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Figure 2. Histology and numbers of CD3 * T cells in PCl-challenged skin of B6 and 1FN-y /"~ mice. (a) B6 and IFN-y ™'~ mice were sensitized with 5% PCl and
challenged with 0.5% PCI. The challenged ears, along with no-treated ones (no Tx), were stained with hematoxylin and eosin. (bj Cryostat sections

of the challenged ears were immunohistochemically stained with anti-CD3 mAb, and CD3 " cells were ent | in oniginal mag
Data are expressed as the mean 1 5D of five mice. *P=0.00018. Bar =80 um.
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Figure 3. Time course of ear swelling responses of B6 and IFN-y~'~ mice
receiving single-time or three time-elicitation with FITC. B6 and IFN-y
mice were sensitized with 1% FITC an the abdomen and challenged with 0.5%
FITC once or thrice (3- to 4-day intervals) on the ears. One, four, and 24 hours
after the final challenge, the ear swelling responses were measured. Data
are expressed as the mean £ S0 of five mice. *P=0.0048, **P=0.0060

24 hours after challenge in either strain of mice (Figure 3a).
When challenged three times, significantly higher swelling
responses were found at 1 and 4 hours in IFN-y ™"~ mice than
in B6 mice (Figure 3b). There was no difference between the
two strains at 24 hours. The six-time challenge induced
similar but slightly higher levels of these reactions (data not
shown), The results suggested that IFN-y "~ mice are prone to
develop immediate and late-phase cutaneous reactions
instead of DTH, suggesting a Th2-skewed immunological
state.

ation x 500 field.

Augmentation of IL-4 expression by repeated FITC challenge in
immune lymph nodes of IFN-y '~ mice

To confirm the preponderant expression of Th2 cytokines in
IFN-y~~ mice, B6 and IFN-y~'~ mice were sensitized with
PCl or FITC, and challenged once with PCl or six times with
FITC, respectively. Cervical lymph nodes were taken from
these mice 24 hours after the last challenge, and IFN-y and IL-4
expressions were examined by real-time PCR. B6 mice had
IFN-y expression at a higher level by single challenge with
PCI than by repeated challenge with FITC, whereas IFN-y™"~
mice naturally exhibited no IFN-y expression (Figure 4). As
for IL-4, the repeated FITC challenge enhanced its expression
in both strains of mice as compared to PCl challenge, but the
Jevel of enhancement by FITC was greatly higher in IFN-y ™~
mice than in B6 mice. These data indicated preferential
activation of Th2 cells in IFN-y~~ mice after repeated FITC
challenge.

Infiltration of Th2 cells and presence of IgE and IL-4 at
repeatedly FITC-challenged skin of IFN-y~'~ mice

Bb and IFN-y~"~ mice were sensitized and challenged six
times with FITC, and their ears were histologically examined.
Both types of mice exhibited an inflammatory infiltrate
mainly in the dermis (Figure 5a). Some lymphocytes
infiltrated into the epidermis with spongiosis. Immunohisto-
chemically, Igf and IL-4 were present in IFN-y~" mice
presumably in association with mast cells and T cells,
respectively (Figure 5b).

Epidermal cell suspensions, including epidermotropic
lymphocytes as well as ECs, were prepared from the
challenged skin and subjected to real-time PCR analysis for
two chemokine receptors. CXCR3 is expressed mostly on Th1
cells, and CCR4 is preferentially on Th2 cells (Sebastiani et al.,
2002). Whereas CXCR3 was markedly expressed by FITC
challenge in B6 but not in IFN-y /" mice, CCR4 expression
was dramatically increased by repeated FITC painting in
IFN-y~'~ but not in B& mice (Figure 6). Taken together with
the presence of IL-4 in IFN-y '~ mice challenged with FITC,
this finding provides a possibility that IFN-y deficiency allows
Th2 cells to infiltrate into the skin, leading to the occurrence
of immediate and late-phase reactions.
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Figure 4. Real-time PCR analysis of mRNA expression for cytokines in
cervical lymph node cells. 86 and IFN-y "~ mice were sensitized with 5% PCI
and challenged once with 0.5% PCI, or sensitized with 1% FITC and
challenged six times with 0.5% FITC (twice a week for 3 weeks), Single-cell
suspensions. of immune cervical lymph node cells were prepared and
subjected to real-time PCR analysis for IFN-y and IL-4, Data are expressed as
the mean £ SD of four mice, *P<0.05, **P<0.005.

IFN=y

Figure 5. Histology and i histochemical stainings for IgE and IL-4 in
B6 and IFN-y " mice receiving six times repeated elicitation with FITC. (a)
B6 and IFN-y™" mice were sensitized with 1% FITC and challenged with
01.5% FITC repeatedly six times (twice a week). The challenged ears were
stained with hematoxylin and eosin. (b) Cryostat sections of the challenged
ears were immunohistochemically stained with anti-IgE or anti-IL-4 mAb.
Bar= 50 um.

Reduced CHS response to PCl in IFN-y '~ mice receiving
adoptive transfer

Draining lymph node cells (5 x 10° cells) from wild-type B6
mice that were sensitized with PCl 5 days before were
labeled with carboxyfluorescein diacetate succinimidyl ester
(CFSE) and transferred to naive Bé6 or IFN-y™'~ mice.
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Figure 6 Real-time PCR analysis of mRNA expression for chemokine
receptors in skin-infiltrating cells, B6 and IFN-y ' mice were sensitized with
5% PCl and challenged once with 0.5% PCI, or sensitized with 1% FITC
and challenged six times with 0.5% HTC (twice a week for 3 weeks), Single-
cell suspensions of epidermal and detmal cells were prepared and subjected
to real-time PCR analysis for CXCRY and CCR4. Data are expressed as the
mean £ S0 of four mice, *P<0.05, **P<0.005,

FITC

Immediately after transier, mice were challenged with PCI
on their ears. Although B6 mice transferred with sensitized
lymph node cells exhibited a significantly high ear swelling
response, IFN-y~'~ mice failed to respond to the challenge
(Figure 7a). This result clearly indicated impairment of the
efferent phase of CHS in IFN-y ™~ mice. When the ears of
mice receiving CFSE-labeled lymph node cells were histolo-
gically examined 24 hours after challenge, the number of
CFSE-positive cells in the ears of IFN-y”"" mice was
significantly lower than that of B6 mice (Figure 7h).

To further confirm this paucity of infiltration, draining
lymph node cells (5 x 10° cells) from green fluorescent
protein (GFP) mice sensitized with DNFB 5 days before were
transferred to naive B6 or IFN-y '~ mice. The recipients were
immediately challenged with DNFB. B6 but not IFN-y
mice had a high ear swelling response (Figure 7c). Again,
histological examination at 24 hours after challenge showed
less infiltration of GFP-positive lymphocytes in IFN-y~"~ mice
(Figure 7d).

To test the participation of IFN-y in the afferent limb,
immune lymph node cells from B6 or IFN-y™" mice
sensitized with PCl were transferred to naive B6 mice, and
the recipient mice were challenged with PCl. The CHS
response of recipients receiving sensitized lymph node cells
of IFN-y™"~ mice was lower than that of mice receiving B6
lymph node cells (Figure 7e), This suggests that IFN-y is
involved in both induction and elicitation of CHS.

Reduction of Th1 chemokine production by keratinocytes in
IFN-y '~ mice and enhancement of Th2 chemokine production
by LCs in IFN-y '~ mice

Epidermal cell suspensions were obtained from the ears of B6
and IFN-y™"~ mice that were challenged once with PC| or six
times with FITC. Crude ECs were analyzed for EC-derived
chemokines. Both challenges with PCl and FITC elevated the
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Figure 7. Adoptive transfer of CHS using immune lymph node cells labeled with CFSE and those from GFP mice. (a) Axillary, bradial, and inguinal lymph
node cells (5 x 10° cells) of B6 mice that were sensitized 5% PCI on the shaved ahdomen 5 days before were labeled with CFSE and transferred 1o naive B6 or
IFN-¢ "~ mice. Immediately after transfer (1sf), mice were challenged with 10 ul of 0,5% PCl to both sides of ears (tsf + ), Non-transferred B6 and IFN-y "~ mice
were described as tsf~. The increment of ear swelling was measured at 24 hours. (b) Ears of B6 and IFN-y ™'~ mice receiving transfer of CFSE-labeled
immune lymph node cells from PCl-sensitized mice were taken 24 hours after transfer and subjected 1o the histological study. The number of CFSE-positive
cells in the dermis was counted in six different original magnification x 200 power fields and represented by the mean. (¢) Immune lymph node cells were
preparted from GFP mice sensitized with 0.5% DNFB and transferred 1o naive B6 or IFN-y ™'~ mice. Mice were challenged with 10 ul of 0.3% DNFB to both sides
of ears (tsf + ). Non-transferred mice were represented as tsf—. The increment of ear swelling was measured at 24 hours. (d) Ears of 86 and IFN-y™"" mice
receiving transfer of immune lymph node cells (5 x 10" cells) from DNFB-sensitized GFP mice were taken 24 hours after transfer and subjected to the
histological study. The number of GFP-positive cells in the dermis was counted in six diff original magnification x 200 power fields and represented by the
mean. (e) Lymph node cells were prepared from B6 or IFN-y ™'~ mice sensitized with 5% PC| and transferred 1o naive B6 mice. The recipient mice were
challenged with 10l of 0.5% FCI (B6, IFN-y 7). The non-transferred mice represent the group of mice challenged alone. The ear thickness change was
measured at 24 hours. Data are expressed as the mean + 50 of four mice. *P<0.001, **P<1.0x 10" and ***P<0.05

expression of Th1 chemokine CXCL9 and CXCL10 in Bé
mice, whereas such an augmentation was not found in
IFN-y~~ mice (Figure 8, left). As for Th2 chemokines, PCI
challenge induced the expression of CCL17 and CCL22 in
both B6 and IFN-y™ mice. Repeated FITC challenge
augmented the expression of Th2 chemokines CCL17 and
CCL22 in IFN-y~"", but FITC augmentation for CCL17 and
CCL22 was minimal in B6 mice. It was reported that CCL27/
CTACK-CCR10 signaling is an important regulator for skin
immune inflammation (Homey et al., 2002). Therefore,
CCL27 expression was also monitored, but there was no

substantial difference between challenged and non-treated
ears, or between B6 and IFN-y '~ mice. Only marginal
increment was observed in IFN-y™'" mice that were
challenged six times with FITC compared to non-treated
IFN-¥~"" mice (relative quantitative mRNA: 3.1 vs 1).
Accordingly, no enhanced expression of CCR10, a ligand
for CCL27, was found in PCl- or FITC-challenged skin of B6
or IFN-y™"~ mice.

When CD11c™ cells, namely LCs in the epidermis, were
depleted from crude EC suspensions, and again subjected to
real-time PCR analysis, signals of Th2 chemokines
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Figure 8. Real-time PCR analysis of mRNA exp ion for ch ki in ECs. B6 and IFN-y™"~ mice were sensitized with PCl and challenged once with PCI, or
sensitized with FITC and challenged six times with FITC (twice a week for 3 weeks). Single-cell suspensions of epidermal cells were prepared from the
challenged ears. Uniractionated [crude ECs), CD11c* cell-depleted (CD11c”), and CD1 ¢ -purified ECs were subjected to real-time PCR analysis for Thi

chemokines (CXCLY and CXCL10) and Th2 chemokines (CCL17 and CCL22). The expression of mRNA is represented as fold increase (27345 ), where
AAC = |AC sample)] - [AGIB6 CD11c™ ECs without treatment)], and AG = |Cisample)] = | Gip-actin)]. Data are expressed as the mean + 50 of four mice
*P<0.03, compared between treated B6 mice of IFN-y™" mice, and no treatment B6 mice
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disappeared, but those of Th1 chemokines remained (Fig-
ure 8, middle). Therefore, it was considered that Thi
chemokines are produced by keratinocytes, whereas Th2
chemokines are derived mainly from LCs.

The expression of Th2 chemokines, but not Th1 chemo-
kines, in LCs was confirmed with CD11c™ cell-purified ECs.
LCs from FITC or even PCl-challenged mice expressed Th2
chemokines but not Th1 chemokines (Figure 8, right). The
results indicated that IFN-y is required for keratinocyte
expression of Th1 chemokines, but suPptessive for LC
expression of Th2 chemokines. IFN-y~"" mice had the
decreased ability of keratinocytes to produce Th1 chemo-
kines even by PCl challenge, but retained the ability of LCs to
produce Th2 chemokines particularly upon repeated FITC
challenge.

DISCUSSION

In this study, we chose two distinct experimental systems to
discriminate Th1 and Th2 cutaneous hypersensitivity reac-
tions. The ordinary delayed-type CHS to PCl was used as a
Th1-mediated response, and the immediate or late-phase
reaction to repeatedly challenged FITC was used as a Th2-
mediated response. We investigated the differences between
the wild-type and IFN-y™'~ mice in these two cutaneous
hypersensitivity systems. IFN-y ™"~ mice were low responders
in DTH to PCI, but high responders in the immediate and
late-phase responses to FITC. The Th1/Th2 dichotomy-related
immunological status was confirmed by the IFN-y expression
in PCl-challenged wild-type mice and the IL-4 expression in
FITC-challenged IFN-y "~ mice.

The depression of DTH to PCl and the enhancement of
immediate and late-phase responses to FITC in IFN-y ™~ mice
are not particularly surprising, because the Th2-preponderant
immunological balance in these mice is easily expected as a
result of a relief from suppression of Th2 cells by IFN-y. In
addition, participation of IFN-y in both afferent and efferent
limbs duly results in depressed DTH. However, as inflam-
matory cells did not infiltrate in the PCl-challenged ears of
IFN-y~"~ mice, the observed downmodulation of cutaneous
DTH could not be simply attributable to the systemic
immunological shift to Th2 cells or to the impaired antigen-
presenting function of cutaneous dendritic cells, but the
failure in infiltration of T cells to the skin might be causative.
Conversely, the extent of inflammatory cell infiltrate in FITC-
challenged IFN-y™~ mice was high. Therefore, chemokines
produced by ECs appeared to be critical for determining the
magnitude of these cutaneous responses.

Among ECs, keratinocytes and LCs are the essential
sources of chemokines (Sebastiani et al., 2002). CXCR3™
Th1 cells infiltrated in the PCl-challenged B6 mice, whereas
CCR4™ Th2 cells were seen in the FITC-challenged IFN-y ™"
mice. Our real-time PCR analysis of EC-derived chemokines
revealed that Th1 chemokines, CXCL9 and CXCL10, are
produced by keratinocytes, and Th2 chemokines, CCL17 and
CCL22, are mainly exposed by LCs. In IFN-y '~ mice, the
Th1 chemokines were not expressed by PCl challenge,
whereas the expression of Th2 chemokines retained when
challenged with PCl or FITC. Therefore, it is likely that IFN-y
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is necessary for the production of Th1 chemokines by
keratinocytes, but unnecessary or rather suppressive for the
elaboration of Th2 chemokines by LCs. It is considered that
the lack of development of cutaneous DTH to PClin IFN-y ™~
mice stems from the inability of keratinocytes to produce Thi
chemokines. In accordance with this finding, our transfer
study using immune lymph node cells obtained from
sensitized B6 mice and labeled with CFSE and those from
sensitized GFP mice demonstrated low infiltration of trans-
ferred lymphocytes in IFN-y ™~ mice.

The role of IFN-y for the production of CXCL9 and CXCL10
by keratinocytes has been reported (Albanesi et al, 2000b;
Mahalingam et al., 2001; Sebastiani et al,, 2002). CCL17 and
CCL22 have also been reported to be released from keratino-
cytes (Sebastiani et al., 2002), and a combination of IFN-y and
TNF-a is one of the most effective stimuli for keratinocytes to
produce CCL17 and CCL22 (Kobayashi et al,, 2004). However,
this study demonstrated that keratinocytes are not the main
source of these Th2 chemokines, but that LCs are the producers.
In accordance with this notion, cultured normal human
keratinocytes cannot produce CCL17 even under stimulation
with IFN-y and TNF-x (Tsuda et al,, 2003). It has been reported
that LCs produce or express various chemokines, including
CCL17, CCL22, CXCL11, and CCLS5 (Fujita et al., 2004, 2005).
Cytokines such as TNF-a, GM-CSF, IL-1, and IL-4 stimulate
LCs to produce CCL17 and CCL22 (Soumelis et al,, 2002). It is
notable that IFN-y is not a requirement for LCs to produce
CCL17 and CCL22 but rather suppressive for their production
{Xiao et al,, 2003). In IFN-y™"~ mice, therefore, Th2 cells are
prone to infiltrate in the dermis, and the late-phase reaction
can occur as a result of successful migration of Th2 cells to
the skin. In this context, it is an interesting issue that the
infiltrating lymphocytes showed epidermotropism possibly
because of Th2 chemokine production by LCs. The produc-
tion of the chemokines by LCs may support the recent
concept that LCs are rather regulatory for the development of
CHS (Kaplan et al., 2005; Kissenpfennig et al., 2005).

Interferon-y, as well as IL-12 (Wolf et al., 1994), is the key
cytokine for Th1 responses. Furthermore, recent accumulat-
ing evidence has suggested the important role of IL-17 for
CHS (Nakae et al,, 2002; He et al., 2006). As IL-17 stimulates
keratinocytes to release certain cytokines and chemokines
with synergistic or additive effects when used together in IFN-y
(Albanesi et al., 2000a), our results in IFN-y /" mice possibly
stem from the relief of the synergistic effects. Our study
suggests that IFN-y has a mandatory role for conditioning the
skin milieu by modulating Th1 and Th2 chemokines.

MATERIALS AND METHODS

Animals and chemicals

Eight to 10-week-old female B6 mice were purchased from Japan
SLC (Hamamatsu, Japan) and Kyudo Co. (Tosu, |apan). Bé and
IFN-y '~ mice were oblained from Jackson Laboratory (Bar Harbor,
ME), and GFP mice were obtained from Japan SLC. These mice were
maintained in the Laboratory Animal Research Center in University
of Occupational and Environmental Health under specific pathogen-
free conditions, Female mice were used in this study, All animal
experiments were performed according to the guidelines for the care
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and use of animals approved by our university. PCl was purchased
from Tokyo Kasei (Tokyo, Japan), FITC from Sigma Chemical Co. (5t
Louis, MO), and DNFB from Nakalai Tesque (Kyoto, Japan).

Sensitization and elicitation of CHS

For induction of CHS to PCl, mice were painted on the clipped
abdomen with 50l of 5% PCI in ethanol/acetone (3:1). Five days
after sensitization, mice were challenged by painting both sides of
each ear with 20l of 0.5% PCl in ethanol/acetone (3:1). The ear
thickness of mice was measured using dial thickness gauge (Ozaki
Co., Tokyo, Japan) before and 24 hours after challenge. Ear swelling
was calculated as (ear thickness after challenge)—(ear thickness
before challenge),

For induction of CHS to FITC, mice were painted on the clipped
abdomen with 200l of 1% FITC in acetone/di-n-butylphthalate
(1:1). Five days after sensitization, mice were challenged by painting
both sides of each ear with 20ul of 0.5% FITC in acetone/di-
n-butylphthalate (1:1) twice a week for 3 weeks. The ear thickness of
mice was measured using dial thickness gauge before, 0, 1, 4, and
24 hours after challenge.

For induction of CHS 1o DNFB, mice were painted on the clipped
abdomen with 50 pl of 0.5% DNFB in acetone/olive oil (4:1). The
ears were challenged with 20 ul of 0.3% DNFB in acetone/olive oil
(4:1).

Preparation of ECs, CD11¢ " cell-depleted ECs, purified
CD11c” ECs, and lymph node cells

Fars were obtained from mice 24 hours after the last challenge with
PCl or FITC, and epidermal and dermal skin was obtained by
removing cartilage and subcutaneous tissues. After incubation for
1 hour at 37 °C in a 0.2% solution of trypsin in PBS, the epidermis
was separated from the dermis, and ECs were dispersed in PBS
supplemented with 10% fetal calf serum (Gibco, Carlsbad, CA) by
rubbing the separated epidermal sheets (Tokura et al., 1994). The
cells were fillered through a cell strainer and washed twice in PBS. In
some experiments, CD11¢* ECs were purified with automagnetic-
activated cell sorting (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). After ECs were incubated with RPMI 1640 supplemented
with 10% fetal calf serum for 30 minutes, ECs were first reacted with
CD11c microbeads (120-000-322; Miltenyi Biotec) for 30 minutes
and selected for CD11c* ECs, representing LCs. The purity of
CD1c* cells was 70-80% (Sugita et al, 2007). After removing
CD11c* cells, CD11c ECs were obtained and CD11c ™ cells were
less than 0.1%. Among CD11c-positive fractionated cells from ECs,
more than 99% of CD11c” cells were Langerin (eBioscience, San
Diego, CA) positive (data not shown).

B6 and IFN-y '~ mice were sensitized with 5% PCl and
challenged once with 0.5% PCl, or sensitized with 1% FITC and
challenged six times with 0.5% FITC (twice a week for 3 weeks).
Single-cell suspensions of immune cervical lymph node cells were
prepared from the treated mice.

Histological assessment

Twenty-four hours after challenge with PCl and FITC, mice were
killed by cervical dislocation and ears were amputated, The ears
were fixed with formalin and embedded in paraffin. Two- to three-
micrometer- thick sections were cut and stained with hematoxylin
and eosin. An indirect immunohistochemical staining  was
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performed. The first antibodies included anti-CD3 (clone KT3, rat
IgG2a; Chemicon, Billerica, MA), anti-Igk (clone 23G3, rat IgGl
eBioscience), and IFN-y (clone XMG1.2, rat IgG1y; eBioscience) and
mAbs. A goat anti-rat IgG antibody conjugated with horseradish
peroxidase was used as the second antibody, and reaction was
visualized with diaminobenzidine.

Adoptive transfer

B6 mice were sensitized with 50l of 5% PCl in ethanol/acetone
{3:1) on the clipped abdomen. Five days after sensitization, the
axillary, bradial, and inguinal lymph nodes were removed, single-
cell suspensions were prepared and labeled with 6.5 pm CFSE
(Molecular Probes, Eugene, OR). The cells resuspended in RPMI
containing 0.2% fetal calf serum were injected intravenously to
naive B6 mice or naive IFN-y " mice (5 x 10* cells per mouse).
Immediately after the cell transfer, the ears were challenged with
20l of 0.5% PCl in ethanol/acetone (3:1), and the increase in ear
swelling was measured 24 hours later. In parallel, ears of transferred
B6 and IFN-y "~ mice were histologically examined 24 hours after
cell transfer. CFSE-positive cells in about 7 pm ear section of each
mouse were counted.

In another transfer study, GFP mice were sensitized with 50 ul of
0.5% DNFB in acetone/olive oil (4:1). Five days later, the immune
lymph node cells were prepared as above and injected intravenously
to naive B6 mice or naive IFN-y ™" mice (5 » 10" cells per mouse).
The ears were challenged with 20 ul of 0.3% DNFB in acetone/olive
oil (4:1), The ear swelling response, histology, and GFP-positive cells
were examined as above.

Real-time quantitative PCR

Total cellular RNA was extracted with an RNA extraction kit
(Promega, Madison, W) from freshly prepared skin samples, RNA
was then reverse-transcribed and amplified by random hexamer in
single-tube assay using the TagMan Reverse Transcription Reagants
(Applied Biosystems, Foster City, CA) with genc-specific sense and
antisense primers and a detection probe labeled on the 5-end with
the reporter dye 6-FAM. Primers and probes were obtained from
TagMan Gene Expression Assays Inventories (Applied Biosystems).
Using an ABI Prism 7000 Sequence Detection Systems (Applied
Biosystems), duplicate samples were reverse-transcribed and ampli-
fied under the following consecutive steps: 2minutes at 50°C,
10minutes at 95°C, followed by 50 amplification cycles of
15seconds al 95°C and 1minute at 60°C. Sequence-specific
amplification was detected as an increased fluorescent signal of
6-FAM exceeding the threshold limit during the amplification cycle.
Quantification of gene-specific message levels was determined by
comparing fluorescence intensity from unknown RNA samples to the
fluorescence intensity of standard curve generated from control
mRNA levels. Amplification of the gene for mouse f-actin was
performed on all samples to control interspecimen variations in RNA
amounts. The result for each gene was normalized to the quantity of
mouse P-actin detected in the sample. Levels of gene-specific
message were graphed as normalized message units as determined
from standard curve.

Statistical analysis
Data were analyzed using an unpaired two-tailed t-test. P<0.05 was
considered 1o be significant.
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Percutaneous penetration via hand eczema is the
major accelerating factor for systemic absorption
of toluene and xylene during car spray painting

Ryosuke Hivo, DAsuke Nisuio, Kexnt KABASHIMA AND YosHIK! ToKURA
Department of Dermatology, University of Occupational and Environmental Health, Kitakyushu, Japan

Background: For absorption of organic solvents, the respiratory tract is well known as the major site,
but percutaneous absorption might be critical in some workplaces.

Objectives: The aim of the study is to determine whether the skin, if disordered, is | of the major routes
of organic solvent absorption.

Patients| Methods: 72 male workers who painted the car body in the booth of a Japanese car company
were participated in this study. The severity of hand eczema, urinary metabolites of organic solvents
and the concentration of airborne organic solvents were measured.

Results: The correlation coefliciency between the skin severity index and the urinary concentration of
hippuric acid or methylhippuric acid was statistically significant. There was no significant correlation
between their urinary values and the air concentration of mixed organic solvents.

Conclusions: The skin is a more critical absorption route for organic solvents than the respiratory tract
in some occupational settings, Hand eczema is a common disease and has a possibility to be a critical
absorption route of organic solvents.

Key words: hand eczema; hippuric acid; methylhippuric acid; toluene; xylene. © Blackwell
Munksgaard, 2008.
Accepted for publication 29 July 2007

It is well known that exposure to a low or moder-
ate concentration of organic solvents may cause
various symptoms such as headache and dizziness
(1, 2). The health risk is assessed by biological
monitoring of exposure through the evaluation
of the internal dose. The threshold limit values
(TLVs) are guidelines designed for use by indus-
trial hygienists in making decisions regarding safe
levels of exposure to various chemical substances
and physical agents found in the workplace. Tolu-
ene and xylene are used in various workplaces, in
particular industrial settings. When toluene and
xylene are absorbed into the body, they are dis-
charged in urine after several steps of chemical
changes (3, 4). Urinary hippuric acid and methyl-
hippuric acid are the most frequently used
biomarkers in the biological monitoring of occu-
pational exposure to toluene and xylene (5). There
have been data of urinary hippuric acid in 3,947

workers and of methylhippuric acid in 1,523
workers in Japan (5). The results can be classified
into 3 levels, and the category 3 represents the
urinary levels of metabolites of organic solvents
higher than the classified American Conference
of Governmental Industrial Hygienists (ACGIH)
recommendations of TLVs and the biological
exposure indices issued in 1988-1989.

In addition to the respiratory intake, the percu-
taneous absorption is expected to be an important
factor of the biological exposure to organic solv-
ents, but the skin has not been estimated as a crit-
ical route to determine the TLVs. Only a couple of
chemicals are known to be absorbed through the
skin, as represented by N,N-dimethylformamide
(6). While normal skin may be resistant to absorp-
tion of organic solvents (7), it is possible that patho-
logical or injured skin allows the solvents to
penetrate the skin. In this respect, hand eczema
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is thought to be the most critical skin disorder,
because its incidence is very high (8) and the hand
15 easily exposed to the solvents (9). Moreover,
hand eczema often occurs in patients with atopic
dermatitis or atopic backgrounds (10, 11). A
recent finding has suggested that a high incidence
of mutation of filaggrin is seen in atopic patients
(12). Because f[ilaggrin deeply participates in the
skin barrier function, individuals with the disor-
dered barrier are prone to have atopic dermatitis
as a result of feasible skin penetration of exoge-
nous substances.

To investigate the influence of hand eczema on
the absorption of organic solvents, we monitored
the levels of urinary hippuric acid and methylhip-
puric acid in relation to the severity of hand
eczema In spray painters of an automobile plant.

Materials and Methods

72 male workers who painted car body for 8 hrs
a day in the painting booth of a Japanese car
company located in Kosai City, Japan, were
enrolled in this study. They worked in 7 different,
65 x 6 m-wide booths equipped with general ven-
tilation system. All the workers wore Tyvek dust-
proof overalls, gas masks that are suitable for
Japanese Industrial Standards, and nylon electro-
static gloves. The concentrations of organic sol-
vents in air were lower than their respective
TLVs of ACGIH recommendation in all painting
booths. For biological monitoring of toluene and
xylene, urine hippuric acid and methylhippuric
acid were measured, respectively. Urine samples
were collected on the last day of the working
week. To avoid the influence of benzoic acid,
aspirins or food preservatives are prohibited for
1 week. The concentrations of hippuric acid and
methylhippuric acid were measured by high per-
formance liguid chromatography (Enshu Medical
Laboratory, Hamamatsu, Japan). The lowest de-
tection levels of these metabolites were 0.01 g/l.
Urine hippuric acid (mean + SD = 0.3375 =+
0.3283 g/) and methylhippuric acid (mean %
SD = 0.0436 + 0.0346 g/l) levels belonged to the
category | or 2 in all the workers, and thus satis-
fied the ACGIH issued recommendations. Sam-
ples of air were collected with a 1 | vacuumed
glass sampling tube. The levels of toluene and
xylene were quantified by gas chromatography
and mass spectrometry (Department of Experi-
ment and Analysis, Suzuki Motor Company,
Hamamatsu, Japan).

The severity of hand eczema was evaluated
by a dermatologist in dryness, erythema, scaling,
dyshidrosis, fissuring, and lichenification using

simple visual scoring: 0 = none, 1 = mild, 2 =
moderate, and 3 = severe. The skin severity index
was represented by the sum of these values (13).
To explore the association of the urinary metab-
olites of organic solvents with the skin severity
index, Spearman’s correlation coefficients were
used. All statistical analyses were performed with
IMP V5.0.1™.

Results

As shown in Fig. 1, the urine hippuric acid level of
72 spray painters (mean + SD = 0.3375 + 0.283 g/l)
was significantly higher than that of healthy 41
male workers who had not used organic solvents
(mean £ SD = 0.1671 + 0.2243 g/l) (P = 0.0038).
The urine methylhippuric acid level of 41 normal
subjects was under the lowest detection level. The
skin severity index in the workers ranged from
0 to 6 points. The correlation coefficiency between
the skin severity index and the urinary concentra-
tion of hippuric acid or methylhippuric acid was
statistically significant (Fig. 2). In particular, a high
correlation coefficiency (0.6099) was observed in
hippuric acid. It was noted that workers without
any hand eczema (the skin severity index, 0)
exhibited extremely low levels of urinary hippuric
acid, except for | worker. All the workers wore
a gas mask that was regularly maintained, and the

P =0.0038 |
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Fig. 1. Unnary metabolites of toluene and xylene of 72 spray

painters are significantly higher than those of 41 normal
subjects who have not been used organic solvents.
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Fig. 2. Positive correlation between urinary hippuric acid
(top) or methylhippuric acid (bottom) and skin severity index
of hand eczema.

air exchange was efficiently performed in the 7
booths. To further exclude the possible absorp-
tion through the respiratory tract, we also examined
the relationship between the urinary concentra-
tion of hippuric acid or methylhippuric acid,
and the air concentration of toluene and xylene,
respectively. Figure 3 shows these correlations in 7
different booths. There was no significant correla-
tion between the air levels of toluene and xylene
and urine concentrations of hippuric acid and
methylhippuric acid, respectively, confirming that
the respiratory absorption of organic solvents did
not contribute to the urinary levels in this work-
place. These data indicate that the concentrations
of urinary hippuric acid and methylhippuric acid
depend on the severity of hand eczema.

Discussion

Qur study clearly showed that workers with hand
eczema have high urinary levels of hippuric acid
and methylhippuric acid when occupationally
exposed to organic solvents. Although the re-
spiratory tract has been estimated as the major
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Fig. 3. Absence of correlation between urinary hippuric acid
and toluene concentration in air (top) or methylhippuric acid
and xylene concentration in air (bottom). The concentrations
of toluene and xylene in air were measured in the 7 different
booths and correlated with the concentrations of urinary
hippuric and methylhippuric acids of the workers in each
booths. Error bar represents the mean + SD of urinary hip-
purﬁch:cid or methylhippuric acid levels of painters in each
booths.

absorption system of the solvents (3, 4), we found
that the urinary concentration of hippuric acid or
methylhippuric acid did not depend on the air
concentration of mixed organic solvents in our
occupational settings. Thus, the skin is | of the
crucial absorption routes for organic solvents.

Skin protection items such as protective gloves
and barrier creams are necessary for prevention
from the irritation by or penetration of organic
solvents (13). The workers in our study wore
nylon electrostatic gloves, but they could not
protect the penetration of organic solvents. The
workers also used emollients for skin care with
insufficient protection. Our findings indicate
that the skin protection from organic solvents
is difficult. The actual advantage of barrier
creams over emollients for skin protection is still
debated (13). .

Hand eczema is a common disease and induced
by organic solvents themselves as well as atopic
background (10, 11). Given that organic solvents
can disrupt the skin barrier by removing ceramide
of the stratum corneum (14), the induced acute
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barrier disruption may further exaggerate the
percutaneous absorption of the solvents. It should
be kept in mind that the absorption via eczema-
tous skin is the important mechanism underlying
systemic absorption of organic solvents when
workers deal with the solvents by hands.
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