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A structure-activity relationship (SAR) model has been devel-
oped to discriminate skin irritant from nonirritant esters. The
model is based on the physicochemical properties of 42 esters that
were tested in humans for skin irritation. Nineteen physicochem-
ical parameters that represent transport, electronic, and steric
properties were calculated for each chemical. Best subsets regres-
sion analysis indicated candidate models for further analysis.
Regression analyses identified significant models (p < 0.05) that
had variables that were also significant (p < 0.05). These candi-
date models were evaluated using linear discriminant analysis to
determine if the irritant esters could be discriminated from non-
irritant esters. The stability of the model was evident from the
consistency of parameters among ten submodels generated using
multiple random sampling of the database. The sensitivity of the
ten models, evaluated by “leave-one-out” cross-validation, ranged
from 0.846 to 0.923, with a mean of 0.885 * 0.025 (95% CI). The
specificity ranged from 0.615 to 0.923, with a mean of 0.738 = 0.06
(CI). Compared with nonirritant esters, irritant esters had lower
density, lower water solubility, lower sum of partial positive
charges, higher Hansen hydrogen bonding parameter, and higher
Hansen dispersion parameter. The results indicate that physico-
chemical features of esters contribute to their ability to cause skin
irritation in humans, and that chemical partitioning into the epi-
dermis and intermolecular reactions are likely important compo-
nents of the response. This model is applicable for prediction of
human irritation of esters yet untested.

Key Words: skin irritation; structure-activity relationship; com-
putational model; organic esters; physicochemical parameters.

the underlying mechanisms involved in the irritant response to
chemicals.

Mechanisms of irritation have been identified for homolo-
gous series of chemicals. Phorbol esters produce irritation and
inflammation through the activation of protein kinase C, which
upregulates TNFe (Lisby et al, 1995). Neurogenic irritants
(e.g., capsaicin) cause plasma leakage and vasodilation by
inducing the release of neuropeptides (e.g., substance P) from
sensory nerves (Baluk, 1997). Although there has been sub-
stantial progress in identifying pro-inflammatory mediators,
such as arachidonic acid, eicosanoids, anddlptoduced by
skin irritants (Muler-Decker et al., 1998), there is limited
understanding of the underlying mechanisms of irritation
caused by most chemicals.

In the United States and Europe, a rabbit model is used for
regulatory purposes to classify chemicals as dermal irritants
(Draizeet al, 1944). The model appears to overestimate the
human irritant potential of chemicals, as many predicted by the
rabbit model to be strong irritants are weak irritants on human
skin (Davieset al, 1972; Nixonet al, 1975; Phillipset al.,
1972;). The inadequate performance of the rabbit model in
predicting human response and the intention of the European
Union to phase out the method has prompted investigation of
structure-activity relationship (SAR) models as alternatives to
in vivo animal tests.

Several SAR models have been described for skin irritation.
The severity of the irritation from organic acids and bases in
humans has been found to correlate with the strength of the
acid or base, as measured by their,dBerneret al., 1988;

Irritant contact dermatitis affects up to 10% of the U.SBerneret al.,1990; Nangieet al.,1996). An SAR model based

population. It is responsible for more than 18% of all occupan rabbit data indicated that irritants have higher log P, lower

tional (nonaccident) diseases and more than 90% of occupaslecular volume, and higher dipole moment than nonirritants.

tional skin diseases (Marrakchi and Maibach, 1994). Sevefidie author suggested that irritants display enhanced perme-

thousand chemicals, both natural and synthetic, are potentialbyility and higher reactivity (Barratt, 1996).

capable of inducing skin irritation (Marks and DeLeo, 1997). The objective of the current study was to use human data to

Despite this high prevalence, much remains to be learned abdetelop an SAR model to predict the irritant response to esters
based on their physicochemical properties. Limited multiple

* To whom correspondence should be addressed at Department of Envirro%ndom sampling of the database assessed the robustness of the

mental and Occupational Health, University of Pittsburgh, 260 Kappa DrivB)odel. The results 'indicat_e _that physicochemical properties
Pittsburgh, PA 15238. Fax: (412) 967-6611. E-mail: mi@pitt.edu. can be used to predict the irritancy of esters.
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TABLE 1
Criteria for Inclusion of Chemicals into the Database and Assignment of Activity

Chemical Subjects Test method Activity
Single chemical Uncompromised skin Patch test with occlusion Positive
Purity > 95% No history of skin disease Site: forearm or back > 10% responseor
Minimum exposure duration: Pli= 0.5 at a concentratior: 20%
4 h for a positive response Negative
24 h for a negative response = 10% response or
Observation period: 24 h after removal of patch RII0.5 at a concentratior 20%

* Percent of subjects giving a response.
® PII, primary irritant index (range 0-5). Grade based on visual observation of erythema, eschar, and edema.

MATERIALS AND METHODS from the database. Chemicals exhibiting a negative response only at a con-
centration< 20% were also excluded from the database.

. . - Esters represented the largest class of chemicals within the database (
Modeling strategy. The modeling strategy consisted of several steps. The
9 9y 9 9y P and were used for development of the model. The structures of the 13

first and most important was development of the database. The second step Was

calculation of physicochemical (PC) parameters, followed by regression ar@live esters are shown in Figure 1; those of the 29 inactive esters are shown

ysis to identify the relevant PC parameters. Linear discriminant analysis wis 19ure 2-

then used to form the final models to discriminate irritant from nonirritant Physicochemical model. The molecular modeling and calculation of the
esters. physicochemical parameters were performed using Molecular Modelil§ Pro
Two concerns were addressed: the predictive ability of the model and tfversion 1.44; Window Chem Software, Inc.). Individual 3-dimensional struc-
consistency of the model form. Subsets of the database were used to genéuaés were drawn and rigid rotor conformational analysis was performed to
test models. These were compared to determine if the model forms wétentify low energy molecular conformations. The global energy minimum
consistent. Each of the models so generated is an estimate of the “true modstklicture was subjected to full energy minimization using the MOLY force
with the goal being to understand how stable (or consistent) these estimatediafe (Dyott et al., 1980). The energy-minimized structure was submitted to
when they are derived from random subsets of the database. This procedilgerithms within Molecular Modeling Pro for calculation of the 19 physico-
helps to indicate the extent to which the true model is dependent on tigemical parameters (Table 2) that represent electronic, transport, and steric
particular data set used to create it. Multiple random sampling allows onegmperties. The complete neglect of differential overlap (CNDO) (Pople and
treat the parent database as an empirical population distribution. As a ressgal, 1965, 1966) was used to calculate electronic properties such as HOMO,
one is able to 1) overcome to some degree the representation bias in Lt®O, partial charges, and dipole moments.
database due to its nonrandom selection and composition; 2) determine thgtatistical analyses were performed using MINITA®r Windows Release
variability and stability of the resulting SAR models derived from random1.14. Best subsets regression analysis identified candidate models for subse-
samplings of the empirical distribution; 3) identify the most consistent modglient discriminant analysis. The best subsets method identifies regression
parameters from which to build a consensus model; and 4) determine Hifuations containing from 1 tp parameters wherp equals the number of
overall reliability of the final SAR model, that is, the relative dependence of ifsarameters being considered (in this case, 19). These regression equations are
final form on the data used for its construction. then ranked according to R-squared)(FErom the generation of all possible

Database. The database of chemical irritants was developed from a criticgjodels, all possible subsets of regressors are examined, and those models with
review of the primary literature. Sources of information were the Nation#pe smallest number of regressors, which meet certain statistical criteria, are
Library of Medicine’s MEDLINE online database; the database of frag,.an@@Iected as best. The models here are chosen based on two statistics derived
materials maintained by the Research Institute for Fragrance Materials; ffgn the model data: B and the G statistic. Ry is the multiple correlation
Registry of Toxic Effects of Chemical Substances online database from #Refficient in a form that adjusts for the number of regressors in the model. A
National Institute of Occupational Safety and Health; and textbooks on clinid@fge R implies that much of the variation in the dependent variable (the
toxicology (Gosselinet al, 1984) and contact dermatitis (Rietschel andPredicted activity) is accounted for by the model, adjusting for the number of
Fowler, 1995). All articles identified through these sources were examined gplied regressors incorporated into the model. This implies good prediction of
chemicals were accepted into the database if they met the criteria listecth data used to build the model.

Table 1. The G, statistic is useful for selecting a proper subset of regressors. In the

Activity of chemicals was assigned on the basis of both the degree of irritsgituation where there is a large number of possible regressors, the potential
response reported in the study, and the concentration of agent used to pro@uigts for overfitting, i.e., too many regressors. This would reduce both the
the response. Responses were considered positive if more than 10% perceptesiision of the model coefficients and the future accuracy of the model.
the subjects were reported to have an irritant response and/or the primdRgerfitting, i.e., too few regressors, is also a concern that would create bias
irritant index (PIl, the numerical grading of irritant skin reactions based of the model predictions, the model coefficients, and the estimate of error
visual observations of erythema/eschar and edema formation) (Patrick &&giance, and also affect future accuracy. Thus a model that is too simple may
Maibach, 1992) wag 0.5. The Pl is the sum of the grade of erythema/esch&uffer from biased coefficients and a biased prediction, whereas an overly
formation and the grade of edema formation, each of which is typically gradegmplicated model can result in large variances both in the coefficients and in
on a scale of 0 to 4 or 5, with the higher values indicating increased severigyediction.

A chemical was considered to be an irritant if the response was observed at &he G, statistic for a p-parameter regression model is defined as
concentration< 20%, and a nonirritant if the response was negative at a

concentratior= 20%. Chemicals that were positive only at a concentration

20%, or that had been tested only at a concentratio?0%, were excluded C,=p+ (s*— 0 (n — p)lo?
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", ! FIG. 1. Structures of irritant es-
ters that comprised the database.

whereo? is estimated by the mean squared errosg, the residual variance An untested chemical is classified as active or inactive based on the closeness
of the full model, i.e., a model that uses all of the regressors, aisttlsemse  of its discriminant function value to the group mean based on the function.
of the model with the p regressors in question, i.e., the reduced model. It isThe statistical analyses described above were performed on ten subsets
apparent from the definition of Ghat if themsein the reduced model is equal of the database. Each subset consisted of the entire set of 13 irritants and
to that of the full model (if § = o?), C, is a minimum at the value p, the 13 randomly selected (multiple random sampling with replacement) of the
number of regressors in the model. There is nothing to be gained by reduc2®ynonirritant esters. Best subsets regression, linear regression, and linear
degrees of freedom, the fittediseis inflated, by adding more regressors.discriminant analysis was performed on each subset. Sensitivities and
Therefore, one favors candidate models with the smallggailie. The models specificities were determined by leave-one-out cross-validation.
chosen here were the most parsimonious given the lardgstr@ smallest ¢
(Myers, 1990).

Linear discriminant analyses identifies the difference between groups based RESULTS
on a linear combination of variables that are assumed to have a multivariate

normal distribution (no dichotomous variables are allowed). The method The group of 13 irritant esters was paired with ten random
develops a discriminant function of the form sets (with replacement) of 13 nonirritant esters and statistical
analyses were conducted with each set. As indicated in Table
3, the most consistent physicochemical parameters in these ten
sets were water solubility (occurrence within 5 sets), density (5

that has the maximum standard distance between the group means of 3R{S), Hansen dispersi_on ® sgts), Hansen hydrogen bonding (5
possible linear combination of the given variables and represents the mo&®1ts), and sum of partial positive charges (8 sets). Each of the

Z =Xy + Xy + o+ X,
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FIG. 2. Structures of nonirritant "y |
esters that comprised the database.

ten sets contained at least one of these five descriptors andrfeans. For the ten models, the squared distance ranged from
direction of the association of each of these descriptors with6 to 10.2, with a mean value of 4.9 (Table 3). Figure 3
activity was consistent (Table 4). Irritant esters had lowelepicts the discriminant functions of models #5 and #7
water solubility and density, higher Hansen dispersion amudicating the squared distance and the degree of overlap of
Hansen hydrogen bonding, and lower sum of partial posititke group functions.
charges compared with nonirritant esters.

The sensitivity (correct prediction of irritant esters) and DISCUSSION
specificity (correct prediction of nonirritant esters) of each
model was determined using leave-one-out cross-validation Although irritant contact dermatitis is a prevalent disease
Values are provided in Table 3. The sensitivity ranged froend numerous chemicals are presumed to cause irritation, the
0.846 to 0.923, with a mean of 0.885 0.025 (95% CI); literature describing human irritant responses to single chem-
specificity ranged from 0.615 to 0.923, with a mean dtals is relatively sparse. A database of human irritants was
0.738 = 0.06 (Cl). The squared distance represents tlieveloped following a critical review of the literature with a
degree of separation between the active and inactive graigmorous set of acceptance criteria. Consequently, confidence is
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TABLE 2 specificity of the discriminant analysis was 0.667. The low
Physicochemical Parameters Examined for Each Chemical predictive power was attributed to the inherent variability in
the patch test data from which the database was constructed.

Reference The stepwise regression indicated a correlation, with=R
Electronic 0.422; cross-validation R= 0.201.
Dipole moment CNDO The ester SAR mode'l of delrmal irritati(_)n presented here
Hansen dispersion MMP differs from most by being derived exclusively from human
Hansen polarity MMP data, and addressing concerns of model consistency and sta-
Hansen hydrogen binding MMP bility. A goal of SAR modeling is to develop a model that
Sum of partial positive charges CNDO dicts th tivity of a lar p f chemicals b don th
Sum of partial negative charges CNDO predicts .e.ac y oralarge group of ¢ e cals based o e
Highest occupied molecular orbital (HOMO) CNDO known actlylty of a subset of such chemicals. Although SAR
Lowest unoccupied molecular orbital (LUMO) ~ CNDO models typically incorporate data from the largest set of chem-
Transport icals available, the set is usually nonrepresentative of the
Water solubility Klopmaret al, 1992 njyerse of chemicals that have the particular toxicity. When
Hydrophilic-lipophilic balance MMP hemicals ar lected for testing for a discrete toxic endpoint
Percent hydrophilic surface area MMP c emllcas are seiecte . O esting for a discrete toxic endpo >
Solubility parameter van Krevelin, 1990  there is usually a suspicion that they may cause the effec? in
Mean water of hydration McGowan, 1990 guestion. Random selection of chemicals for testing, or testing

Log octanol-water partition coefficient (log P) ~ Hansch and Leo, 197%hemicals suspected to be inactive, is not typical. We sought to
Viswanadharetal,  aqdress the issue of generalizability by comparing models

Steric 1989 derived from subsets of the database.
Molecular weight Ten models were generated from the database. Linear
Molecular volume (van der Waals volume) Bondi, 1964; discriminant analysis indicated that physicochemical param-
. Van Krevelin, 1990 eters could distinguish irritant from nonirritant esters. For
Density MMP most of the ten models, water solubility, Hansen dispersion,
surface area | MMP Hansen hydrogen bonding, sum of partial positive charges
Molar refractivity MMP ! !

and density showed association with activity. In contrast to
Note. CNDO, complete neglect of differential overlap, (Pople and Bevethe findings of Barratt (1996), log P was not a frequent
idge, 1970; Pople and Segal, 1965, 1966); MMP, Molecular Modeling Piiscriminator. However, our finding that irritant esters
(version 1.44), Window Chem Software, Inc. tended to have lower water solubility is consistent with
Barratt’s results and suggests that increased dermal pene-
high in the quality of the data used in this investigation and imation favors activity. In addition, the lower density exhib-
the relevance of the findings to human responses. ited by the active esters agrees with Barratt's finding that
An irritant should possess the following properties: 1) thieritants possess lower molecular weight and volume com-
ability to penetrate the lipid-rich stratum corneum of theared with nonirritants.
skin, 2) the ability to exit this layer into the epidermis, and Our model indicated the importance of parameters such as
3) the ability to interact with keratinocytes and/or LangerHansen dispersion, hydrogen bonding, and the sum of partial
hans cells to release mediators of inflammation such pgsitive charges, that are related to intermolecular interactions.
cytokines or eicosanoids. Given the many factors contrdbarratt’s finding that dipole moment is a significant descriptor
ling penetration into the epidermis and reactivity/interactiomay also be interpreted as an intermolecular interaction be-
with cells, there are numerous ways by which a chemicaleen ligand and receptor. It must be emphasized that a direct
may initiate irritation. comparison of the performance of our model with that of
A SAR model of dermal irritation would simplify the regu-Barratt is inappropriate due to the different composition of the
lation of new chemicals proposed for commercial use, amdta bases; ours comprises esters exclusively.
would aid in identifying potential causative agents in situations Transport parameters and electronic parameters related to
of multiple chemical exposures. Several models have be@termolecular interactions were present in most of the ten
reported (Table 5). Models for organic acid and base irritantsodels indicating that chemical partitioning into tissue lay-
that used human data indicate a correlation of pith irrita- ers is likely a prime component of the irritant response.
tion (Berneret al., 1988; Berneret al., 1990; Nangiaet al., Electronic parameters related to reactivity, such as HOMO
1996). Other models in Table 5 are based on rabbit datgmd LUMO, were not significant descriptors. LUMO is a
Barratt (1996) found a diverse set of irritants to have a highglobal electronic property that relates to the electrophilicity
log P, lower molecular weight and molecular volume, andf a compound. Our finding that LUMO does not contribute
higher dipole moment than nonirritants, and interpreted theie discrimination of activity versus inactivity leads us to
findings as indicating greater penetration capacity and reacttenclude that electrophilicity is not the rate-determining
ity of irritants compared with nonirritants. The sensitivity andtep for this set of esters.
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TABLE 4
Association of Major Parameters with Biological Activity

Transport Electronic Steric
Water Hansen Hansen hydrogen Sum partial
solubility dispersion bonding positive charges Density
No. model$ 5 5 5 8 5
Actives Lower Higher Higher Lower Lower
Inactives Higher Lower Lower Higher Higher

#Number of models that contained the indicated parameter.

The stability of the ester model was examined. Stability wa3nly four irritant esters were incorrectly predicted by any one
apparent from the consistency of descriptors in the ten modeadéthe models: citronellyl acetate was incorrectly predicted to
and the direction of association of the descriptors with activitie negative by nine of the ten models, allyl phenyl acetate was
incorrectly predicted by four of the ten models, allyl butyrate
and butyl benzyl phthalate each by one model. The sum of
partial positive charge parameter appears to be responsible for
most of the incorrect predictions. Only one nonirritant ester,
benzyl benzoate, was incorrectly predicted to be positive by all
Y of the models. Isobutyl caproate was incorrectly predicted by
- L5 the majority of the models (4 of 5) of which it was a member.

I.-"' h n As with the irritant esters, the sum of the positive charges
] parameter appeared to drive the incorrect predictions.

P Y s Use of the Models

1 - - - . When using SAR models for predictive purposes, the goal is
- to use the most representative characteristics that differentiate
' irritant from nonirritant esters. Accordingly, all ten models
should be used as opposed to using any one submodel. The
models may be used in one of two ways. A consensus model
Z can be adopted in which an unknown ester would be judged to
7 . be active if it were predicted active by the majority (a consen-
sus) of the ten working models. Alternatively, a combination
L A model can be applied whereby an unknown ester would be
i £ judged active if it were predicted active by at least one sub-
u P [N model.
g‘ _ 1 i - In summary, the results reported here indicate that physico-
o ! Y £ chemical features of certain esters contribute to their ability to
g K A ".I ; cause dermal irritation in humans. The model is directly rele-
L I,r’ vant to human dermal irritation as the data were derived from
s P W human studies, rather than from rabbit irritation data, as has
_,f . d HHE“ been used frequently by others. The features suggest that
e ™, chemical partitioning into the epidermis and intermolecular
- - ———=- —_— reactions are important steps in the irritation process. The
' ' ' ' features are consistent in models derived from subsets of the
| & 4 & C 2 4 b data suggesting confidence in an association between these
Z parameters and human skin irritation. Lastly, the study is based
FIG. 3. Frequency histograms of the Z scores from the discriminalﬂn a limited set of chemicals of one class. As such, it is

function of model #5 (upper) and model #7 (lower). Solid line, nonirritantdnappmp_riate to generalize the model to nonesters until vali-
broken line, irritants. dation trials are performed.
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TABLE 5
SAR Models of Skin Irritation

Source Sensitivity/

Method of data Chemicals Size Db specificity Parameters Reference
Linear regression Human Benzoic acid derivatives 4 NA Correlation with k& Berneret al,, 1988
ANOVA Human Organic bases 5 NA Correlation with pka8 Berneret al,, 1990
Wilcoxon'’s test Human Organic bases 12 NA Correlation with pK&.4 Nangiaet al., 1996
Discriminant analysis Rabbit Neutral & electrophilic 52 0.667/0.667 Log P, DM, 1/MW, — MV Barratt, 1996
Stepwise regression Rabbit Neutral & electrophilic 52 2 -R0.422 Log P, MV, DM, 1/ MW Barratt, 1996
Discriminant analysis Human Esters 42 0.880/0.743 -WS, D, Hd, Hhb, Sppc This study

Note.Db, database; D, density; DM, dipole moment; MW, molecular weight; MV, molecular volume; Hd, Hansen dispersion; Hhb, Hansen hydrogen bond;
Sppc, sum of partial positive charges; NA, not available.
°R* = 0.201 cross-validated.
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