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Contact allergy is caused by a wide range of chemicals after skin contact. Its clinical manifestation,
allergic contact dermatitis (ACD), is developed upon repeated contact with the allergen. This perspective
focuses on two areas that have yielded new useful information during the last 20 years: (i) structure—activity
relationship (SAR) studies of contact allergy based on the concept of hapten-protein binding and (ii)
mechanistic investigations regarding activation of nonsensitizing compounds to contact allergens by air
oxidation or skin metabolism. The second area is more thoroughly reviewed since the full picture has
previously not been published. Prediction of the sensitizing capacity of a chemical is important to avoid
outbreaks of ACD in the population. Much research has been devoted to the development of in vitro and
in silico predictive testing methods. Today, no method exists that is sensitive enough to detect weak
allergens and that is robust enough to be used for routine screening. To cause sensitization, a chemical
must bind to macromolecules (proteins) in the skin. Expert systems containing information about the
relationship between the chemical structure and the ability of chemicals to haptenate proteins are available.
However, few designed SAR studies based on mechanistic investigations of prohaptens have been
published. Many compounds are not allergenic themselves but are activated in the skin (e.g., metabolically)
or before skin contact (e.g., via air oxidation) to form skin sensitizers. Thus, more basic research is
needed on the chemical reactions involved in the antigen formation and the immunological mechanisms.
The clinical importance of air oxidation to activate nonallergenic compounds has been demonstrated.
Oxidized fragrance terpenes, in contrast to the pure terpenes, gave positive patch test reactions in
consecutive dermatitis patients as frequently as the most common standard allergens. This shows the
importance of using compounds to which people are exposed when screening for ACD in dermatology
clinics.
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Figure 1. “. . .most people regard other people’s skin disease as trivial,
but those with skin disease at some time in their life never regard it as
trivial” (5).

Figure 2. Patch test technique. A standard series of the most frequent
skin sensitizers is applied on the back of a patient with suspected ACD.
The sensitizers are mixed in suitable vehicles, most often petrolatum,
to nonirritating and nonsensitizing concentrations. The patches remain
on the skin for 48 h, whereafter they are removed. Evaluation of possible
skin reactions is performed on days 4 and 7 after application of the
patch tests. A small eczematous reaction shows that the patient is
allergic to the compound applied on that specific spot (4).

are the sites most exposed to chemicals and are thus most
affected. Hand eczema causes a significantly reduced health-
related quality of life for the affected individual (2) and is also
of major economic consequence for society (3) (Figure 1). The
diagnosis and therapy of ACD are still about the same as 50
years ago. Contact allergy is diagnosed in dermatitis patients
by patch testing using a standard tray of about the 30 most
frequent contact allergens, diluted in petrolatum or water (4)
(Figure 2). A small eczematous reaction at a test site indicates
that the patient is allergic to the compound applied on this site.
There is no cure for ACD, and the treatment is still only
symptomatic, using anti-inflammatory corticosteroids. As an
acquired contact allergy is chronic and only avoidance of the
offending agent can prevent one from elicitation of ACD, contact
allergy to common allergens (e.g., nickel and fragrances) can
cause life-long dermatitis.

For this reason, there is a continuous, ongoing regulatory
process to decrease exposure or to forbid the use of potent
contact allergens. A recent review with historical examples on
actions to control contact allergy epidemics shows that strict
regulation of exposure has caused a decrease in new cases of
ACD (6). It is important not only to stop epidemics but also to
hinder their onset by preventing strong allergens from entering
the market. In this protective regulatory work, chemistry-
oriented contact allergy research is essential. Especially, two
areas have yielded new useful information during the last 20
years: (i) structure—activity relationship (SAR) studies of contact
allergy based on the concept of hapten-protein binding and (ii)
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mechanistic investigations regarding activation of nonsensitizing
compounds to contact allergens by air oxidation or skin
metabolism.

Of these areas, SAR/quantitative structure—activity relation-
ship (QSAR) studies and their implication for contact allergy
have been frequently reviewed over the years and will therefore
not be scrutinized in detail. Instead, references are given to other
publications. The second area including activation of nonsen-
sitizing compounds to contact allergens will be more thoroughly
reviewed since no review containing a full picture has been
published.

2. Mechanisms of Contact Allergy

Contact allergy is regarded as a delayed hypersensitivity
reaction (type IV hypersensitivity), which is mediated by
antigen-specific T-lymphocytes (7). To develop ACD, an
individual must first be sensitized by skin contact with reactive
chemicals of low molecular weight (<1000) and appropriate
lipophilicity (logP ~2) which are able to penetrate into the
epidermis. As the chemicals themselves are too small to
cause an immunogenic reaction, they must be able to react with
macromolecules in the skin (usually considered to be proteins),
which thus are haptenated. Reactions may theoretically occur
with both soluble proteins and membrane-bound proteins present
on the surface of the Langerhans cells (LCs). LCs are the
professional antigen-presenting dendritic cells (DCs) present in
the epidermis. They become activated by the haptenated protein
and migrate via the afferent lymph vessels to the draining lymph
nodes where they interact with and present the processed
haptenated protein (the antigen) to naive T-cells. These interac-
tions result in the formation of antigen-specific effector and
memory T-cell clones, which thereafter circulate in the blood
and lymph vessels. Upon renewed contact with the same
chemical, memory T-cells are recruited to the site of contact,
where interactions between T-cells and antigen-presenting cells
can take place directly in the epidermis, thus initializing the
inflammatory process (Figure 3).

3. Testing for Allergenic Properties

The prediction of the sensitizing capacity of a chemical is of
importance to avoid outbreaks of ACD in the population. The
most reliable methods for prediction of sensitizing capacity still
involve animal testing. A challenge for scientists in the field is
the ban on in vivo testing of cosmetic and toiletry ingredients
for skin-sensitizing properties, which will come into force in
the European Union in 2013 (8). Hence, much research has been
devoted to the development of in vitro and in silico predictive
testing methods. Because the mechanism of contact allergy is
complex and partly poorly understood, the efforts thus far have
shown only limited success (9-11).

3.1. Animal Testing. Currently, the murine local lymph node
assay (LLNA) is the recommended and most widely used
predictive method for the identification and potency assessment
of contact allergens (/2). The LLNA has been evaluated and
accepted by the U.S. Food and Drug administration (FDA) and
is recommended by the Organization for Economic Cooperation
and Development (OECD Guideline for the Testing of Chemi-
cals 429. Skin Sensitisation: Local Lymph Node Assay) as a
stand-alone test method for the determination of sensitizing
capacity. The LLNA offers reliable information for hazard
identification and is therefore used in risk assessment in industry
(13). In contrast with previously used predictive methods [e.g.,
the guinea pig maximization test, GPMT, and the Buehler test
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Figure 3. (1) Binding of haptens to proteins and other macromolecules. (2) Internalization of hapten-modified proteins. (3) Hapten-induced activation
of LCs that migrate and process hapten—protein complexes. (4) Presentation of antigens by LCs to naive specific T-cells. (5) Proliferation of antigen
specific T-cells; memory T-cells are formed. (6) Hapten-specific memory T-cells leave the lymph node and enter the circulation. (7) Re-exposure
to the hapten. (8) Release of cytokines and chemokines attracting cells to the skin from the circulation. (9) Inflammatory response within 2448 h,

symptoms of ACD.

in guinea pigs (/4)], the LLNA also offers a possibility to
determine a quantitative response of the sensitizing effect of a
chemical, which makes the results (dose-response relation) from
this method useful in QSAR studies. The assay is based on the
fact that there is a correlation between the vigor of a proliferative
response induced in the local draining lymph nodes by topically
applied chemicals and the extent of sensitization developed (75).
The results are expressed as a stimulation index (SI), that is,
the proliferative response ratio between test and control groups.
Test materials that at one or more concentrations cause an SI
of 3 or higher are considered to be positive in the LLNA, and
calculated EC3 values (the estimated concentration required to
produce an SI of 3) are used to compare the sensitizing capacity
of different test materials (/6). Thus, in contrast with human
patch test methods and the previously used guinea pig tests,
the end point in the LLNA is induction and not elicitation. It is
important that the LLNA is used with care since it does not
clearly discriminate between irritants and allergens, which could
result in irritant compounds, typically when tested in high
concentrations, being classified as skin sensitizers (17, 18).

3.2. In Vitro Methods. An in vitro approach to predict the
skin-sensitizing potential of a chemical should be designed to
include its potential to penetrate into viable epidermis, react
with macromolecules, and initiate an antingen-specific immune
response. Possible metabolic activation of nonreactive com-
pounds must also be considered. A review on in vitro assess-
ments of the sensitizing activity of low molecular weight
compounds was recently published (/9). The availability of
peripheral blood-derived human DCs was a significant improve-
ment in the strive to develop in vitro predictive assays (20-22).
Another step forward was the possibility of using the real-time
polymerase chain reaction (RT-PCR) instead of direct measure-
ments of proteins to investigate changes in activation markers
after induction with a contact allergen (23).

The novel in vitro assays should allow assessments using
human cell systems, which would be advantageous, for example,

with regard to the metabolism of prohaptens, which could be
species-dependent. Two cell types are predominantly involved
in this process, that is, LCs and keratinocytes. Human DCs have
been employed to assess the sensitizing potential of various
chemical agents in vitro, as exposure to contact allergens is
known to alter both cell surface marker profiles and gene
expression of immature DCs (19, 24). Recently, Aeby et al.
(25) demonstrated that DC exposure to the contact sensitizer
2.,4,6-trinitrobenzenesulphonic acid induced a dose-dependent
modulation of genes associated with DC maturation (i.e., IL-
18, AQP3), whereas exposure to the model irritant compound,
sodium dodecyl sulphate (SDS), did not induce significant gene
regulation. The impact of chemical exposure on DCs and the
potential use of such information in the development of cell-
based assays for assessing skin sensitization potential of
chemicals in vitro have been reviewed by Ryan et al. (10).
Many studies show a clear correlation between the chemical
reactivity of a compound (mainly the reactivity towards nu-
cleophiles) and its sensitizing potency (see below). Because
binding to the thiol group of cysteine is the one most often
associated with sensitizers (26), the ability to quantify conjuga-
tion with glutathione (GSH) has been of interest. In a recent
study, Aptula et al. (27) investigated the relationship between
skin sensitization assessed in the LLNA and a thiol reactivity
index based on GSH (pECs, thiol, ECs, being defined as the
concentration of the test substance that gives 50% depletion of
the free thiol under standard conditions). As not all sensitizers
react with thiols, the authors suggest that this index should be
combined with measurements of the compounds’ cytotoxicity
to the protozoa T. pyriformis. When taken together, the assays
correctly predict the sensitizing potential of 23 of 24 investigated
compounds. However, the number of compounds investigated
is small and the experience from the relevance of the protozoa
toxicity with regard to skin-sensitizing capacity is limited (27).
In addition, the combination of the two methods makes the
process rather complicated. A more simplified method has been
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Figure 4. Examples of electrophilic functional groups present in
haptens, which can react and bind to nucleophiles present in proteins.
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suggested as a first assessment of the skin-sensitizing potency
of chemicals (28). In this method, the depletion of unmodified
peptide after incubation with a chemical was determined and
correlated with the sensitizing potency of the same chemical
according to LLNA data. In addition to GSH, peptides contain-
ing either cysteine, lysine, or histidine were used. The results
obtained showed good correlation for strong and moderate
sensitizers and will be further developed (28).

So far, the in vitro methods described are in most cases able
to identify strong and moderate sensitizers. Because many
contact allergens of clinical importance are weak sensitizers,
increasing the sensitivity of these methods is an important
challenge for future work. A trivial but fundamental problem
in all cellular/protein-based assays is the water solubility of the
test chemicals, since most skin sensitizers known today are
lipophilic organic compounds. Another problem is the stability
of the compound during the cellular experiments, which are
carried out over several hours or days. Furthermore, no in vitro
methods developed are able to also account for the activation
of a nonsensitizing compound to a hapten. The activation can
take place outside the body by air oxidation or photoactivation
or in the skin due to metabolism.

3.3. In Silico Methods. Also, in silico methods have been
extensively used in recent years, and these methods are discussed
separately (see below).

4. Hapten—Protein Interaction

Chemically, the skin can best be described as a nucleophilic
environment, rich in water and with electron-rich nucleophilic
functional groups present in the proteins. The nucleophiles of
primary interest are thiols (-SH) and primary amines (-NH,)
present in the side chains of the amino acids cysteine and lysine,
respectively (26). Amino acids such as histidine (=N-),
methionine (—S-), and tyrosine (-OH) also have nucleophilic
properties.

Most contact allergens are electrophiles, and just like the
nucleophiles, they are characterized by their functional groups.
Figure 4 shows the most common functional groups of known
electrophilic haptens. Lists of potential haptens with these and
other related functional groups have recently been published
(26, 29-31).

In vitro reactivity studies using model nucleophiles and
various electrophiles have shown a certain degree of specificity
in the reactions (32-36). We recognize five basic types of
reactions: Sy2 reactions, SyAr reactions, Schiff base formations,
Michael type additions, and acylation reactions. Alkyl halides,
epoxides, and sulfonic acid esters easily undergo Sy?2 reactions.
Aliphatic aldehydes and some diketones can form Schiff
bases with the primary amino groups of the side chain of lysine.
A variety of o,fB-unsaturated aldehydes, ketones, amides, and
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esters are involved in Michael type additions. Michael type
acceptors are the most easily identified haptens leading to skin
sensitization. Acylation reactions can occur with anhydrides and
also with isocyanates and isothiocyanates.

All of these reactions have been linked to skin sensitization
and elicitation, and toxicity predictions of compounds with
electrophilic functional groups have been extensively discussed
in recent reviews (26, 31, 37). It should be observed that the
experimental evidences for these types of reactions to occur
are mostly derived from in vitro reactions between haptens and
model peptides (26).

During the last decade, the possibility of a radical mechanism
involved in antigen formation has attracted increased interest
(38—41). Hydroperoxides, formed by air oxidation of many
commonly used chemicals, have been shown to be strongly
sensitizing and clinically important contact allergens. They are
known to easily form radicals by cleavage of their labile O-O
bond (see below). Theoretically, the hydroperoxides could either
be specific haptens or form nonspecific antigens. In the case of
a nonspecific action, structurally different hydroperoxides would
form the same immunogenic protein by acting as oxidizing
agents able to oxidize functional groups in proteins. However,
no general cross-reactivity was observed in sensitization studies
of different hydroperoxides in guinea pigs, showing that the
nonspecific mechanism is unlikely. Instead, a similarity in the
overall structure of the antigen is needed for cross-reactivity of
structurally dissimilar hydroperoxides (42). Thus, the activity
of hydroperoxides as haptens is likely to involve radical
reactions either by direct formation of covalent bonds with
proteins by radical coupling or, as in the case of allylic
hydroperoxides, radical rearrangements to form epoxides acting
as electrophilic haptens. Indications on both reaction pathways
have been presented (39) and are discussed more in detail below.

A third type of contact allergens is metal ions. The ions of
nickel, cobalt, and chromium are common contact allergens due
to frequent exposure at work and in daily life. The metal ions
of iron, zinc, and silver are rarely implicated, even though many
individuals are also exposed to these ions. An explanation for
this is that allergenic metal ions form stable coordination
complexes with proteins, which are recognized as nonself. There
are indications that antigen formation can take place by direct
interaction of nickel ions with the natural peptide residing in
the major histocompatibility complex (MHC) class II binding
region on the surface of the LCs (43—45). The hapten—protein
bonds formed in the electrophile—nucleophile reactions and the
radical reactions are likely to be strong covalent bonds. As for
the allergenic metal ions, the coordination between the electron-
rich ligands (O, N, and S) of proteins and the nickel, cobalt, or
chromium ions lead to highly stable complexes.

5. SARs and QSARs in Contact Allergy

5.1. SAR Studies. Already in 1869, it was proposed that the
biological activity of a compound is a function of its chemical
structure (46). Today, we see the biological activity as a function
of the structural and physicochemical properties of the com-
pounds. This also applies to skin sensitizers (47). What is
probably the earliest SAR study correlating chemical reactivity
and skin sensitization was reported by Landsteiner and Jacobs
in 1936 (48). They found a clear correlation between chemical
reactivity of a series of halogenated nitrobenzene derivatives
and their allergic response in guinea pigs. In the same study, it
was also proposed that the formation of a hapten—protein
complex is a prerequisite for the development of ACD. Up until
the middle of the 1980s, reports on contact allergy of various
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materials or chemicals were in the form of case reports without
much systematic understanding. The modern concept of SAR
in contact allergy was pioneered by Dupuis and Benezra (49).
They and others have shown that the structural requirements
for haptens are highly specific.

Most SAR studies in ACD give detailed structural information
but only semiquantitative data on the biological activity. Because
QSARs have predictive potential, much research has been
performed to develop QSARs for skin sensitization (50-56).
The first such QSAR model was published by Roberts and
Williams in 1982, where they established correlations between
the sensitizing capacity and the physicochemical parameters for
a series of alkylating agents (57).

5.2. QSAR Studies. The construction of QSARs for skin
sensitization has been facilitated by the development of the
LLNA method (12, 15), as it allows the use of quantitative
potency data for contact allergens (58). Estimations of sensitiz-
ing potency have for many years been obtained from guinea
pigs; however, this animal model gives only semiquantitative
data. Today, the establishment of QSARs and the development
of computer-based expert systems in combination with a
collection of databases of skin-sensitizing potencies of known
contact allergens are rapidly evolving. Reliable and validated
QSAR models are needed to meet the legislative demands to
minimize the use of animal testing to assess skin sensitization
potencies. To validate QSARs, a series of principles has been
defined by the OECD (59).

QSAR models can be divided into mechanism-based (local
models) and empirically derived statistical (global models)
approaches. Attempts to construct mechanism-based QSARs for
skin sensitization have often been based on the relative
alkylation index (RAI). The RAI is used to quantify the relative
degree of haptenation as a function of the dose given, the
chemical reactivity expressed as the relative rate constant for
reactions with a model nucleophile (often n-butylamine), and
the hydrophobicity (expressed as calculated logP values). The
general form for the RAI equation is

RAI=logD + alogk + blog P

where D is the dose, k is the relative rate constant, and P is the
octanol/water partition coefficient. The constants a and b are
determined experimentally and are only valid for series of
compounds reacting according to the same mechanism. Ho-
mologous series of compounds representing different chemical
groups, for example, aldehydes and diketones (60-62), sultones
(57, 63), alkyl alkansulfonates (64-67), phenyl benzoates (68),
halo- and pseudohalobenzenes (69), dimethyl butyrolactones
(70), and urushiol analogues (77), have been analyzed using
RAL

The main limitations with the use of RAI to estimate
allergenic capacity are that it only gives good results for series
of compounds reacting according to the same mechanism. In
addition, the RAI does not take the true skin penetration into
account, which means that the amount that actually reaches the
target for reaction in the skin is not considered.

As mentioned above, mainly homologous series of com-
pounds have been used to construct QSARs. As it is probably
not possible to obtain a generally applicable QSAR equation
suitable for all types of compounds, structurally diverse sets of
chemicals need to be used to improve the predictability of the
QSAR approach. However, not only structural diversity should
be considered; diverse mechanisms responsible for the skin
sensitization might be even more important. Attempts in this
direction have been done using the recently published TOPS-
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MODE approach (topological substructural molecular descrip-
tors) (72, 73), which involves the development of linear QSARs
using the spectral moments of a molecular bond matrix. This
matrix is built on bond contributions that can be used to identify
potential pharmacophores and/or toxicophores. Bond weights
are computed to account for the contributions from different
physicochemical properties, for example, hydrophobicity, polar
surface area, molar refractivity, molecular polarizability, van
der Waals radii, and atomic charges. Using this approach, a
model was developed based on 93 compounds, which was
validated using external validation sets. It has also been claimed
that the TOPS-MODE models can be used to identify prohaptens
as potentially sensitizing chemicals.

To allow predictive studies on skin sensitization for structur-
ally heterogeneous series of compounds, Li et al. have developed
so called four-dimensional (4D) fingerprint categorical QSAR
models for sensitizers and nonsensitizers (30). The models are
based on LLNA data in combination with molecular information
regarding the composition of atoms, the shape, the size, the
bonding topology, and the conformational flexibility of the
different compounds in the database. Predictive models based
on 4D fingerprints have been established, which can distinguish
non/weak sensitizers from strong/extreme sensitizers. To account
for the complicated process of skin sensitization descriptors such
as hydrophobicity (skin penetration), electrophilicity, and polar-
ity (reactivity towards skin proteins), size, shape, and steric
interactions (T-cell receptor recognition) constitute the different
fingerprints. The main limitation with this method is that the
4D fingerprints become more abstract and less transparent than
other descriptors generally used to construct QSAR models.

5.3. Expert Systems. Today, different expert systems are
available for the prediction of the sensitizing capacity of contact
allergens (74). They contain information about the relationship
between the chemical structure and the ability of chemicals to
haptenate proteins. Derek for Windows (Deductive Estimation
of Risk from Existing Knowledge) is one such expert system
used for the prediction of mutagenicity, carcinogenicity, and
skin sensitization (56, 75-78). Derek for Windows is a rule-
based system that is composed of a set of molecular substruc-
tures correlated to a type of chemical reactivity that has been
associated with skin sensitization and used as structural alerts.
The set of structural alerts includes potential acylating or
alkylating/arylating agents, “Michael electrophiles” (c,(-
unsaturated carbonyl compounds), aldehydes, free radical
generators, thiol-exchange agents, or precursors thereof. The
list of rules is constantly upgraded, users can add their own
rules, and new features to allow a more reliable identification
of potential health hazard have been added (79). One such
feature is the link to the metabolism prediction program Meteor
(75, 80). However, the treatment of metabolic activation of
prohaptens needs to be improved, as several identified prohap-
tens are not recognized by the program (35, 87). Another
important feature in Derek for Windows is the consideration of
skin permeability, which is estimated based on the molecular
weight and the calculated logP values (octanol/water) of
compounds of interest.

TOPKAT (Toxicity Prediction by Komputer Assisted Tech-
nology) is used for the prediction of several acute and chronic
toxicity end points, including skin sensitization. The program
is built on different modules dependent on toxicity end point;
two modules are related to skin sensitization: one for nonsen-
sitizers vs sensitizers and the other for weak/moderate vs strong
sensitizers. To ensure reliable predictions, the query structure
used in a search is always analyzed to make sure that it is
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covered by the optimum prediction space (OPS) (82). TOPKAT
predictions are derived by using linear free energy relationships
coupled to statistical regression analysis. Instead of using
molecular orbital methods as a basis for modeling, TOPKAT
uses electrotopological descriptors to combine the electronic
character with the topological environment of each atom in a
molecule (83). The TOPKAT models for skin sensitization have
been developed based only on data obtained in guinea pigs.

Another statistically based expert system is CASE/Muliti-
CASE (Computer Automated Structure Evaluation) (84-87). The
program identifies structural fragments of compounds that are
associated with specific biological activities independently of
the mechanism of action. It has been used to predict, for
example, mutagenesis, carcinogenesis, and dermal and respira-
tory sensitization. The structural fragments are used to assess
the probability of activity of untested compounds as well as to
estimate their potency by generating multivariate regression
equations based on structural fragments and logP. Models of
skin sensitization have been constructed based on combined data
obtained from animal and human studies (88).

TIMES-SS (TIssue Metabolism Simulator for Skin Sensitiza-
tion) is an expert system considered to be a hybrid between
knowledge-based and statistically based systems (89, 90). The
program is used to construct QSAR models to estimate skin
sensitization potency by also considering skin metabolism (both
phase I and phase II metabolism) and the potential interaction
of reactive metabolites (or the parent compound) with skin
proteins. Three-dimensional QSAR models are used to evaluate
the reactivity for compounds containing different alerting groups.
These submodels are based on different physicochemical, steric,
and electronic parameters.

Derek for Windows, TOPKAT, and TOPS-MODE have
recently been validated according to the OECD validation
principles for QSAR models. The performance of the programs
was evaluated against a data set of 210 compounds. It was
shown that all three models could predict skin-sensitizing
chemicals reasonably well, but none succeeded to give useful
results for nonsensitizers (//). Also, TIMES-SS has been
evaluated according to the OECD principles. In this evaluation,
an external data set containing new LLNA data of 40 compounds
was compared with predictions made by the program. The
program was found to perform well as predicted values were
in concordance with the experimental data. For a detailed
discussion, see Patlewicz et al. (91).

Although considerable efforts have been put into the develop-
ment of reliable predictive QSAR models, further improvements
are still necessary. More experimental work to assess important
properties will be needed, and more refined models have to be
developed, which include skin penetration, chemical reactivity,
and metabolism. No truly predictive QSAR models for skin
sensitization potency can be established without access to
carefully determined experimental data from well-designed
structure—activity experiments. It is necessary not only to use
commercial compounds but also to be able to design and
synthesize adequate series of compounds based on the SAR/
QSAR to be investigated.

6. Activation of Nonsensitizing Compounds by Air
Oxidation

Some of the more significant accomplishments regarding
chemistry and contact allergy during the last 20 years are related
to the oxidation of nonallergenic compounds to potent contact
allergens. Most organic compounds can undergo autoxidation,
a reaction that can be defined as the insertion of oxygen into a
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Chart 1. General Autoxidation Mechanism

RH +In ——= R + In-H Initiation

R + 0, —> ROO
Propagation
ROO + R-H —= ROOH +R’

ROO +R — ROOR

Termination
)

C-H bond forming a hydroperoxide (ROOH). Autoxidation is
a free radical chain reaction (Chart 1).

The relative success of this slow reaction lies in the biradical
character of the ground state of oxygen. The oxygen acts as a
fast and efficient radical quencher, which results in the formation
of a peroxy radical (ROO"). The overall rate of the reaction is
determined by the ease of hydrogen abstraction in the second
step of the propagation reaction, which affords the hydroper-
oxide (ROOH) and a new radical (R") that feeds the radical
chain reaction. This step is generally selective, and hydrogens
in, for example, benzylic, allylic, and tertiary positions or next
to heteroatoms such as O and N are preferably abstracted, as
this yields particularly stable radicals.

6.1. Turpentine. In the middle of the 20th century, extensive
investigations were performed on the highly allergenic turpen-
tine, a low-boiling liquid consisting of a mixture of monoter-
penes obtained from coniferous trees. Both painters and
physicians in Sweden observed that French turpentine had a
lower tendency to cause ACD as compared to Scandinavian
turpentine, and it was shown that this was related to the higher
A*-carene content in the Scandinavian products (92). Further
investigations concluded that “the eczematogenic factor is
probably formed from a monomolecular hydroperoxide of A*-
carene” (93). However, the authors reported no isolation and
no structure elucidation of the active compound (Figure 5) (94).

6.2. Fragrance Terpenes. During the last 20 years, fragrance
contact allergy has become a major problem due to an increased
use of fragranced products (95). Furthermore, it has been
revealed that oxidation products from oxidative degradation of
commonly used fragrance terpenes are frequent causes of contact
allergy (96). Oxidative degradation of fragrance terpenes, usually
referred to as maturation, is a process in the manufacture of
fine fragrances that has been known and used since ancient
times.

Contact allergy to naturally occurring monoterpenes gained
renewed interest at the end of the 1980s when citrus oil,
consisting of 98% limonene (1), was advertised as an environ-
mentally friendly alternative to ordinary industrial solvents. At
the time, little was known about its toxicological effects (97).
However, new investigations showed that limonene autoxidizes
on storage and handling to form a contact allergenic mixture
(98). The major components in the oxidation mixture were
identified (compounds 2—-6), and especially, the hydroperoxides
2 and 3 were shown to be potent sensitizers (Figure 6) (99-102).
Extensive patch test studies in more than 8000 patients in various
dermatology clinics in Europe revealed that autoxidized li-
monene is a frequent cause of contact allergy (96, 103, 104).

# > _—~OO0H

’l,,:

Figure 5. A’-Carene hydroperoxide proposed as the major sensitizer
in Scandinavian turpentine.
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Figure 7. Possible positions for hydroperoxide formation in R-limonene
(1) and linalool (7).
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The new findings prompted the start of a directed research
regarding the effects of autoxidation of different fragrance
terpenes, that is, linalool (7), geraniol (17), and -caryophyllene
(24), and the impact on the sensitizing capacity of these
compounds. Many terpenes are excellent targets for autoxidation,
as they contain numerous easily abstractable allylic protons, a
prerequisite for the autoxidation chain reaction (Figure 7). Thus,
they are able to form hydroperoxides upon air exposure.
However, in some cases, the hydroperoxides formed are not
sufficiently stable and are immediately degraded to less sensitiz-
ing secondary oxidation products (e.g., alcohols and o,f-
unsaturated carbonyl compounds). In addition, it was found that
the ability of the studied terpenes to form stable hydroperoxides
can be correlated with the sensitizing capacity of the corre-
sponding autoxidized mixtures.

6.3. Limonene (1). Limonene (1) can form a number of
allylic hydroperoxides considering the most substituted double
bond (Figure 7). However, in the oxidation mixture, only two
hydroperoxides (2 and 3, Figure 6) were detected (100, 102).
Both animal and human data indicate that 2 and 3 are the main
offending agents responsible for the increased sensitizing
potential of autoxidized limonene, despite the fact that the
investigated autoxidation mixtures (10 weeks of air exposure)
only contain in total 5-6% of 2 and 3 (101, 102).

6.4. Linalool (7). Linalool (7) from lavender oil is the most
frequently used fragrance terpene. The autoxidative degradation
of linalool has been thoroughly investigated with regard to
chemical mechanisms. It was found that various allergenic
oxidation products (8-16), with emphasis on the hydroperoxides
8-10, are formed upon air exposure of linalool (105, 106).
Clinical studies revealed that autoxidized linalool is also a
frequent sensitizer in dermatitis patients (/07). When linalool
autoxidizes, the formation of a number of hydroperoxides is
theoretically possible (Figure 7) (106). In air-exposed linalool,
two stable hydroperoxides (8 and 9, Figure 8) were detected in
concentrations of 15 and 4%, respectively, in a mixture exposed
to air for 45 weeks. A third hydroperoxide (10) is probably also
formed in small amounts, as its degradation product (13) was
detected in the oxidation mixture. Hydroperoxide 10 could not
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Figure 8. Linalool and identified oxidation products after autoxidation.
Dose response curves for linalool hydroperoxides 8 and 9 (a), linalool
air-exposed for 45 weeks (M), linalool air-exposed for 10 weeks (4),
13 (x), 14 (@), and linalool 7 (O) tested in the LLNA. Concentrations
are given in molar. The horizontal, dotted line marks an SI of 3, the
cut-off limit for a compound to be considered a sensitizer.

be directly detected, which likely is due to its poor stability.
The stability of 8, the major hydroperoxide, has been confirmed
by theoretical calculations (/08).

No epoxides were detected in the linalool oxidation mixture;
instead, nonallergenic pyran (11) and furan derivatives (12) were
identified, which are believed to originate from an epoxide
formed from 8 (Figure 8) (/06). On the basis of LLNA
experiments and clinical studies, the hydroperoxides were shown
to be the main contributors to the allergenic effect of autoxidized
linalool. The concentration of the hydroperoxides in the oxida-
tion mixture increased from 4% in the sample air exposed for
10 weeks to 15% in that air exposed for 45 weeks, and the
sensitizing capacity of the oxidation mixture increased accord-
ingly (Figure 8).

6.5. Geraniol (17). Geraniol (17) is one of the main
constituents of rose oil. It is also present in the fragrance mix
I (FM), used for screening of contact allergy in dermatitis
patients. However, in comparison with other fragrance chemicals
in the FM I, it rarely reveals any cases of ACD (109).
Investigations of the autoxidative degradation of geraniol
showed only small amounts formed of hydroperoxide 18,
whereas secondary oxidation products [i.e., geranial (19), neral
(20), 21, 22, 23, and hydrogen peroxide and alcohols, Figure
9] were found in larger amounts (//0). As was found for
limonene (1) and linalool (7), a higher sensitizing capacity was
observed for oxidized geraniol as compared to the pure
substance (/10).

The autoxidation pattern of geraniol differs from that of
limonene and linalool. All carbon atoms in the chemical
structure of geraniol have the possibility to host a hydroperoxide.
Of specific interest is the allylic position at C1 (Figure 9), which
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Figure 9. Geraniol and identified oxidation products after autoxidation.
Dose response curves for geraniol hydroperoxide 18 (x), geraniol air-
exposed for 10 weeks (a), geranial 19 (M), neral 20 (O), geraniol 17
(#), geraniol alcohol 23 (¢), and hydrogen peroxide 24 (@) tested in
the LLNA. Concentrations are given in molar. The horizontal, dotted
line marks an SI of 3, the cut-off limit for a compound to be considered
a sensitizer.

is able to form a radical stabilized by both a double bond and
a hydroxyl group. A hydroperoxide formed in this position was
not isolated; however, it is believed to be the precursor of the
secondary oxidation products 19, 20, and hydrogen peroxide
found in the oxidation mixture (Figure 9) (/7/0). Even though
only approximately 1% of 18 (Figure 9) was detected in the
mixture, its impact on the sensitizing capacity of autoxidized
geraniol seems to be important. Other contributors to the
increase of sensitizing potential in oxidized geraniol are geranial
(19) and neral (20), compounds of moderate sensitizing capacity
in the LLNA (Figure 9).

6.6. B-Caryophyllene (24). S-Caryophyllene (24) is a ses-
quiterpene from clove oil and is commonly used as a fragrance
chemical. In studies of its susceptibility toward autoxidation, it
was found to decompose with the same rate as found for
limonene (1); however, no hydroperoxides could be identified
in the oxidation mixture (/117). Instead, 3-caryophyllene oxide
(25, Figure 10) was detected in a concentration of 10% after 1
week of oxidation. This indicates that also for -caryophyllene,
the oxidation reaction is directed toward the most substituted
double bond. Furthermore, it shows that the hydroperoxides
formed are unstable and rapidly rearrange to epoxides (/117).
Two hydroperoxides of S-caryophyllene (26 and 27, Figure 10),
synthetically prepared and tested in the LLNA, were found to
be strong sensitizers analogous to previously tested hydroper-
oxides. When testing air-exposed [3-caryophyllene (10 weeks),
it was found to be weakly sensitizing, which correlates with
the absence of hydroperoxides in the oxidation mixture. Epoxide
25 was shown to be a moderate sensitizer in guinea pig studies
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Figure 10. S-Caryophyllene, its oxidation product S-caryophyllene
oxide (25), and synthesized f3-caryophyllene hydroperoxides (26 and
27).

TOOH

Abietic acid (28)

Figure 11. Chemical structure of abietic acid (28).

(111). In addition, only few reactions to autoxidized S-caryo-
phyllene were observed in clinical studies (107).

6.7. Colophony. Colophony (rosin) is the nonvolatile fraction
of the exudates from coniferous trees, and its main constituent
is abietic acid (28, Figure 11). Because of its low costs and
good technical properties, rosin is widely used in industrial and
daily life products. However, it is also one of the most common
causes of contact allergy, and many cases of ACD from
colophony are reported in the literature (//2). Different rosin
types are used interchangeably and are often chemically
modified. Unmodified colophony is a complex mixture of
diterpenoid acids (i.e., resin acids, ca. 90%), diterpene alcohols,
aldehydes, and hydrocarbons (772). Abietic acid (28) has been
described as the allergenic constituent (/13). Because 28 is not
an electrophile, its sensitizing capacity was questioned when
investigations regarding the allergenic properties of colophony
started 20 years ago. It was found that highly purified 28 is
nonallergenic (//4) but rapidly autoxidizes forming a hydro-
peroxide (29, Scheme 1), which subsequently was identified as
a major allergen of colophony (/175). A variety of other oxidation
products from abietic acid and dehydroabietic acid (the other
major resin acid in colophony) were isolated and identified, some
of which were shown to be sensitizers in guinea pig studies
(112). Clinical investigations have shown that patch testing with
29 detects about 50% of the patients with contact allergy to
colophony (116, 117).

6.8. Alcohol Ethoxylates. Ethoxylated nonionic surfactants
are widely used in household and industrial cleaners, topical
pharmaceuticals, cosmetics, and laundry products. Polyethers,
for example, ethoxylated surfactants and polyethylene glycols,
are highly susceptible towards air oxidation as the ether oxy-
gens will stabilize intermediary radicals involved (118, 119).
Investigations of a chemically well-defined alcohol ethoxylate,
C,Es (33, Figure 12), showed that polyethers form complex
mixtures of oxidation products when exposed to air (compounds
34-38, Figure 12). Sensitization studies in guinea pigs revealed
that the pure nonoxidized surfactant itself is nonsensitizing but
that many of the investigated oxidation products are sensitizers.
Two hydroperoxides (37 and 38) were identified in the oxidation
mixture, but only 38 was stable enough to be isolated. It was
found to be a strong sensitizer in LLNA. The formation of other
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Scheme 1. Possible Reaction Pathways for Formation of
Protein-Hapten Complexes for Identified Colophony
Allergens: 15-Hydroperoxyabietic Acid (29),
13,14(a)-Epoxyabietic Acid (30),
15-Hydroperoxydehydroabietic Acid (31), and
15-Peroxydehydroabietic Acid (32)*
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“ The proposed reactivity is based on cross-reactivity studies in guinea
pigs.

hydroperoxides was indicated by the detection of their corre-
sponding aldehydes in the oxidation mixture (/20-124).

On the basis of the lower irritancy, nonionic surfactants are
often preferred to ionic surfactants in topical products. However,
their susceptibility towards autoxidation also increases the
irritation (/25). Because of their irritating effect, it is difficult
to diagnose ACD to these compounds by patch testing (/26).

6.9. Hydroperoxide Antigens and Radical Formation.
Hydroperoxides are believed to form antigens via a radical
mechanism, starting with the homolytic cleavage of the O-O
bond. The resulting alkoxy radical may either bind directly with
a protein or rearrange to an epoxide to form a hapten—carrier
complex (Scheme 1).

It has been argued that the hydroxy radical (HO") might act
as a hapten, thus affording an unspecific allergic response.
However, no such unspecific responses were observed when
performing cross-reactivity studies with hydroperoxides in
guinea pigs (42). For example, no cross-reactivity was seen
when animals sensitized to cumene hydroperoxide (39) were
challenged with limonene hydroperoxide (2) and vice versa.
Interestingly, animals sensitized to 39 also reacted to the
cyclohexene hydroperoxide 40 (Table 1). As the rearrangement
of the cumene alkoxy radical to its corresponding epoxide is
energetically unfavorable, these data indicate that the major
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Figure 12. Primary and secondary oxidation products identified after
autoxidation of pentaethylene glycol mono-n-dodecyl ether, C,,E5 (33):
alkyl polyethylenglycol aldehydes (34), hydroxyaldehydes (35), alkyl
polyethylenglycol formates (36), 1-hydroperoxy-3,6,9,12,15-pentaoxa-
heptacosan-1-ol (37), and 16-hydroperoxy-3,6,9,12,15-pentaoxahepta-
cosan-1-ol (38). According to guinea pig studies, the formates (36)
were nonsensitizers, while the other investigated oxidation compounds
were allergenic.

Table 1. Cross-Reactivity Pattern of Structurally Diverse
Hydroperoxides in Sensitization Tests in Guinea Pigs”

.
\uctlon OOH OOH
Challenge1
39 2
OOH
| ¥ i
39
OOH
- +
2
OOH
| . )
40

“ (1) Sensitization studies performed in guinea pigs according to Freund’s
complete adjuvant test (/29). (2) Significant positive reactions in animals
induced and challenge tested with cumene hydroperoxide (39). (3) No
significant reactions in animals induced with limonene hydroperoxide (2)
when challenge tested with cumene hydroperoxide (39).

pathway for the formation of the hapten—protein complex goes
via a direct addition of the alkoxy radicals to the protein (42).
This is in agreement with the cross-reactivity pattern observed
in guinea pig studies of hydroperoxides 29 and 31 and peroxide
32. These compounds can all form antigens directly via alkoxy
radicals (Scheme 1). The radicals from 29, but not from 31 and
32, can also rearrange to epoxides, which could function as
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Table 2.
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Classes of Prohaptens and Proposed Reactive Intermediates and Bioactivation Pathways

prohapten

reactive intermediate(s)

biotransformation(s)

example(s)

aliphatic amines

alkenyl halides

p-alkylated phenols

aromatic amines

azo dyes

catechols

conjugated dienes

hydroquinones
primary alcohols

polyaromatic hydrocarbons (PAHs)

aldehydes, imines, iminium ions

epoxides, acyl chlorides,
aldehydes, GSH conjugates

p-quinone methides,
semiquinone radicals
nitrenium ions, nitroso compounds,

quinonediimines, quinones,
semiquinoneimine radicals

probably the same as for aromatic
amines

o-quinones, semiquinone radicals

allylic epoxides

p-quinones, semiquinone radicals
aldehydes

arene epoxides

hydroxylation of a-carbon
followed by elimination
of water or amine

epoxidation, oxidation

followed by halogen

migration, GSH conjugation
one- and two- electron oxidations
one- and two-electron oxidations,

N-hydroxylation followed by
oxidation or phase II conjugations

reduction of azo bonds, oxidations

one- and two-electron oxidations

epoxidation

one- and two-electron oxidations
oxidation

epoxidation

3-dimethylaminopropylamine (/38)
ethylenediamine (/39)

trichloroethylene (140, 141)

isoeugenol (/42)

2-aminophenol (/43) PPD (144—146)
sulfamethoxazole (147)

disperse blue 124, disperse orange 3,
disperse red 1 and disperse yellow 3
(148, 149)

eugenol (/42)

isopropenyl caffeate (150)

lauryl gallate (/57)

urushiols (/52)

o-terpinene (/33)

o- and f-phellandrene (/33)

hydroquinone (38, 144)

CAlc (153)

hydrocortisone (154)

benzo[a]pyrene (143, 155)

o,fB-unsaturated oximes allylic nitrosoalkenes

vinylbenzenes epoxides

electrophilic haptens (39). Epoxide 30 was found to be allergenic
and cross-reacted with 29 but not with 31 in guinea pig tests
(39). However, animals sensitized to 31 cross-reacted with 32.
Because 31 cannot rearrange to form epoxides and therefore
might bind to the protein as an alkoxy radical, the assembled
results indicate that 29 as well as other allylic hydroperoxides
can react with proteins either as a radical or after rearrangement
to epoxides. Another possible route for protein modification is
the trapping of the rearranged carbon centered epoxy radical
by a protein. Evidence for the importance of this pathway has
been presented in studies using chemical trapping experiments
(40, 127) and electron paramagnetic resonance (EPR) experi-
ments (41, 128).

7. Bioactivation of Prohaptens

The skin was, for a long time, considered to be an inert barrier
that protects the body from the environment. However, since
the 1980s, the biotransformation of inherently nonprotein-
reactive chemicals to highly reactive intermediates (usually
referred to as bioactivation or metabolic activation) in the skin
has gained increased interest. Today, numerous studies show
that the human skin is able to metabolize endogenous and
exogenous compounds and that both phase I and phase II
enzymes are present in the skin (7/30). Cutaneous enzymes that
catalyze phase I transformations include the cytochrome P450
(P450) mixed-function oxidase system, alcohol and aldehyde
dehydrogenases (ADHs and ALDHs), monoamine oxidases
(MAO:s), flavin-containing monooxygenases (FMOs), and hy-
drolytic enzymes. Acyltransferases, GSH S-transferases, UDP-
glucuronosyltransferases, and sulfotransferases are examples of
phase II enzymes that have been shown to also be present in
human skin (/30). These enzymes are known to catalyze both
activating and deactivating biotransformations (/31, 132), but
the influence of the reactions on the allergenic activity of skin

epoxidation followed

epoxidation

7,12-dimethylbenz[a]anthracene
(143, 155)

carvoxime (81)

by rearrangement

styrene (/56)

vinyl pyridine (/43)

sensitizers has only been briefly studied. Compounds that are
bioactivated to haptens are in the following referred to as
prohaptens.

Few mechanistic investigations of prohaptens have so far been
published, for example, the studies on alkenes (35, 133, 134),
oximes (36), and the allylic primary alcohol cinnamic alcohol
(CAlc) (54) (135-137). However, on the basis of knowledge
of xenobiotic bioactivation reactions, clinical observations, and/
or in vivo and in vitro studies of sensitizing capacity and
chemical reactivity, numerous skin-sensitizing prohaptens can
be recognized and grouped into chemical classes (Table 2).
Identified prohaptens include natural products (e.g., urushiols,
41, and o-terpinene, 66), dyes [e.g., p-phenylenediamine (PPD),
48, and disperse blue 124], flavor and fragrances (e.g., CAlc,
54, and eugenol), drugs (e.g., sulfamethoxazole and hydrocor-
tisone), and industrially used chemicals (e.g., styrene and
ethylenediamine).

7.1. Catechols and Hydroquinones. Urushiols found in
plants of the Toxicodendron genus (e.g., poison oak, ivy, and
sumac) growing mainly in North America were among the first
suspected prohaptens. In the United States, 50% or more of the
population may be sensitized to urushiols (/57). Urushiols are
catechols (41) substituted with a C15 or C17 linear alkyl chain.
They are generally considered to form strongly sensitizing and
highly protein-reactive o-quinones (43) by oxidation in the skin
(Scheme 2) (49).

It has also been suggested that the semiquinone radical (42)
may act as a hapten and that the reactive oxygen species (ROS)
formed in the redox process generates oxidative stress leading
to tissue damage and an increased inflammation reaction
(38, 132). The oxidation of catechols and hydroquinones to
o- and p-quinones may be enzymatic or the result of nonenzy-
matic processes in the skin. Monoalkoxy phenols form reactive
intermediates by one-electron oxidation to give a semiquinone
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Scheme 2. Proposed Mechanism for Bioactivation of
Catechols (R = H) and Urushiols (R = Linear Alkyl Chain
Of C15H25’ C15H27’ C15H29’ C15H3l’ C17H29’ C17H31’ C17H33’
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radical (45, Scheme 3) or by P450-mediated oxidative dealky-
lation followed by oxidation to the corresponding quinone (46,
o-quinone pathway, Scheme 3) (132, [42). Moreover, the
dialkoxy urushiol analogue pentadecylveratrole was found to
be a nonsensitizer (/58), showing that an increase in the number
of metabolic transformations leading to a reactive intermediate
leads to a drop in the allergenic activity of a compound.
Furthermore, monoalkoxy phenols having a p-alkyl substituent
(44) may be oxidized to form reactive quinone methides (47,
quinone methide pathway, Scheme 3). This has been proposed
for isoeugenol, a commonly used fragrance compound (/42).
Quinone methides may be formed from alkylbenzenes after
phase I p-hydroxylation followed by two-electron oxidation
(159).

7.2. Aromatic Amines. Aromatic amines are closely related
to catechols and hydroquinones with PPD (48, Scheme 4) as a
prominent example. PPD is a frequently occurring and potent
skin sensitizer commonly used in hair dyes (760). It was initially
thought to be activated in the skin to 1,4-benzoquinone (49)
and its trimer, Bandrowski’s base (49, 161). However, later
studies showed only a limited degree of cross-reactivity for 49
and Bandrowski’s base in PPD-sensitized individuals, suggesting
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Scheme 4. Proposed Bioactivation Pathways for PPD (48)
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that these compounds are not the only reactive intermediate
formed from PPD (746, 162, 163). PPD is known to readily
autoxidize to a variety of degradation products (164, 165), and
p-quinonediimines (50) (/66) and semiquinoneimine radicals
(51) (known as Wiirster radicals) (/67) are examples of
intermediates of potential importance in contact allergy to PPD
and related compounds (Scheme 4).

Aromatic amines are also known to be metabolically activated
via N-hydroxylation, leading to the formation of N-hydroxy-
lamines (/32). These intermediates can be converted to either
reactive nitrosoarenes (52) after oxidation by P450 or FMOs
or undergo phase II conjugations (acetylation and sulfation),
ultimately leading to the formation of reactive arylnitrenium
ions (53, Scheme 4). It has been suggested that PPD could
undergo similar activation reactions in the skin (/37). However,
metabolism studies using human liver microsomes showed no
evidence for the formation of mono-oxygenated metabolites or
for enzyme-mediated covalent binding of '*C-PPD to microso-
mal protein (/68).

7.3. Activated Primary Alcohols. The flavor and fragrance
chemical CAlc (54) has been the subject of several studies of
cutaneous metabolic activation (/35-137, 169). It is an allylic
primary alcohol, which has been suggested to be metabolically
activated to the corresponding aldehyde, the known skin
sensitizer cinnamic aldehyde (55, Scheme 5) (/70). In addition,
metabolism studies using human skin confirmed that CAlc is
converted to 55 and subsequently oxidized to cinnamic acid
(56) (135). On the basis of enzyme inhibition studies using
pyrazoles, it was hypothesized that 54 is mainly activated by
cutaneous ADHs. Later studies using an enriched cocktail
containing the major P450 enzymes found in human skin
revealed that P450 is also involved in the bioactivation of 54
(134). Hydrocortisone is a 3-keto primary alcohol that has been
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Scheme 6. Proposed Mechanisms of Bioactivation of a Methylidene (58) and an Oxime (59) Analogue of Carvone (57)
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shown to be bioactivated to its corresponding allergenic
aldehyde (/54). This anti-inflammatory corticosteroid is used
for treatment of ACD.

7.4. Alkenes and Oximes. Conjugated dienes and a,f3-
unsaturated oximes represent two previously unknown classes
of prohaptens. The synthetic methylidene and oxime (58 and
59, Scheme 6) analogues of the known skin sensitizer carvone
(57), an o,fB-unsaturated ketone terpenoid (Scheme 6), were
initially thought to be weak or nonsensitizers as they are poor
electrophiles (35, 87). From a chemical reactivity point of view,
it was proposed that their sensitizing capacity would be in the
order 57 > 59 > 58. Unexpectedly, the result was 59 > 58 >
57 (35, 81I). It was likely considered that 58 and 59 were
activated by skin metabolism.

As epoxidation of double bonds is a common bioactivation
pathway for alkenes, two allylic epoxides (60 and 61) were
proposed as the reactive intermediates formed from the 58.
These epoxides were found to possess both sensitizing capacity
in vivo and in vitro and chemical reactivity toward Pro-His-
Cys-Lys-Arg-Met, a hexapeptide containing the most common
nucleophilic amino acids (35, 134). Epoxides 60 and 61 were
also found to elicit a contact allergic response in guinea pigs
sensitized to 58 (35). Incubation of 58 with liver microsomes
as well as with an enriched skinlike P450 enzyme cocktail
confirmed that 58 is metabolically activated to 60 and 61 and
revealed that this activation involves P450 (35, 134). Further-
more, a SAR study of potentially prohaptenic alkenes (64—70)
demonstrated that conjugated dienes in or in conjunction with
a six-membered ring are prohaptens, whereas related alkenes
containing isolated double bonds or an acyclic conjugated diene
were weak or nonsensitizing compounds (Figure 13) (/33). This
difference in sensitizing capacity of conjugated dienes as
compared to alkenes with isolated double bonds was found to
be due to the high reactivity and sensitizing capacity of the
allylic epoxides metabolically formed from conjugated dienes.
It was also demonstrated that the naturally occurring monoter-
penes f-phellandrene (64), o-phellandrene (65), and o-terpinene
(66), present in, for example, tea tree oil, are prohaptens (Figure
13) (133).

Few metabolism studies on alkyl oximes are found in the
literature. Studied alkyl oximes include acetoxime and methyl
ethyl ketoxime, which are metabolically converted to nitronates
(171, 172), and cyclohexanone oxime, which is subsequently
hydrolyzed to cyclohexanone (/73). The importance of the in
vivo hydrolysis of 59 to 57 was also proposed in elicitation
studies in guinea pigs, observed by a partial cross-reactivity
between the oxime and the carvone (8/). However, as 57 is a
considerably weaker sensitizer than its oxime counterpart, an

alternative bioactivation pathway of 59 was proposed (81). Liver
microsomal incubations in the presence of GSH revealed the
formation of electrophilic mono-oxygenated metabolites. Hence,
three putative metabolites were proposed as follows: two
diastereomeric a,f-epoxy oximes (62 and 63) and a nitro
analogue (36). When tested in the LLNA, o.,f-epoxy oximes
62 and 63 were found to be considerably more potent sensitizers
as compared to 59, whereas the nitro compound was void of
activity at the concentrations tested. Elicitation experiments also
demonstrated a cross-reactivity between the less sterically
hindered a.,3-epoxy oxime diastereomer (62) in mice sensitized
to 59. Furthermore, compounds 62 and 63 were found to be
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Figure 13. Structure—allergenic activity study of potentially prohaptenic
alkenes (64-70). Dose—response curves for alkenes 64 (H), 65 (¢), 66
(a), 67 (O), 68 (¢), 69 (O), and 70 (x) tested in the LLNA.
Concentrations are given in molar. The horizontal, dotted line marks
an SI of 3, the cut-off limit for a compound to be considered a sensitizer.
The conjugated dienes 64—66 are sensitizers, and alkenes 67-70 are
non-sensitizing compounds.
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Scheme 7. Proposed Mechanism for the Formation and
Reactivity of Nitroso Intermediates Formed from o,f-Epoxy
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highly reactive toward GSH and Pro-His-Cys-Lys-Arg-Met. The
strong sensitizing potency of 62 and 63 as well as their high
chemical reactivity were unexpected and led to the speculation
that the mechanism of nucleophilic addition to o.fB-epoxy
oximes was more complex than direct nucleophilic attack on
the epoxide. Reactivity experiments with N-acetylcysteine
methyl ester confirmed this hypothesis and presented strong
indications that o,fB-epoxy oximes likely exist in a rapid
equilibrium with their corresponding nitroso tautomers (Scheme
7) (36).

8. Outlook

Contact allergy is the most frequent manifestation of adverse
health effects caused by the interaction of chemicals in our
environment with the immune system. It is an important
occupational and environmental health problem, and more than
3000 chemicals have been shown to cause skin sensitization
(174). Prevention from exposure of skin-sensitizing chemicals
is of utmost importance, as an acquired contact allergy is life
long and only symptomatic treatment of ACD is available. A
review with historical examples on actions to control contact
allergy epidemics was recently published (6). Regulatory work
and legislation to decrease or eliminate exposure of potent
contact allergens are important, since environmental exposure
is of major importance for the development of sensitization.
For nickel and chromium (as chromate), strict regulation of
exposure has decreased the number of new cases of ACD (6
and refs therein).

To stop the introduction of new sensitizers on the market,
the ultimate challenge is to design predictive nonanimal test
methods. Today, no such method exists that is sensitive enough
to detect weak allergens and robust enough to be used for routine
screening in industry. In the development of predictive models
or systems, it is important to use appropriate animal models,
chemicals of known purity, and carefully designed SAR/QSAR
studies. The compounds have to be chosen in such a way that
they can give the possibility of answering the questions posed.
To that end, it is necessary to use not only commercial
compounds but also to be able to design and synthesize adequate
series of compounds based on the SAR/QSAR to be investi-
gated. Furthermore, the fact that many compounds are not
allergenic themselves but rather are activated via various
processes to form sensitizers must be considered. With regard
to this, more basic research is needed on the chemical reactions
involved in the antigen formation and the immunological
mechanisms in the skin. Currently, the only alternative predictive
methods for practical use in the identification of prohaptens are
knowledge-based expert systems. These systems can give
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structural alerts for potentially prohaptenic structures, but as
they are based on current knowledge, they will only be able to
give a warning signal for known classes of prohaptens. Hence,
continuing efforts towards the study of xenobiotic bioactivation
in the skin are important for the development of successful
predictive assays. This includes identification and quantification
of cutaneous xenobiotic-metabolizing enzymes, identification
and mechanistic investigations of novel classes of prohaptens,
and exploration of SARs for known prohaptens. Unfortunately,
ACD is regarded as a trivial condition by those not affected.
Therefore, the number of researchers engaged in fundamental
experimental mechanistic research of contact allergy is limited
as compared to those in other areas of toxicology and allergology.

For screening of contact allergy and diagnosis of ACD, the
currently used patch test technique detects contact allergy only
to the tested chemicals. However, to be able to reveal causes
of ACD, it is important to test with the compounds in which
people really come in contact. This is clearly shown in the case
of fragrance terpenes, where the formation of allergenic
compounds due to autoxidation on handling and storage was
not previously considered. These fragrance materials had in most
cases been patch tested in their nonoxidized form; consequently,
very few reactions were observed (/75-177). After the new
understanding of the importance of autoxidation, screening
performed in thousands of patients at dermatology clinics in
Europe revealed that 2-3% of the tested patients reacted to the
oxidized materials (96, 103, 104, 107). These figures are of the
same magnitude as those of the most common allergens in
the standard tray of contact allergens.

Regulation of the peroxide content of terpenes and terpenoid
materials is considered within the EU. At present, the fragrance
industry is working to prevent autoxidation from occurring at
production. Also, the handling and storage of products contain-
ing compounds prone to autoxidation should be improved to
diminish the exposure to the allergenic oxidation products. This
illustrates the importance of basic research to increase knowl-
edge of the mechanisms of contact allergy and thereby influence
society to decrease the exposure of sensitizing chemicals.
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