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CONTACT DERMATITIS

Structure–activity relationships for skin sensitization:
recent improvements to Derek for Windows
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Derek forWindows (DfW) is a knowledge-based expert system that predicts the toxicity of a chemical
from its structure. Its predictions are based in part on alerts that describe structural features or
toxicophores associated with toxicity. Recently, improvements have been made to skin sensitization
alerts within the DfW knowledge base in collaboration with Unilever. These include modifications to
the alerts describing the skin sensitization potential of aldehydes, 1,2-diketones, and isothiazolinones
and consist of enhancements to the toxicophore definition, the mechanistic classification, and the
extent of supporting evidence provided. The outcomes from this collaboration demonstrate the
importance of updating and refining computer models for the prediction of skin sensitization as
new information from experimental and theoretical studies becomes available.
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Introduction

Allergic contact dermatitis is a skin disease that
affects around 1%–4%of the global population at
considerable cost to society and industry (1, 2). At
present, there are no validated in vitro tests avail-
able that allow the identification of a chemical’s
potential to cause this condition despite legislative
and ethical pressure to reduce animal testing (3).
Computer methods can, however, offer an alter-
native approach to the predictive identification
of chemicals possessing the ability to cause skin
sensitization (4).
Derek for Windows (DfW) is a knowledge-

based expert system designed to predict the toxicity
of a chemical from its structure. Its skin sensi-
tization predictions are the result of a reasoning
process involving consideration of the presence of
alerts, an estimation of skin permeability, and the
existence of relevant toxicity data for the chemical
of interest (5). Each alert describes a structural
feature or toxicophore associated with the occur-
rence of skin sensitization which has been derived

by human expert interpretation of evidence in-
cluding toxicity data for known compounds
within the same chemical class and an under-
standing of the toxicological mechanism. Many
DfW skin sensitization alerts describe structural
features that have the potential for electrophilic
binding to skin proteins either directly or follow-
ing metabolism. This reflects the generally
accepted view that in order for a chemical to
induce skin sensitization, it must form a stable
association (usually covalent) with a skin protein
to form a macromolecular immunogen which is
then recognized by the immune system (1).
The skin sensitization knowledge base in DfW

was initially developed in collaboration with Uni-
lever in 1993 using its historical database of
guinea-pig maximization test (GPMT) data for
294 chemicals and contained approximately 40
alerts (6). Since that time, the knowledge base
has undergone extensive improvements as more
data have become available and scientific know-
ledge has increased (7). The current DfW know-
ledge base (version 9.0.0) contains 70 alerts for
skin sensitization and the closely related end-point
of photoallergenicity (8).
Unilever has had a long-standing interest in skin

sensitization and has been involved in a number
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of studies involving chemical classes such as al-
dehydes (9, 10), isothiazolinones (11), and 1,2-
diketones (12, 13). These have often taken place
through sponsorship of university studentships or
participation in European Union Framework
Programmes. The current collaboration focused
on using the outcomes and knowledge derived
from such studies to refine the existing skin sensi-
tization alerts in DfW.

Materials and Methods

The relevant results from earlier Unilever collab-
orative skin sensitization projects were collated
(9–13). Supplementary data for the chemical clas-
ses of interest were also sought from the general
literature.
Initial skin sensitization predictions were

obtained fromDfW version 7.0.0 using the default
processing constraints. Modifications to the DfW
version 7.0.0 knowledge base were then made as
appropriate using the editor that accompanies the
program. Performance was subsequently assessed
using DfW version 9.0.0. DfW skin sensitization
predictions were considered positive if they were
associated with a level of likelihood of ‘plausible’
or higher (5); all other predictions were considered
negative.
All DfW analyses were run on standard desktop

PCs running Microsoft Windows 2000 or XP.
Chemical structures were drawn in ISIS/Draw
2.3 or 2.4.

Results and Discussion

Improvements to DfW version 7.0.0 skin sensi-
tization alerts were realized in three main areas:
toxicophore definition, mechanistic classification,
and supporting evidence. Selected examples for
each area of improvement are outlined below.

Toxicophore definition

In an earlier study investigating the structure–
activity relationships of aldehydes, skin sensitiza-
tion data for 17 aldehydes were collected. Based
on a detailed consideration of mechanistic chem-

istry, each of the chemicals was classified in accord-
ance with its reactivity and likely mechanism of
skin sensitization (9). Four classes of aldehyde
were identified: (1) aryl-substituted aliphatic alde-
hydes, (2) aryl aldehydes, (3) aryl aldehydes with
special features, and (4) a,b-unsaturated alde-
hydes. It was rationalized that class 1 and class 4
aldehydes were skin sensitizers on account of their
potential for Schiff base formation and Michael
addition with skin proteins, respectively (Fig. 1),
whereas class 3 aldehydes, in contrast, were likely
to induce skin sensitization through the presence
of structural features other than the aldehyde
group. All class 2 aldehydes were non-sensitizers.

When these 17 aldehydes were processed through
DfW version 7.0.0, the 7 chemicals classed as aryl-
substituted aliphatic aldehydes and the 5 chem-
icals classed as a,b-unsaturated aldehydes were all
correctly identified as skin sensitizers based on the
proposed mechanisms described above. Of the
remaining 5 chemicals, the 3 aryl aldehydes were
also predicted to be skin sensitizers by DfW on the
basis of their potential for Schiff base formation
(an additional alert for phenolic precursors was
also found in one case); but in practice these
chemicals were found to be non-sensitizers. This
absence of activity was attributed to the lower
reactivity of aryl aldehydes brought about by re-
sonance stabilization of the aldehyde group by the
aromatic ring (9). Chemicals in the aryl aldehydes
with special features class were also identified by
DfW as potential skin sensitizers on the basis of
their aldehyde group and the fact that they are
metabolic precursors of catechols. The two chem-
icals concernedwere only weakly or non-sensitizing.

A search of the published literature was initi-
ated to investigate further the basis for these false
positive DfW predictions and to determine
whether aryl aldehydes in general are not associ-
ated with skin sensitization activity as the results
of the analysis suggested. This search identified
a positive GPMT result for benzaldehyde (14).
In the absence of additional experimental details,
however, it was not possible to provide an
unequivocal explanation for the apparent conflict
between this result and the negative response

Fig. 1. Reaction of aldehydes with skin
proteins via a Schiff base formation and
b Michael addition. Simple aldehydes are
harder electrophiles than a,b-unsaturated
aldehydes so the 2 structure types are
therefore shown reacting preferentially
with hard and soft protein nucleophilic
groups respectively. The Schiff base for-
mation and Michael addition mechanisms
are not exclusive and a,b-unsaturated
aldehydes may therefore react to some
extent by Schiff base formation also.
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reported in the murine local lymph node assay
(LLNA) (9). Two additional aryl aldehydes, atra-
nol and chloroatranol, were also shown to elicit
allergic contact dermatitis in appropriately sensi-
tized patients, but the authors in these cases sug-
gested activity may have resulted from an enzymic
oxidation mechanism rather than the presence of
the aryl aldehyde group (15, 16). Thus, these com-
pounds can be considered as belonging to the class
of aryl aldehydes with special features.
Because no significant evidence was found in

the published literature supporting the skin sensi-
tization activity of aryl aldehydes, the toxicophore
definition for the DfW alert describing the skin
sensitization of aldehydes was modified to exclude
coverage for this compound class. As a conse-
quence, aryl aldehydes identified by DfW version
7.0.0 as potential skin sensitizers on the basis of
the presence of their aldehyde group are no longer
predicted as such inDfW version 9.0.0. This modi-
fication in behaviour is illustrated in Fig. 2 for
heliotropin, which is a non-sensitizer in the GPMT
(9). Subsequent to this change to the DfW know-
ledge base, two additional aryl aldehydes (4-
nitrobenzaldehyde and 4-chlorobenzaldehyde) were
also reported as weakly or non-sensitizing in the
LLNA, providing further support for the general
exclusion of structures of this type (17).
The low skin sensitization potential of diaryl-

substituted 1,2-diketones may also be attributed
at least in part to resonance stabilization effects
comparable to those observed in aryl aldehydes
(17). Roberts et al. (12) derived a quantitative
structure–activity relationship (QSAR) for 1,2-
diketones relating their skin sensitization potency

in the LLNA to electronic and physicochemical
(log P) properties. The results of this work form
in part the basis of an alert in theDfW version 7.0.0
knowledge base describing the skin sensitization of
1,2-dicarbonyl compounds and their precursors.
More recently, other 1,2-diketones investigated
as part of a Unilever sponsored studentship sug-
gested that diaryl-substituted structure types were
generally weak or non-sensitizing (13, 17).
Table 1 summarizes the results of processing

aryl-substituted 1,2-diketones from these studies
through DfW both before (version 7.0.0) and after
(version 9.0.0) excluding diaryl-substituted 1,2-
diketones from the scope of the relevant alert.
As a consequence of the improvement in toxico-
phore definition, 3 weakly or non-sensitizing
chemicals in the data set are no longer identified
as potential skin sensitizers in DfW version 9.0.0.
The activity of the moderate skin sensitizer benzil
is, however, no longer correctly predicted. Further
work is required to gain insights into why this
compound has an anomalously high skin sensitiz-
ing potency compared with the other diaryl-
substituted 1,2-diketones examined.

Mechanistic classification

Patlewicz et al. (10) have since developed 2 distinct
QSAR equations modelling the LLNA skin sensi-
tization potency of aldehydes acting by either
a Schiff base or a predominantlyMichael addition
mechanism (class 1 and class 4 aldehydes respect-
ively). Although a QSAR equation may be used
only to provide an indication, rather than proof,
of mechanism, by comparing predicted potencies

Fig. 2. DfW skin sensitization predictions for the non-sensitizer heliotropin (9). Before refinement of the alert describing the
skin sensitization of aldehydes to exclude aryl aldehydes (DfW version 7.0.0), the chemical is incorrectly predicted as a plausible
skin sensitizer in mammals. Following refinement (DfW version 9.0.0), skin sensitization activity is no longer predicted.
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derived from these equations with actual experi-
mental values, it was possible to propose likely
mechanisms of skin sensitization for a number
of aldehydes not included in the data set used to
derive them.
Simple a,b-unsaturated aldehydes such as trans-

2-hexenal were thought to act largely via
a Michael addition mechanism, whereas b-
disubstituted a,b-unsaturated aldehydes such as
farnesal were considered to react preferentially
via a Schiff base mechanism owing to steric
hindrance of Michael addition (10). When these
2 chemicals were processed in DfW version 7.0.0,
however, they were both predicted as skin sen-
sitizers on the basis of the potential for Michael
addition to the a,b-unsaturated aldehyde func-

tionality. In order to reflect the new mechanistic
insights, the knowledge base coverage for b-
disubstituteda,b-unsaturated aldehydes wasmoved
from the DfW alert describing the Michael addi-
tion of a,b-unsaturated aldehydes to that describ-
ing the Schiff base potential of other aldehydes.
As a consequence, farnesal is now identified as
a skin sensitizer in DfW version 9.0.0 as a result
of its potential for Schiff base formation between
skin proteins and the aldehyde group (Fig. 3).

Supporting evidence

The supporting evidence for a DfW alert can be
viewed in the alert description window when an
alert is activated by a query chemical. This com-
prises a pictorial representation of the toxicophore

Table 1. LLNAEC3 values (12, 13, 17) and DfW version 7.0.0 and 9.0.0 skin sensitization predictions in mammals for aryl-substituted
1,2-diketonesa

Name CAS Number Structure EC3 (%) DfW 7.0.0 DfW 9.0.0

1-Phenylpropane-1,2-dione 579-07-7 O

O

0.85 Positive Positive

Benzil 134-81-6
O

O

8.6 Positive Negative

4,49-Dimethylbenzil 3457-48-5 O

O

>50 Positive Negative

4,49-Dibromobenzil 35578-47-3 O

O

Br

Br

20.5 Positive Negative

Furil 492-94-4 O

O

O

O

>25 Positive Negative

aThe generally low skin sensitization potency of diaryl-substituted 1,2-diketones may be attributed in part to resonance stabilization of
the carbonyl groups by the aromatic rings and these compounds are no longer predicted as skin sensitizers in DfW version 9.0.0. The
skin sensitization potency of benzil appears anomalously high in comparison with other diaryl-substituted 1,2-diketones. The basis for
this observation remains unclear.
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in addition to comments, references, and examples
that summarize the information used to derive, or
subsequently modify, an alert.
Figure 4 shows the updated alert description

for the DfW alert describing the skin sensitization
of isothiazolinones in DfW version 9.0.0, which is
present in 2-methylisothiazol-3-one. In this case,
improvements to the comments and references in
DfW version 7.0.0 were made using mechanistic
information derived during the course of a Uni-

lever sponsored studentship (11). These studies
showed that chlorinated isothiazolinones appear
to react differently with amino acid model nucleo-
philes in comparison with non-chlorinated iso-
thiazolinones and that this may account for the
greater skin sensitization potency of the former.
A search of the published literature furthermore
identified a review, published since the creation of
the original alert, summarizing available animal
and human data relating to the skin sensitization

Fig. 4. The skin sensitizer 2-methylisothiazol-3-one (11) is predicted as a plausible skin sensitizer in mammals in DfW version
9.0.0. Supporting evidence for the basis of this prediction, including a summary of available toxicological and mechanistic data,
is presented in the alert description window.

Fig. 3. DfW skin sensitization predictions for the skin sensitizer farnesal (10). Before refinement of the alerts describing the skin
sensitization of aldehydes and a,b-unsaturated aldehydes to allow for the observation that b-disubstituted a,b-unsaturated
aldehydes most probably react with skin proteins predominantly via Schiff base formation (DfW version 7.0.0), farnesal is
predicted to be a plausible skin sensitizer in mammals on the basis of Michael addition to the a,b-unsaturated aldehyde
group. Following refinement (DfW version 9.0.0), skin sensitization activity is associated with Schiff base formation of the
aldehyde group.
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of isothiazolinones, the details of which were also
added to the alert description (18).

Conclusions

Computer prediction models provide an import-
ant alternative approach for the assessment of
skin sensitization potential. These models require
continued development to take account of new
experimental and theoretical study outcomes as
they become available. In the current work,
improvements to the DfW skin sensitization
knowledge base have been achieved using results
from recent Unilever collaborative skin sensitiza-
tion projects and additional information derived
from the published literature. The definitions of
the toxicophores describing the skin sensitization
of aldehydes and 1,2-diketones have been refined
on the basis that aryl and diaryl-substituted struc-
ture types, respectively, are rarely found to exhibit
significant activity. Furthermore, a clearer distinc-
tion has been made in terms of the potential for
a,b-unsaturated aldehydes to act preferentially
via a Schiff base rather than a Michael addition
mechanism where steric factors disfavour the lat-
ter. Finally, more supporting evidence in the form
of mechanistic and experimental data have been
added to the alert describing the skin sensitization
of isothiazolinones. In addition to better pre-
dictive performance, the benefits of these types
of modifications include improved mechanistic
insight and enhanced support for predictions.
These are important considerations in relation to
the understanding and regulatory acceptance of
computer prediction models (19, 20).
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