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a b s t r a c t

Of the 354 substances designated as class I under the Pollutant Release and Transfer Register (PRTR) law
in Japan, we reviewed the sensitization data of the selected 144 substances and analyzed it from various
aspects comparing human and animal data, determining the relationship between skin sensitization and
chemical structure and comparing the various international organizations.

Although most of them were expected to be hazardous substances, 49 out of the 144 substances lacked
both human and animal sensitization data. Positive substances accounted for 69% and 42% of the sub-
stances for which sensitization data were available in the case of humans and animals, respectively.

A correlation was observed between the chemical structures of the substances and sensitization,
despite the relatively few substances examined in this study and the limited homogeneity of the col-
lected data. In particular, epoxides clearly had sensitizing potentials and more than half of carboxylic
esters or dicarboxyl anhydrides, aliphatic aldehydes, and aromatic compounds with at least two hydroxyl
groups also had sensitizing potentials.

Also, this study clearly demonstrated the lack of consistency across the sensitization assessment crite-
ria adopted by different countries or among those adopted by the same country on the basis of different
laws or administrative measures.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction 956 substances examined as sensitizers and ranked them according
Most symptoms of allergy caused by chemical substances, such
as perfumes, dyes, disinfectants, and metals, are classified under
the category of delayed-type allergy, which has long been known
as contact allergy and is mediated by cellular immunity. Some
chemical substances induce airway allergies, which are classified
as immediate-type allergies. In either case, exposure of workers
or consumers to target sensitizers must be avoided as much as pos-
sible, and these sensitizers need to be replaced with less-sensitiz-
ing substances or must be used safely by completing a risk
assessment. From this standpoint, it is important that we collect
information concerning sensitization of various chemicals and as-
sess their sensitizing potentials.

Classifications established by various organizations, such as the
Japan Society for Occupational Health (JSOH), American Conference
of Governmental Industrial Hygienists (ACGIH), Deutsche Fors-
chungsgemeinschaft (DFG), and European Union (EU) are useful
sources of information on sensitization. The skin sensitization expert
group of Deutsche Bundesgesundheitsamt (BGA) (reorganized into
the German Federal Institute for Risk Assessment (BfR) in 2002)
(hereafter referred to as BfR expert group) designated 244 out of
ll rights reserved.
to the strength of sensitization (Schlede et al., 2003).
However, a lack of consistency has been identified across the clas-

sification results obtained in different countries as well as those ob-
tained from the same country on the basis of different laws or
administrative measures. An international comparison of the classi-
fication results of PRTR-designated chemical substances evaluated
by JSOH, ACGIH, DFG, and EU revealed that only nine substances,
i.e., formaldehyde, methyl methacrylate, phthalic anhydride, meth-
ylenebis(4,1-phenylene) diisocyanate, ethylenediamine, maleic
anhydride, trimellitic anhydride, glutaraldehyde, and hexamethyl-
ene diisocyanate, were designated as sensitizers in common by all
four organizations (Murakami et al., 2007). This result demonstrated
that the classification criteria for sensitizers, unlike those for carcin-
ogens, are not consistent among organizations.

Thus, regardless of the presence or absence of sensitizing poten-
tials, it is essential to examine existing data on the sensitizing
potentials of chemical substances in order to analyze the differ-
ences in classification criteria among the various international
organizations as well as understand the basis for globally harmo-
nized assessment. The outcome of this examination will have
far-reaching impacts on the current situation. This is because data
concerning human health toxicity and ecological toxicity are being
streamlined through international efforts such as the Globally Har-
monized System of Classification and Labelling of Chemicals (GHS)
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and EU’s newly established Registration, Evaluation, Authorization,
and Restriction of Chemicals (REACH).

In Japan, the Pollutant Release and Transfer Register (PRTR) law
was enforced in fiscal year (FY) 2002, and 354 substances have
been designated as class I under this law. In the present study,
we selected 144 class I-designated substances on the basis of their
toxicity, amount manufactured/imported, etc., and examined the
existing data on sensitization. From FY 2001 to FY 2006, the
authors’ institution, namely, the Chemical Evaluation and Research
Institute, Japan (CERI), conducted a hazard assessment project
termed ‘‘Chemical Risk Assessment and Development of Risk
Assessment Methods” at the request of the New Energy and Indus-
trial Technology Development Organization, Japan (NEDO). The re-
sults of the project were organized such that they could be
domestically shared (CERI and NEDO, 2007). In the present paper,
we reviewed the sensitization data of the 144 substances and ana-
lyzed it from various aspects, comparing human and animal data,
determining the relationship between sensitization and chemical
structure and comparing the various international organizations.

2. Materials and methods

2.1. Target substances

The 144 target substances were selected from those subjected
to hazard assessment in the NEDO project. Substances with higher
priorities were preferentially selected, provided that the priorities
were calculated based on the hazard category adopted at the des-
ignation of PRTR class I substances and PRTR emission data (Sado-
tomo et al., 2006).

2.2. Information sources for skin sensitization

We searched through the existing evaluation documents, dat-
abases, and literature databases listed in Table 1 by Chemical Ab-
stract Services (CAS) number.
Table 1
List of information sources for skin sensitization.

Documents
� IPCS, International Program on Chemical Safety: Environmental Health Criteria (EHC
� IPCS, International Program on Chemical Safety: Concise International Chemical Asse
� IPCS, International Program on Chemical Safety: Joint Meeting on Pesticide Residues
� IARC, International Agency for Research on Cancer: IARC Monographs on the Evaluat
� OECD, Organization for economic co-operation and development: Screening Informa
� EU, European Union: Risk Assessment Report
� ECETOC, European Chemical Industry Ecology & Toxicology Centre: Technical Report
� The Chemical Evaluation and Research Institute, Japan: Hazard Data Book for Chemi
� The Chemical Evaluation and Research Institute, Japan and National Institute of Tech

Assessment Report
� Ministry of Environment, Japan: Initial Risk Assessment Report Vols. 1–4
� GDCh BUA: German Chemical Society-Advisory Committee on Existing Chemicals of
� Environment Canada, Health Canada: Priority Substances List Assessment Report, Ca
� Australian Department of Health and Aging: Priority Existing Chemical Assessment R
� ACGIH, American Conference of Governmental Industrial Hygienists: Documentation
� US ATSDR, Agency for Toxic Substances and Disease Registry: Toxicological Profile
� US NTP CERHR, National Toxicology Program Center for the Evaluation of Risks to Hu
� US NTP, National Toxicology Program: Technical Report

Data searches
� EU, European Union: International Uniform Chemical Information Database (IUCLID)
� Ministry of the Environment, Japan: PRTR data database
� US EPA: Integrated Risk Information System (IRIS), National Library of Medicine

Literature searches
� NLM, National Library of Medicine: Toxicology Literature Online (TOXLINE)
� SRC, Syracuse Research Corporation: Toxic Substance Control Act Test Submission da

Classification for sensitization by some organizations
� EU, European Union
� PRTR, Pollutant Release and Transfer Register law in Japan
� JSOH, The Japan Society for Occupational Health
� ACGIH, American Conference of Governmental Industrial Hygienists
� DFG, Deutsche Forschungsgemeinschaft
2.3. Classification of the substances on the basis of the evidence from
human and animal studies

On the basis of the evidence collected in humans and animals,
we assessed the skin sensitizing potentials of the target substances.
Table 2 shows the criteria adopted for classifying the substances on
the basis of the evidence from human and animal studies. Accord-
ing to the criteria, the substances were classified as either positive,
negative, equivocal, or no data available.

The currently available international guideline is the OECD test
guideline 406 ‘‘Skin Sensitization.” After its revision in 1992, the
guideline recommends two methods for testing skin sensitization
to chemicals (contact hypersensitivity induction potential), i.e.,
the guinea pig maximization test (GPMT) and the Buehler Test
(OECD, 1992). The mouse ear swelling test (MEST) and the Local
Lymph Node Assay (LLNA) have also been added to the OECD test
guidelines as methods approved for primary screening of skin sen-
sitizers (OECD, 2002). Therefore, we emphasized on the results ob-
tained by the GPMT, Buehler Test, LLNA, and MEST, which are
recommended by the current OECD test guidelines and we re-
quired at least one positive result from the four tests to have posi-
tive in animal data. However, to have negative we required two or
more negative results from the four tests because we should con-
sider a substance as a non-sensitizer carefully. We also took into
consideration the results of tests performed according to other
methods when assessing the skin sensitizing potentials of the
substances.

We also classified substances which produced positive results
at least in human or animal studies as skin sensitizers in this study.

2.4. Chemical structurally based classification

We also discussed the relationship between the chemical struc-
tures and sensitizing potentials of the target substances. We fo-
cused on chemical structures regarded as sensitization-related
structures, i.e., epoxy, amines or amides, aldehydes, carboxylic
)
ssment Document (CICAD)
(JMPR), monographs and evaluations
ion of the Carcinogenic Risk of Chemicals to Humans
tion Data Set (SIDS) Initial Assessment Report

; Joint Assessment of Commodity Chemicals
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Table 2
Criteria based on evidence from human and animal data.

(1) Human data
Positive There is evidence in humans that the substance can lead to sensitization by skin contact. Evidence should include any of the following:

� Positive data from patch testing, normally obtained in more than one dermatology clinic
� Well documented episodes of allergic contact dermatitis, normally obtained in more than one dermatology clinic
� Epidemiological studies showing allergic contact dermatitis caused by the substance
� Positive data from experimental studies in man

Negative There is negative evidence in human that the substance can lead to sensitization by skin contact. Negative evidence should include two or more of the
following:
� Patch testing
� Well documented episodes of allergic contact dermatitis, normally obtained in dermatology clinic
� Epidemiological studies showing allergic contact dermatitis caused by the substance
� Negative data from experimental studies in man

Equivocal Not fit in both positive and negative

No data available

(2) Animal data
Positive There is at least one positive result from an appropriate animal test

� Guinea Pig Maximization test
� Buehler Guinea Pig Test
� Local Lymph Node Assay
� The Mouse Ear Swelling Test (MEST)

Negative There are two or more negative results from an appropriate animal test
� Guinea Pig Maximization test
� Buehler Guinea Pig Test
� Local Lymph Node Assay
� The Mouse Ear Swelling Test (MEST)

Equivocal Not fit in both positive and negative

No data available
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acids, aromatic hydroxyl groups, and halogenated compounds
(Barratt et al., 1994a,b). Isocyanates are also regarded as sensitiza-
tion-related structures but were excluded from the study due to
their scarcity among the 144 substances. Alcoholic hydroxyl
groups were also examined to represent structures that are not
considered to have sensitization-related structures.

3. Results

3.1. Human and animal sensitization data for the 144 substances

The human and animal sensitization data for the 144 sub-
stances is summarized in Table 3. The complete set of sensitization
data for all substances is presented in Appendix A.

Human sensitization data were available for 68 substances,
among which 47, 9, and 12 were classified as positive, negative,
and equivocal, respectively. Among the 144 substances examined,
Table 3
Summary of human and animal data in the 144 chemical substances.

Human data (68 chemical substances) Animal data (80 chemical substances)

Positive Negative Equivocal Positive Negative Equivocal

47 (69%) 9 (13%) 12 (18%) 34 (42%) 7 (9%) 39 (49%)

Table 4
Comparison between sensitization data from human and animal studies.

Human data

Positive Negative Equivocal No data Total

Animal data Positive 19 1 2 12 34
Negative 1 3 1 2 7
Equivocal 17 4 5 13 39
No data 10 1 4 49 64
Total 47 9 12 76 144
animal data were available for 80 substances, among which 34, 7,
and 39 were classified as positive, negative, and equivocal, respec-
tively. Among the substances for which sensitization data were
available, there was a high proportion of positive substances, i.e.,
the amount being 69% and 42% in the case of humans and animals,
respectively.

The data from human and animal studies is compared in Table
4. Of the 144 substances, substances 19 and 3 were consistently
positive and negative, respectively, in both humans and animals.
Very few substances showed inconsistent results between human
and animal studies; only one substance was positive in humans
but negative in animals, and it was the reverse in the case of one
other substance. Forty-nine (34%) out of the 144 substances lacked
both human and animal data regarding sensitization.

3.2. Relationship between the characteristic chemical structures and
skin sensitization

We discussed the relationship between the characteristic chem-
ical structures of the examined substances and skin sensitization.
We focused on the chemical structures regarded as sensitization-
related structures, i.e., epoxy, amines or amides, aldehydes, carbox-
ylic acids, aromatic hydroxyl groups, and halogenated compounds
(Barratt et al., 1994a,b). Alcoholic hydroxyl groups were also exam-
ined to represent structures that are not considered to have sensi-
tization-related structures. The number of substances containing
the individual chemical structures and the number and percentage
of skin sensitizers are summarized in Table 5. Skin sensitizers were
defined as substances that were positive at least in human or ani-
mal studies in the present study.

All eight epoxide compounds examined in this study were clas-
sified as skin sensitizers. Of the 17 amines or amide substances, 13
were found to be skin sensitizers. Five of eight aldehydes were
classified as skin sensitizers. This demonstrated that skin sensitiz-
ers could be found at high proportions among substances contain-
ing these structures. In contrast, the proportion of skin sensitizers
was low among halogenated compounds (8 out of 34). None of the



Table 5
Relationship between the characteristic chemical structures and skin sensitization.

Chemical structure
(): number of substances

Number of skin
sensitizers classified
in this studya (%)

Number of
substances without
any data available (%)

Epoxides (8) 8 (100) 0 (0)
Amines or Amides (17) 13 (76) 1 (6)
Aldehydes (8) 5 (63) 2 (25)
Carboxylic acidsb (24) 13 (54) 5 (20)
Aromatic hydroxyl groups (8) 4 (50) 1 (12)
Halogenated compounds (34) 8 (24) 17 (53)
Alcoholic hydroxyl groups (9) 0 (0) 1 (12)

a Based on evidence from human and/or animal data.
b Carboxylic acid, carboxylate ester and dicarboxylic anhydride are included.
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nine compounds with alcoholic hydroxyl groups were classified as
skin sensitizers.

3.3. Comparison with the classification data from various international
organizations

The classification results of the 144 substances based on human
and animal data were compared with the classification data from
various international organizations in Table 6. Of the 19 substances
that were consistently positive in both humans and animals, 16
and 15 were classified as skin sensitizers (R43) by EU and DFG,
respectively. The BfR expert group classified 14 of these substances
into three ranks: A, B, and C, according to their allergenic potency
(A: significant contact allergen, B: solid based indication for con-
tact allergenic effects, C: insignificant contact allergen or question-
able contact allergenic effect). We have listed the BfR work for the
purpose of reference because it is useful. But attention needs to be
paid to the fact that it did not follow any national or international
classification guideline and so would be expected to have produced
some anomalies. Among the 43 substances that were positive in
either human or animal studies, relatively few were classified as
sensitizers by any of the organizations. Moreover, among the 33
substances that had positive data in neither humans nor animals,
or among the 49 substances without any data available in either
humans or animals, very few were classified as sensitizers by any
of the organizations.

4. Discussion

4.1. Existing data concerning skin sensitization by 144 substances

In the present study, we reviewed the existing data concerning
skin sensitization by 144 substances. Since these chemical sub-
stances were designated as class I under the PRTR law in Japan,
most of them were expected to be hazardous substances. Positive
Table 6
Comparison between the results in this study and skin sensitizers designated by various o

Results in this study
(): number of substances

PRTRa,b JSOH (2007)

Positive in both humans and animals (19) 6 7
Positive in only humans (28) 2 6
Positive in only animals (15) 2 0
Positive in neither humans nor animals (33) 0 1
No data available in either human or animal (49) 0 0

a Only airway sensitization was taken into consideration.
b Central Environmental Council, Ministry of the Environment, Japan (2000). About de

substances on the base of ‘‘Act on confirmation, etc. of release amounts of specific c
management thereof.” (Report) (in Japanese).

c Both airway and skin sensitization were taken into consideration.
d Schlede et al. (2003).
substances accounted for 69% and 42% of the substances for which
sensitization data were available in the case of humans and ani-
mals, respectively; this demonstrated that substantial proportions
of the 144 substances were potential skin sensitizers. Thus, though
sensitization is an important parameter that should be checked
while assessing potentially hazardous substances, 49 out of the
144 substances lacked both human and animal sensitization data.
Sensitization is not included in the items to be checked in the
OECD/SIDS program. Many sensitization cases have been reported
in recent years, reflecting the increased risk of exposure to sensitiz-
ers, not only in occupational but also residential areas. For poten-
tially hazardous substances that are manufactured in large
amounts, e.g., those designated as class I under the PRTR law in
Japan, LLNA or MEST test data should be collected and made
available for those who require it for primary screening.

4.2. Relationship between the characteristic chemical structures and
skin sensitization

In order to discuss the relationship between the chemical struc-
ture and toxicity, toxicity data homogenous in terms of test condi-
tions, etc., must be collected for as many substances as possible.
Despite the relatively few substances examined in this study and
the limited homogeneity of the collected data, a correlation was
observed between the chemical structures of the substances and
sensitization. In particular, epoxides clearly had sensitizing poten-
tials and more than half of carboxylic esters or dicarboxyl anhy-
drides, aliphatic aldehydes, and aromatic compounds with at
least two hydroxyl groups also had sensitizing potentials. These
structures commonly show a high reactivity, readily reacting with
substituents in proteins (Landsteiner and Jacobs, 1935; Buehler,
1965; Magnusson and Kligman, 1969; Kimber and Basketter,
1992; Divkovic et al., 2005). Sensitization occurs as a result of
the immune response to denatured proteins, etc. The marked sen-
sitizing potentials of epoxides and aliphatic aldehydes can be
attributed to their high reactivity with amino groups in proteins;
these structures readily induce an addition reaction that leads to
protein denaturation. None of the substances having alcoholic hy-
droxyl groups showed any sensitizing potential; this could be
attributed to their poor reactivity with biopolymers, which is in
contrast to the sensitizing structures.

New approaches such as those based on the structure–activity
relationship have currently been developed as alternatives for
the existing methods for hazard assessment of chemicals. As de-
scribed above, most sensitizers have structures that readily react
with proteins, suggesting that sensitization is closely related to
structure. Therefore, sensitization should be suitably assessed on
the basis of the structure–activity relationship, in contrast to other
hazard criteria. According to the workshop on skin sensitization,
which was held as a part of the project on the harmonization of
rganizations.

ACGIH (2007)c EU (2007) DFG (2007) BfR expert groupd

A B C

6 16 15 10 3 1
3 9 7 4 2 1
2 7 3 0 2 1
1 4 1 0 2 3
0 1 1 0 0 1

signation of class I designated chemical substances and class II designated chemical
hemical substances in the environment and promotion of improvements to the
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approaches to the assessment of risks from exposure to chemicals
led by IPCS (International Programme on Chemical Safety) in 2005–
2006, sensitization assessment methods based on the structure–
activity relationship have not been validated for the purpose of
hazard confirmation. However, some methods are effective in evi-
dence weighting or initial screening (van Loverena et al., 2008).
Additionally, the correspondence of sensitization properties with
structural alerts, such as carboxylic esters, etc. is better than noth-
ing, because they are often, but not always, associated with chem-
ical reaction mechanisms of protein binding. For example esters
can in some cases act as acylating agents, in some cases can act
as activating groups for Michael acceptors, but in many cases they
do neither (Aptula and Roberts, 2006; Roberts et al., 2007). When
utilizing sensitization assessment methods based on the struc-
ture–activity relationship, we must acknowledge the limited po-
tential of the existing methods based on the structure–activity
relationship at this time, but reaction mechanistic alerts would
be a useful approach to apply.

4.3. International comparison of sensitizers

The classification criteria for sensitizers are known to vary
among various international organizations (Murakami et al.,
2007). The classification criteria adopted by various international
organizations can be roughly divided into two groups. The criteria
adopted by ACGIH and JSOH limit the definition of sensitizers to
substances that induce sensitization in humans and employ only
human data obtained from case reports, epidemiological data, or
volunteer experiments. On the other hand, EU and German MAK
assess the potential of chemicals as sensitizers and employ not
only data from human case reports but also results from animal
studies that comply with appropriate standards and results from
in vitro tests and structure–activity relationship studies, but condi-
tionally. In other words, the ACGIH-type criteria assesses whether
chemicals induce sensitization in humans upon exposure in the
work area, while the EU-type criteria assess the sensitizing poten-
tials of the chemicals. Regarding the 19 substances that were con-
sistently positive in both humans and animals, the EU, DFG, and
BfR Expert Groups classified a majority of these substances as sen-
sitizers, while ACGIH and JSOH classified only a few of them as sen-
sitizers, demonstrating the marked difference among classification
criteria adopted by the various organizations. Moreover, although
sensitization was adopted as an index for designating class I sub-
stances under the PRTR law, only airway sensitization was taken
into consideration; skin sensitization was disregarded since the ac-
tual environmental concentration of the substances was low. The
present classification based on skin sensitization classified 62 out
of 144 substances as sensitizers, which largely deviated from PRTR
designation, where only 14 out of 354 substances were designated
as sensitizers.

The study clearly demonstrated the lack of consistency across
the sensitization assessment criteria adopted by different countries
or among those adopted by the same country on the basis of differ-
ent laws or administrative measures. Such inconsistency makes it
difficult for the workers or consumers to understand the classifica-
tion results, and this result in nontariff barriers in international
trades in chemicals. Increasing the explicitness and efficiency of
classification by removing such barriers is thus the first step in
realizing appropriate management of chemical substances, and
this issue must be regarded as a global priority. An example of a
worldwide initiative in this regard is GHS, i.e., the global harmoni-
zation of classification and labeling (UN, 2003). Regarding the sen-
sitizer classification according to GHS, an assessment of both skin
and respiratory sensitization must be conducted. In order to im-
prove GHS classification, the existing data need to be widely
shared, and harmonization of sensitization classification criteria
must be discussed. The GHS approach will play a major role to
solve the above problems.

The number of PRTR-designated chemical substances in Japan
has increased from 354 to 463 following the revision of the
enforcement order of the law in November 2008 (MOE, 2008). Con-
tinuous efforts on the expansion of the scope of substances tar-
geted for toxicity data collection and examination of the
obtained results should facilitate global harmonization of assess-
ment and effective use of the existing structure–activity relation-
ship models.

In conclusion, of the 354 substances designated as class I under
the Pollutant Release and Transfer Register (PRTR) law in Japan, we
reviewed the sensitization data of the 144 substances and analyzed
it from various aspects. Although most of them were expected to
be hazardous substances, 49 out of the 144 substances lacked both
human and animal sensitization data. Regardless of the presence or
absence of sensitizing potentials, it is essential to examine existing
data on the sensitizing potentials of chemical substances in order
to analyze the differences in classification criteria among the vari-
ous international organizations as well as understand the basis for
globally harmonized assessment. The outcome of this examination
will have far-reaching impacts on the current situation, because
data concerning human health toxicity and ecological toxicity are
being streamlined through international efforts such as GHS and
EU’s newly established REACH.
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