to-
gether with their concentrations (>0.05%) in the SJW extract as
determined by UPLC/ESI-MS analysis (Table 1), prompted us to
clarify the in vitro phototoxic potential of some photoreactive
SJW constituents in more detail, which include 13,l18-biapigenin
(10), 13",118-biapigenin (7), luteolin (15), quercetin (16), hypericin
(4), pseudohypericin (5), hyperforin (3), and procyanidin B-2
(11). Peroxidation of fatty acids can be used for predicting the
in vitro photoirritant potential of pharmaceutical and nutraceutical
products. In the present study, we attempted to investigate the
ability of SJW constituents to photosensitize peroxidation of
linoleic acid (Fig. 3). To evaluate and compare the lipid peroxide
level, malondialdehyde (MDA), a secondary product of lipid perox-
idation, was determined by the thiobarbituric acid (TBA) method
(Ohkawa et al,, 1979). UV irradiation of linoleic acid (1 mM) with-
out photosensitizers resulted in slight formation of peroxidation
products (260 nM); however, irradiation in the presence of photo-
toxins (200 uM) such as naproxen and quinine produced a much
greater amount of the products (ca. 700 nM). In contrast, the addi-
tion of erythromycin did not lead to enhanced lipid peroxidation
under the present experimental conditions, which was consistent
with the results from the ROS assay. With respect to the
photoreactive chemicals in the SJW extract, only hypericin (4),
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Fig. 3. In vitro lipid peroxidation induced by photo-irradiated SJW constituents and
pharmaceutical chemicals. Linoleic acid (107> M) and tested chemicals (200 pM)
were dissolved in 20 mM NaPB (pH 7.4) containing 0.05% Tween 20, and then
exposed to simulated sunlight (250 W/m?) for 1h. Lipid peroxidation was
measured using a TBA assay, and a standard curve of 1,1,3,3-tetraethoxypropane
was used to quantitate the amount of TBA-reactive substance (TBARS) produced.
Linoleic acid (+) or (—) indicates the linoleic acid with or without UVA/B irradiation,
respectively. Data represent mean +SD of three determinations. *P<0.05 with
respect to the linoleic acid (+).

pseudohypericin (5), and hyperforin (3) at a concentration of
200 uM exhibited significant lipid peroxidation with generated
MDA of 1510+ 140, 857 +227, and 630+ 62 nM, respectively.
However, these constituents at 20 M had no ability to oxidize lin-
oleic acid under light exposure (data not shown). Slight increase in
lipoperoxide level was also observed with procyanidin B-2 (11),
whereas two flavonoids tended to attenuate UV-evoked auto-oxi-
dation of linoleic acid. There appeared to be a data discrepancy be-
tween results from the ROS and TBA assays on these flavonoids.
However, the lack of lipoperoxidating activities was not unex-
pected because these flavonoids also have anti-oxidative activities
due to their phenolic OH groups (Seelinger et al., 2008). Given
these findings, some photoreactive SJW constituents, including
hypericin (4), pseudohypericin (5) and hyperforin (3), at high con-
centration exhibited in vitro photoirritant potential.

2.3. Photogenotoxic potential of SJW constituents

It is well established that DNA strand breaks cause the struc-
tural conversion of supercoiled pBR322 DNA (SC) to the open circu-
lar (OC) form (Viola et al., 2000), so that the structural conversion
of irradiated pBR322 DNA in the presence of phototoxins can be
indicative of in vitro photogenotoxic risk. The photosensitized
DNA cleavage products were analyzed by agarose gel electrophore-
sis (AGE), using ethidium bromide (EtBr) as an intercalating dye
(Fig. 4). According to the AGE data on the intact pBR322 DNA, most
DNA displayed the supercoiled form (ca. 95%), and irradiation of
the pBR322 DNA alone with UVA/B and Vis light (250 W/m?) for
25 min did not result in impairment of DNA. However, addition
of phototoxins such as naproxen and quinine led to marked dam-
age to pBR322 DNA; in particular, the majority of irradiated DNA
with quinine existed in the open circular form (ca. 95%). Interest-
ingly, there were no significant structural transitions of pBR322
DNA in the presence of photoreactive SJW components, even
hypericin (4) and hyperforin (3). Previously, capillary gel electro-
phoretic studies also demonstrated that some ROS-generating
phototoxins, including indomethacin and piroxicam, failed to
cause DNA damage in similar experimental conditions (Onoue
et al, 2008a). In drug-induced photogenotoxic cascades, solar
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Fig. 4. In vitro DNA-photocleavage assay for predicting photogenotoxic potential.
Supercoiled form of pBR322 DNA was exposed to simulated sunlight (250 W/m?)
for 25 min with or without SJW constituents or pharmaceutical chemicais
(200 pM). Each pBR322 DNA sample was separated on 0.8% agarose gel and stained
with ethidium bromide. According to AGE analysis, the photodynamic impairment
of pBR322 DNA is expressed as % of open circular (OC) form. pBR322 DNA (+) or ()
indicates the pBR322 DNA with or without UVA/B irradiation, respectively.

radiation basically causes genotoxic effects by two mechanisms:
either directly by photoexcitation of DNA or indirectly by excita-
tion of photosensitizers (Alderfer et al., 1993). For both mecha-
nisms, interaction between DNA and phototoxins is thought to
be necessary in the early stage of photogenotoxic cascades (Onoue
et al., 2009b). In this context, there is a probability that the tested
photoreactive chemicals from SJW extract have no affinity with
DNA molecules, and the in vitro photogenotoxic potential of these
SJW constituents might not be serious.

2.4. Potential suppression of in vitro phototoxicity by co-existing SJW
component

Wilhelm and co-workers previously demonstrated that querci-
trin (17) was effective to control the in vitro phototoxic activity of
the SJW extract; however, the detailed mechanisms remain un-
clear (Wilhelm et al., 2001). Schmitt and co-workers also suggested
that hypericin (4) combined with either SJW extracts or constitu-
ents might exert less phototoxicity than pure hypericin (4) (Sch-
mitt et al, 2006). These findings could provide a working
hypothesis that quercitrin (17) and other photochemically inactive
components with potent UV absorption affect the in vitro photo-
chemical and phototoxicological behavior of photoreactive constit-
uents, resulting in potential suppression of the in vitro phototoxic
risk of SJW extract.

To clarify the possible interaction among these constituents,
in vitro photochemical studies were carried out with focus on
UV-absorbing properties and ROS-generating abilities (Fig. 5).
According to the UV spectral patterns obtained (Fig. 5A), each nat-
ural product was found to be a strong UV absorber; in particular,
hypericin (4) showed intense absorption in the Vis range, as well
as for UVA/B light. Therefore, they may absorb photon energy
and be excited upon exposure to sunlight; however, quercitrin
(17) was found to be less photoreactive as evaluated by the ROS as-
say. Theoretically, quercitrin (17) might act as a potent UV absor-
ber to suppress solar-evoked photoactivation of phototoxic
natural products in the body, although most quercitrin (17) would
undergo metabolism. Alternatively, quercitrin (17) might work di-
rectly as an anti-oxidant as reported previously (Zou et al., 2004),
being partly associated with regulation of in vitro phototoxic
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Fig. 5. In vitro photochemical interaction among SJW constituents. (A) UV spectra of
SJW constituents (20 pM) in 20 mM NaPB (pH 7.4). Solid line, hypericin; dashed
line, hyperforin; and dotted line, quercitrin. (B and C) Altered photochemical
behavior of SJW-derived photosensitizers by addition of quercitrin (17). Photore-
active SJW constituent (20 pM) was exposed to simulated sunlight (250 W/m?) in
the presence of quercitrin at various concentrations, and generation of singlet
oxygen (A) and superoxide (B) was monitored. O, hypericin (4); and A, hyperforin
(3). Data represent mean * SD of three determinations.

responses. Further investigation on in vitro photochemical interac-
tion among quercitrin (17) and S]W phototoxins was also carried
out using ROS assay (Fig. 5B and C). On the basis of the results from
ROS assay on hypericin (4) and hyperforin (3), they exhibited in-
tense induction of type I photochemical reaction, and type I pho-
tochemical reaction was negligible for hyperforin (3). Addition of
quercitrin (17) at various concentrations ranging from 20 to
100 puM resulted in partial changes of ROS generation from the

photoirradiated chemicals. There was a ca. 58% reduction of singlet
oxygen from hyperforin (3), and no significant changes were seen
in superoxide. In contrast, only a slight change in photoreactivity
of hypericin (4) was observed in the presence of quercitrin (17),
although the latter tended to slightly enhance the type I photo-
chemical reaction of hypericin (4). Thus, quercitrin (17) tended to
modulate the in vitro photochemical properties of hyperforin (3),
the content of which in the SJW extract was calculated to be
3.8%. Considering the low level of hypericin (4) (0.12%) in the
SJW extract, the modulating in vitro photochemical behavior of
hyperforin (3) might have a major impact on the in vitro phototoxic
potential of the SJW. The present findings are in agreement with
previous observation reported by Withelm et al. (2001), and this
feature can be a part of the mechanisms behind the protective ef-
fect of quercitrin against in vitro phototoxicity of the SJW extract.
Further investigation on in vitro photochemical interaction among
major SJW constituents might provide novel insight into the safe
use of SJW-based nutraceuticals. In addition, studies on the phar-
macokinetic behavior of SJW components might be effective for
reliable phototoxic characterization. In particular, the specific dis-
tribution of SJW components in skin after oral administration of
SJW extract might be of great importance since phototoxic reac-
tions could be mainly caused in the skin.

3. Conclusions

In the present study, the SJW extract and 19 known constitu-
ents were characterized with a focus on the invitro photochemical
and phototoxicological properties. Exposure of the SJW extract to
simulated sunlight resulted in both type I and type Il photochem-
ical reactions, and several SJW constituents mimicked the in vitro
photochemical behavior of SJW extract. Further clarification dem-
onstrated that, of all photoreactive chemicals isolated from the
SIW, only hypericin (4), pseudohypericin (5), and hyperforin (3)
exhibited photosensitized peroxidation of linoleic acid and no pho-
todynamic cleavage of plasmid DNA, suggesting in vitro photoirri-
tant potential. Concomitant UV exposure of hyperforin with
quercitrin (17), a potent UV/Vis absorber, resulted in the modu-
lated in vitro photochemical behavior of hyperforin (3). In conclu-
sion, hypericin (4), pseudohypericin (5), and hyperforin (17) might
be responsible for the in vitro phototoxicity of SJW-based
nutraceuticals.

4. Materials and methods
4.1. Chemicals

An H. perforatum dry extract 0.3%/ET, a commercially available
extract of SJW, 3 ,118-biapigenin (10), and hyperforin (3) dicyclo-
hexylammonium salt were kindly provided by Indena Japan (To-
kyo, Japan). Briefly, for preparation of the H. perforatum dry
extract 0.3%/ET, the flowering tops of SJW were extracted with
EtOH-H,0 (7:3 v/v), followed by percolation filtration and concen-
tration. Hyperoside (12), 13'118-biapigenin (7), isoquercitrin (17),
kaempferol (14), luteolin (15), and quercitrin (16) were purchased
from Extrasynthese (Genay, France). Procyanidin B-2 (11) was iso-
lated from the leaves of Eriobotrya japonica (Ito et al., 2000). GABA
(1), (-)-epicatechin (9), hypericin (4), melatonin (2), quercetin
(16), rutin (18), butylated hydroxytoluene (BHT), erythromycin,
imidazole, linoleic acid, nitroblue tetrazolium (NBT), p-nitroso-
dimethylaniline (RNO), plasmid pBR322 DNA, 1,1,3,3-tetraethoxy-
propane, TBA, and Tween 20 were obtained from Wako Pure
Chemical Industries (Osaka, Japan). (+)-Catechin, mangiferin (6),
and quinine were purchased from Sigma (St. Louis, MO, USA),
and naproxen was obtained from Tokyo Chemical Industry (Tokyo,
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