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ABSTRACT: This study outlines how mechanistic organic
chemistry related to covalent bond formation can be used to
rationalize the ability of low molecular weight chemicals to
cause respiratory sensitization. The results of an analysis of 104
chemicals which have been reported to cause respiratory
sensitization in humans showed that most of the sensitizing
chemicals could be distinguished from 82 control chemicals for
which no clinical reports of respiratory sensitization exist. This
study resulted in the development of a set of mechanism-based
structural alerts for chemicals with the potential to cause
respiratory sensitization. Their potential for use in a predictive algorithm for this purpose alongside an externally validated
quantitative structure−activity relationship model is discussed.

■ INTRODUCTION

The term respiratory sensitizer has been defined by the
Globally Harmonised System for Classification and Labelling of
Chemicals as a substance that will induce hypersensitivity of the
airways following inhalation.1 The system places emphasis on
human evidence where “hypersensitivity is normally seen as
asthma, but other hypersensitivity reactions such as rhinitis/
conjunctivitis and alveolitis are also considered.”More than 300
substances have been shown to cause occupational asthma, and
a large proportion of these are low molecular weight (LMW)
organic compounds.2

There is currently no widely accepted test method that is
able to identify potential LMW respiratory sensitizers for
regulatory purposes, despite the risk to human health. A
number of previous studies have shown that the formation of a
covalent bond between a protein in the lung and a LMW
chemical is the key first step (the so-called molecular initiating
event) leading to respiratory sensitization in humans.3−5 This
hypothesis is supported by the number of respiratory sensitizers
that test positive in the local lymph node assay (LLNA) for skin
sensitization. The presence of more than one reactive group in
a compound making protein cross-linking possible as an initial
step in chemical respiratory sensitization had also been
hypothesized previously following statistical structure−activity
relationship (SAR) analyses.6−8 Such a statistical approach has
been used to develop a quantitative SAR (QSAR) model for the
purpose of asthma hazard prediction. Because of its high
negative predictive value, it has been proposed as an efficient
initial screening tool for eliminating the need for further
consideration of respiratory sensitization hazard for the vast
majority of compounds.9 However, its lower positive predictive
value means that further consideration may be required before

labeling a chemical as a respiratory sensitizer. A mechanistic
SAR approach may offer an important means of substantiating
suspicion of respiratory sensitization potential for a chemical.
Previous mechanistic chemistry studies have shown that

chemicals able to cause respiratory sensitization can be assigned
to one of six electrophilic mechanistic domains.3,4,10 These
electrophilic mechanistic domains cover areas of chemistry
similar to those defined for skin sensitization.11 However, these
studies showed there to be some key mechanistic differences
(in terms of the chemistry) between skin and respiratory
sensitization.4 For example, in the case of respiratory
sensitization, the harder electrophilic mechanisms such as
acylation and Schiff base formation were shown to be more
prevalent than the softer mechanisms such as Michael addition.
The hypothesis for this difference is that the harder nucleophile
lysine acts as the predominant biological nucleophile in the
lung (the assumption being that cysteine is unavailable due to it
being oxidized in the respiratory tract to disulfide). The
importance of lysine as the biological nucleophile in respiratory
sensitization has been confirmed experimentally in a number of
studies.12−14 In addition, these studies also suggested that a
protein modification threshold exists for respiratory sensitiza-
tion. This threshold can be exceeded due to the compound's
intrinsic electrophilicity alone or by a combination of
electrophilicity and cross-linking ability. Thus, extremely
electrophilic chemicals do not need to be able to protein
cross-link in order to cause respiratory sensitization. This is in
contrast to skin sensitization where a combination of
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electrophilicity and (for some mechanistic domains) hydro-
phobicity are the key drivers of sensitization potential.15−17

A number of studies have described structural alerts
(molecular substructures or fragment) that relate an electro-
philic or pro-electrophilic group within a molecule to covalent
protein binding for skin sensitization and skin irritation.15,18−23

However, there have been no published sets of structural alerts
developed specifically for the mechanistic chemistry applicable
within the more oxidizing environment of the lung. Previous
mechanistic chemistry studies into respiratory sensitization
have outlined potential mechanisms but have not compiled
structural alerts.3,4 The development of mechanism-based
structural alerts is important as they allow mechanistic
information to be used for hazard identification (for example,
as found in commercial software such as Derek Nexus; www.
lhasalimited.org). In addition, such structural alerts have also
been incorporated into a number of freely available tools such
as Toxtree (freely available from http://toxtree.sourceforge.
net/). Clearly, the expansion of these freely available tools to
other end points of regulatory interest is of benefit and is an
important ongoing effort.
Therefore, the aim of this study was to develop a series of

mechanism-based structural alerts for respiratory sensitization
(hazard identification). This was undertaken by a mechanistic
chemistry analysis of a data set of chemicals identified as being
respiratory sensitizers in humans. This analysis allowed a set of
structural alerts related to covalent protein binding in the lung
to be developed.

■ MATERIALS AND METHODS
Respiratory Sensitizing Chemicals. 104 organic chemicals with

molecular weights less than 1000 g/mol for which structures could be
clearly identified were extracted from the literature as being associated
with respiratory sensitization in humans (the 104 chemicals include
the chemicals previously published3,4). These chemicals were defined
as low molecular weight (LMW) respiratory sensitizers and were
identified from the literature if a physician had, in a peer-reviewed
report, clearly diagnosed occupational asthma following a latent period
of exposure. Medline literature search techniques were similar to those
used to identify a previously published set of respiratory sensitizers,8

but the time period was extended to include all case reports published
before October 2011. Not all of these respiratory sensitizers had been
confirmed by bronchial challenge testing, widely considered among
respiratory physicians to be the gold standard for the diagnosis of
occupational asthma attributed to a specific causative agent.24

However, the process of peer-review provides a good level of
corroboration that a novel chemical respiratory sensitizer has been
correctly identified by the physician publishing the case. By including
these case reports, the number of chemicals from which structural
alerts can be generated for hazard prediction is significantly greater
than if only those published case reports with a positive bronchial
challenge test are used.
Control Chemicals. A set of 82 organic chemicals with molecular

weight ranges less than 1000 g/mol were identified as control
chemicals. These chemicals were assumed not to cause respiratory
sensitization in humans as no clinical reports of occupational asthma
were documented in the literature. This being the case despite the fact
that for these chemicals industrial exposure experience is sufficient for
workplace exposure limits to be set. These controls were selected at
random from the 401 compounds for which a workplace exposure
limit was listed in the Health & Safety Executive document EH40
(available from http://www.hse.gov.uk/pubns/books/eh40.htm) and
matched as far as possible with the set of respiratory sensitizers by
molecular weight banding. It could be argued that any chemical has the
potential to cause human respiratory hypersensitivity given the right
exposure circumstances and that it is impossible to prove that any

chemical is a nonrespiratory sensitizer. By identifying controls from
workplace exposure limit tables and which had never been reported to
cause occupational asthma, there is at least evidence that humans have
had fairly extensive industrial inhalational exposure. Such tables were
also the source of controls for the learning data set used in the
development of the QSAR model by Jarvis et al.8 The full data set of
respiratory sensitizers and control chemicals is available in the
Supporting Information.

Mechanistic Assignments. Analysis of the chemistry related to
covalent binding in the lung relevant to respiratory sensitization was
carried out by expert analysis. This analysis consisted of two stages, the
first being the development of a set of structural alerts based on the
previously published mechanistic chemistry for respiratory sensitiza-
tion.3,4 These structural alerts were used to assign electrophilic
mechanisms to the chemicals in the data set. Chemicals for which no
electrophilic mechanism could be identified were subjected to
additional expert analysis. This analysis resulted in the definition of
additional structural alerts related to covalent protein binding in the
lung. All structural alerts developed in this study were encoded as
SMARTS patterns and used in conjunction with an in-house KNIME
workflow. All SMARTS patterns are available in the Supporting
Information.

Structural Alert Development. All structural alerts were
developed from an analysis of the organic chemistry related to the
molecular initiating event of covalent protein binding. A set of 22
structural alerts were developed from an analysis of the previously
published mechanistic chemistry relating to respiratory sensitization.3,4

These 22 structural alerts had not been published previously. The 22
structural alerts were used to screen the 104 respiratory sensitizing
chemicals. An analysis of the respiratory sensitizing chemicals not
containing an alert resulted in the identification of a further 30
structural alerts. All 52 structural alerts were related to the organic
chemistry of covalent protein binding. The ability of the structural
alerts to distinguish respiratory sensitizers from the control chemicals
was also investigated.

■ RESULTS AND DISCUSSION

The aim of this study was to develop a set of structural alerts
suitable for the identification of potential respiratory sensitizing
chemicals (hazard identification). The set of structural alerts
was based on an analysis of a data set of chemicals reported to
cause respiratory sensitization in humans. An initial set of
structural alerts was developed based on the previously
published mechanistic chemistry related to covalent protein
binding in the lung.3,4 The applicability domain covered by
these structural alerts was then evaluated by investigating their
ability to identify respiratory sensitizers from the data set of 104
chemicals. Finally, the applicability domain of the structural
alerts was expanded by analyzing the respiratory sensitizing
chemicals not identified in this initial evaluation. All analyses
were undertaken from the hypothesis that the molecular
initiating event for chemicals with a molecular weight below
1000g/mol was the formation of a covalent protein adduct in
the lung.

Structural Alerts Related to Previously Published
Mechanistic Chemistry. A set of 22 structural alerts were
identified for the profiler for respiratory sensitization from an
analysis of mechanistic chemistry published previously.3,4 The
applicability domain covered by the initial profiler was
investigated by assessing the number of chemicals identified
as having a mechanism related to covalent protein binding in
the new (expanded) data set of respiratory sensitizing chemicals
considered in this study. Table 1 illustrates the ability of the
mechanistically derived structural alerts to distinguish respira-
tory sensitizers from the control group of chemicals. Table 2
shows a detailed breakdown of the number of respiratory
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sensitizing chemicals identified by each of the 22 structural
alerts (59 of the 104 chemicals; N.B. chemical 114 triggered
two structural alerts).

The 45 respiratory sensitizing chemicals that were not
identified as having a mechanism related to covalent protein
binding by the initial profiler were subject to mechanistic
chemistry analysis. The analysis allowed for the expansion of
the applicability domain covered by the profiler through the
identification of additional structural alerts related to covalent
protein binding. The new structural alerts are described in the
following sections.

Nucleophilic Aromatic Substitution (SNAr). Of the
respiratory sensitizers which are not categorized by the initial
set of structural alerts, a nucleophilic aromatic substitution
mechanism can be proposed for fluazinam; 4-diazobenzenesul-
phonic acid; 1,3,5-triazine-2,4-diamine-6-chloro-N,N′-bis-
(2,2,6,6-tetramethyl-4-piperidinyl); sulfathiazole; and hexa-
chlorophene (chemicals 1−5, respectively, in Figure 1). In
addition, hexachlorophene has the potential to cross-link
protein chains as it contains two reactive sites. This helps
explain the toxicity of this compound because a single
chlorination phenolic ring system would not normally be
expected to be very reactive toward nucleophiles. The
requirement to cross-link is especially evident given that the
more reactive chemical dinitro chlorobenzene does not cause
respiratory sensitization.3

Michael Addition. A Michael addition mechanism can be
postulated for 10 chemicals that were not identified by the
initial set of structural alerts. Eugenol and salbutamol can be
activated to quinone-methides (Figures 2 and 3, respectively).

Table 1. Contingency Table Showing the Classification of
Respiratory Sensitiser and Controls Based on the Initial Set
of 22 Structural Alerts

structural alert no structural alert

respiratory sensitizer (104) 59 45
control (82) 2 80

Table 2. Structural Alerts Present in the Initial Profiler along
with the Number of Chemicals Identified by Each Structural
Alert from the Data Set Used in the Current Study

structural alert number of chemicals cross-linking required?

di-isocyanates 9 Y
quinone-and-related 0 N
hydroquinone-and-related 8 N
anhydrides 8 N
lactams 11 N
cyano-acrylates 2 N
piperazines 1 Y
ethylenediamines 3 Y
ethanolamines 5 Y
azocarbonamides 1 N
tetrachloroisophthalonitrile 1 N
formaldehyde 1 Y
dialdehydes 1 Y
vinyl-benzenes 1 N
vinyl-sulphones 0 N
pro-vinyl-sulphones 0 N
glyoxal 0 Y
chlorhexidine-and-related 1 N
epoxides 3 N
chloro-nitrogen 1 N
acyl chlorides 1 N
phenyl-acetates 2 N

Figure 1. Chemicals suggested as being capable of undergoing a SNAr mechanism leading to covalent adduct formation (reactive site as indicated).

Figure 2. Dehydration of salbutamol to a quinone-methide containing
species (reactive site as indicated).
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In the case of eugenol, this is an oxidation reaction, while for
salbutamol the quinone-methide is produced via a dehydration
reaction. Morphine hydrochloride can also undergo an
oxidation reaction to produce a cyclohexanone ring system
capable of acting as an electrophile (Figure 4). BBN reactive

dye can undergo a tautomerization to produce a quinone-imine
(Figure 5). Finally, methyl blue and indigotine are able to act as
direct acting electrophiles (Figure 6 and 7, respectively).

Methyl methacrylate, ethoxylated bis-phenol-A diacrylate and
trimethylolpropane triacrylate can act via Michael addition due
to the presence of an acrylate moiety (Figure 8). The ability of
these chemicals to cause respiratory sensitization is perhaps

surprising given that acrylates and methacrylates have been
reported as being relatively weak skin sensitizers.25 Acrylates
and methacrylates are in fact relatively reactive such that they
polymerize to poly acrylates and poly methacrylates rapidly in
solution. It is this polymerization reaction that reduces their
ability to cause skin sensitization.26 However, in the case of
respiratory sensitization these chemicals will be in the vapor
phase and thus will not be polymerized to the same degree.
(The lining of the lung is an aqueous environment such that
some polymerization is likely to occur when an acrylate or
methacrylate comes into contact with the membrane. In
contrast, in terms of skin sensitization the polymerization
reaction is likely to have extensively occurred in the aqueous
vehicle used in the assay before the chemical comes into
contact with the skin.) Thus, the presence of the reactive
monomer units in the lung results in respiratory sensitization.
In addition, ethoxylated bis-phenol-A diacrylate and trimethy-
lolpropane triacrylate contain multiple acrylate units allowing
for the cross-linking of protein chains.
The final additional chemical that can be assigned to the

Michael addition domain is 2-methyl-3,4-dinitrobenzamide.
This chemical can undergo tautomerism to produce an aci-
tautomer capable of reacting with a nucleophile. The
tautomerization and subsequent reaction are as shown in
Figure 9.

Bimolecular Nucleophilic Substitution (SN2). An addi-
tional 10 chemicals not identified by the initial set of structural
alerts can act via a bimolecular nucleophilic substitution at
either a carbon or a sulfur atom. Amprolium hydrochloride and
thiamine can undergo an SN2 reaction at an activated carbon
atom in which a positively charged aromatic system acts as the
leaving group (Figure 10). 3-Carene and abietic acid can
potentially undergo an SN2 mechanism after epoxidation of the
cyclohexene ring (Figure 11). However, for these two
chemicals an alternative mechanism involving the formation
of a hydroperoxide cannot be ruled out (mechanism not
shown). These oxidation reactions producing epoxides (or
hydroperoxides) have been previously shown to occur in a
variety of oxygenated systems.27−31 It is therefore likely that
such species will be readily produced in the lung. 1,2-
Benzisothiazolin-3-one, 3-amino-5-mercapto-1,2,4-triazole, cap-
tafol, and penicillamine all contain sulfur atoms that can
undergo covalent binding via disulfide exchange (Figure 12).
Upon first inspection, the presence of this mechanism is
perhaps unusual as it is generally considered that the biological
nucleophile in the lung is nitrogen-based.14 However, covalent

Figure 3. Oxidation of eugenol to a quinone-methide containing
species (reactive site as indicated).

Figure 4. Oxidation of the ring system 2-cyclohexanol (present in
morphine hydrochloride) to cyclohexanone (reactive site as indicated).

Figure 5. Tautomerization of Red BBN reactive dye into a quinone-
imine (reactive site as indicated).

Figure 6. Structure of methyl blue that contains a nitrogen derivative
of a quinone-methide (reactive site as indicated).

Figure 7. Structure of indigotine indicating the presence of the
electrophilic sites for Michael addition.

Figure 8. Structure of acrylate (R1 = H, R2 = C) and methacrylate
(R1 and R2 = C) containing chemicals (reactive sites as indicated).
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bond formation via a disulfide exchange has been shown to be
important in a number of toxicity end points.21,32,33 In this
mechanism, the chemical is acting as the electron rich
nucleophile due to the presence of the lone pair on the thiol.
This is in contrast to the usual situation in which exogenous
chemicals behave as electron deficient electrophiles. Thus,
given the clear association with activity in the current analysis
this mechanism is also clearly important for respiratory
sensitization.
There are two hydrazine derivatives in the data set both of

which are reported as respiratory sensitizers, hydralazine and
isoniazid. These chemicals are likely to act as very hard
electrophiles capable of binding to proteins via an SN2 reaction
involving N2 as a leaving group. This mechanism is summarized
in Figure 13.
Schiff Base Formation. A Schiff base mechanism can be

postulated for nine of the respiratory sensitizing chemicals not
assigned a mechanism in Table 2. 2-Diethylethanolamine and
N-methylmorpholine can be oxidatively deaminated to produce
glyoxal (Figure 14). Glyoxal is an extremely reactive Schiff base
former that has been shown to be able to cross-link protein
chains.34 In addition, thiamphenicol contains a dichloroaceta-
mide moiety that can undergo hydrolysis to produce a glyoxal-

type species (Figure 15). An oxidative deamination mechanism
can be applied to 3-dimethylaminopropylamine resulting in the
formation of the dialdehyde propanedial (Figure 16). This
chemical is capable of cross-linking proteins due to the two
carbonyl groups.
Methanamine has been reported to be a formaldehyde

releaser35,36 resulting in indirectly causing respiratory sensitiza-
tion as formaldehyde is able to covalently cross-link protein
chains.34 The ability of a chemical to release formaldehyde
resulting in respiratory sensitization is clearly of concern, and
thus, other chemical classes that have been reported as being
capable of the same mechanism should also be considered as
potential sensitizers. A recent review reported a series of
structural alerts for chemicals capable of releasing form-
aldehyde.32 These chemical classes are summarized in Figure
17.
Cimetidine and 1,1,3-tributylthiourea can undergo a Schiff

base reaction at the imidourea and thiourea moieties,
respectively. This reaction is analogous to the reaction that
can occur at a carbonyl group and is as shown in Figure 18. In
addition, furfuryl alcohol can be oxidized to the monocarbonyl
containing furfuryl aldehyde (Figure 19). In contrast to the

Figure 9. Tautomerism of 2-methyl-3,4-dinitrobenzamide to produce an aci-tautomer capable of undergoing Michael addition.

Figure 10. SN2 mechanism at an activated carbon atom involving a
positively charged aromatic system acting as the leaving group
(reaction with thiamine is shown).

Figure 11. SN2 mechanism via epoxidation of a cyclohexene ring.

Figure 12. Disulfide exchange type mechanism for chemicals assigned to the SN2 at a sulfur atom category (3-amino-5-mercapto-1,2,4-triazole is
shown).

Figure 13. SN2 mechanism for hydrazine derivatives (R = alkyl, aryl).

Figure 14. Oxidative deamination of 2-diethylethanolamine and N-
methylmorpholine into glyoxal.
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majority of chemicals assigned to the Schiff base domain, these
chemicals contain only a single reactive group. It is likely,
therefore, that these chemicals are sufficiently electrophilic in
order to be able to elicit a sensitization response without the
need for the additional reactivity gained by being able to cross-
link protein chains.
The final chemical that can be assigned to the Schiff base

domain is ninhydrin. This chemical can undergo a dehydration
reaction resulting in the production of indane-1,2,3-trione that
is capable of multiple Schiff base reactions resulting in
sensitization.37,38 The dehydration of ninhydrin into indane-
1,2,3-trione is as shown in Figure 20.
Acylation. Two additional chemicals can be assigned to the

acylation domain: fenthion and tetramethrin. Fenthion can
undergo an acylation mechanism in which a biological
nucleophile attacks the phosphorus−sulfur double bond with
a phenolate ion acting as a leaving group (Figures 21). It is
likely that this mechanism also applies to the phosphate
analogues in which the carbon−sulfur double bond is replaced
by a carbon−oxygen double bond. This is due to the fact that,
in general, the carbon−oxygen double bond is the more
reactive of the two. Tetramethrin is able to undergo an
acylation reaction in which a nucleophile attacks the carbonyl
group (Figure 22). This mechanism also results in the
production of formaldehyde, which as discussed is a potent
respiratory sensitizer. Thus, chemicals able to undergo the same
mechanism as tetramethrin are of particular concern as potent
respiratory sensitizers.

Chemicals Causing Respiratory Sensitization via
Possible Noncovalent Mechanisms. Tylosin, tetracycline,
and spiramycin are macrolide antibiotics that inhibit peptidyl
transferase in the ribosomal complex.39,40 Chemicals of this
type do not necessarily cause respiratory symptoms through
covalent bonding, in turn leading to sensitization. Given the
lack of clearly identifiable structural alerts, it is possible that
noncovalent electrostatic interactions might be important as a
molecular initiating event. A separate mechanistic profiler might

Figure 15. Hydrolysis of dichloroacetamide (present in thiamphenicol) to produce a glyoxal-type species (R = carbon).

Figure 16. Oxidative deamination of 3-dimethylaminopropylamine
into propanedial.

Figure 17. Chemical classes, including methamine, that can release formaldehyde and thus are potential respiratory sensitizers.

Figure 18. Schiff base reaction for chemicals containing either an
imidourea (X = N-CN) or thiourea moiety (X = S). R = hydrogen or
carbon.

Figure 19. Oxidation of furfuryl alcohol to furfuryl aldehyde.

Figure 20. Dehydration of ninhydrin into indane-1,2,3-trione.
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be required to correctly identify chemicals capable of causing
respiratory sensitization via such alternative mechanisms.
False Positive Chemicals: Irritants. The data set contains

five acids all of which are reported to cause sensitization in the
lung: acetic acid, adipic acid, dodecanedioic acid, chloroxylenol,
and 2,4-dichloro-5-chlorsulfonyl-benzoic acid. It is possible that
these chemicals act as irritants to the respiratory tract rather
than true sensitizers, given the recognized difficulty in
distinguishing clinically between these mechanisms (in terms
of the chemistry, a LMW chemical must be able to form a
covalent bond with a protein in order to trigger a sensitization
response).41 This hypothesis is supported by the fact that acids
have been reported as false positives in skin sensitization studies
due to their ability to act as irritants.16,17,42

Summary of the Mechanism-Based Structural Alerts
for Respiratory Sensitization. The analysis presented above
results in the development of 52 structural alerts related to the
electrophilic chemistry associated with covalent protein binding
in the lung. These structural alerts are summarized as SMARTS
patterns in the Supporting Information and are suitable for
hazard identification. In total, the structural alerts developed in
this study were able to assign an electrophilic mechanism to 95
of the 104 chemicals in the data set. As discussed, there are five
acids in the data set and three chemicals for which respiratory
sensitization might be initiated via a noncovalent mechanism.
The final chemical not assigned an electrophilic mechanism was
dioctylphthalate. Investigations into this chemical suggest that it
is not an electrophile and thus should not cause respiratory
sensitization. This hypothesis is supported by the 11 phthalates
listed in the control group for which no clinical reports of
respiratory sensitization have been reported. One possible
explanation for the apparent activity of this chemical is the
presence of phthalic anhydride as an impurity. This chemical is
a known respiratory sensitizer that covalently binds to proteins
via an acylation mechanism. Despite these chemicals, the
analysis clearly illustrates that the ability to covalently bind to
proteins in the lung is the key event that must occur in order
for respiratory sensitization to take place for low molecular

weight chemicals. The ability of the extended set of structural
alerts to distinguish respiratory sensitizers from the control
group of chemicals is as shown in Table 3.

Mechanism-Based Structural Alerts and Hazard
Identification. This article has focused on the development
of structural alerts for respiratory sensitization hazard
identification. The structural alerts presented give an indication
of the potential of a chemical to form a covalent bond in the
lung via one (or more) of the identified mechanisms. However,
importantly the absence of all of the alerts from a chemical does
not allow for the prediction of the absence of respiratory
sensitization potential. This is due to the fact that no matter
how extensive a set of structural alerts are for a given molecular
initiating event there will be areas of the applicability domain
that have not been analyzed. These unexplored areas of the
applicability domain may contain new structural alerts. Given
this, the mechanism-based structural alerts outlined in this
study should be used alongside other in silico methods in order
to develop a predictive algorithm for regulatory screening for
the respiratory sensitization hazard of chemicals. Such an
algorithm should comply with the OECD principles for
(Q)SAR validation,43 these being (1) a defined end point;
(2) an unambiguous algorithm; (3) a defined domain of
applicability; (4) an appropriate measures of goodness-of-fit,
robustness, and predictivity; and (5) a mechanistic interpreta-
tion, if possible.
The accompanying OECD explanatory notes state that

predictivity is determined by external validation. The externally
validated QSAR model8 mentioned in the introduction, which
is freely available on the Internet (http://www.coeh.man.ac.uk/
asthma/register.php) has been shown to have negative
predictive value close to 100%.44 Therefore, it has potential
for the initial regulatory screening of chemicals for respiratory
sensitization hazard. The mechanistic chemistry presented in
the current study enables point five of the OECD QSAR
principles to be covered for chemicals that cause respiratory
sensitization via the formation of a covalent bond. Used
together, these two SAR approaches could be developed into a
screening algorithm with excellent predictive power such that a

Figure 21. Acylation mechanism for fenthion.

Figure 22. Acylation mechanism for tetramethrin resulting in protein formation and the production of formaldehyde.

Table 3. Contingency Table Showing the Classification of
Respiratory Sensitiser and Controls Based on the Final Set
of 52 Structural Alerts

structural alert no structural alert

respiratory sensitizer (104) 95 9
control chemicals (82) 7 75
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mechanistic explanation is provided for a chemical ultimately
labeled as a respiratory sensitizer.

■ CONCLUSIONS
This study has outlined how a data set of 104 chemicals for
which clinical reports of respiratory sensitization have been
identified from the literature can be rationalized in terms of
electrophilic chemistry. The analysis has resulted in the
development of a mechanism-based profiler for respiratory
sensitization containing 52 structural alerts related to covalent
protein binding in the lung. These structural alerts are designed
for hazard identification. Thus, the respiratory sensitization
profiler and the electrophilic chemistry contained within it are
likely to be of use in regulatory risk assessment. Such
mechanistic approaches and existing externally validated
QSAR models have the potential to complement each other
in the development of a SAR algorithm for the prediction of
chemical respiratory sensitization hazard.
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