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enhancement to Tetrahymena pyriformis, fathead minnow, and Daphnia magna

Weicheng Zhang*, Libao Chen and Lunguang Yao*
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South-to-North Diversion, Project of Henan Province, College of Agricultural Engineering, Nanyang Normal University, Nanyang, China

ABSTRACT

Skin sensitization is an important occupational health problem and immunotoxicity endpoint. Considering
animal welfare and time and cost savings, many alternative approaches, such as those conducted in vitro,
in silico, and in chemo, have been proposed and applied to predict skin sensitization of compounds.
Toxicologically, sensitizers can elicit excess toxicity at greater levels than non-sensitizers due to their cap-
acity to react with proteins/peptides. Based on this understanding, calculated toxicity enhancements (T)
of 65 organic compounds from three in vitro bioassays, i.e. 48-hr ciliate (Tetrahymena pyriformis) growth
inhibition, and both 96-hr fathead minnow and 48-hr Daphnia magna acute lethal toxicities, were
employed to qualitatively and quantitatively predict skin sensitization potencies of the test agents. The
sensitivity, specificity, and accuracy reaching 80% strongly suggested toxicity enhancement was an excel-
lent parameter for predicting skin sensitization. Linear regressions of skin sensitization against toxicity
enhancement were fitted for each bioassay, and they were improved after the sensitizers were categorized
into different reaction mechanistic domains, which, in decreasing order of contribution from T, to sensi-
tization, were SyAr > Sy1 > MA. These results indicated that toxicity bioassays are useful tools and that T,
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could be a useful parameter that might be applied to predict skin sensitization.

Introduction

Skin sensitization (e.g. allergic contact dermatitis, ACD), is an
important immunotoxicologic endpoint that results from the
allergic reaction of sensitizers in the skin (Aeby et al. 2010).
Including allergic and irritant contact dermatitis, ACD is the
second most commonly reported occupational disease, account-
ing for 10-15% of all occupational diseases (Anderson et al.
2011). Currently, the only valid methods for identifying skin sen-
sitization to compounds are in vivo assays, such as the guinea pig
maximization test (GPMT) and local lymph node assay (LLNA)
in mice (mOECD 1992, 2002). However, due to regulatory
requirements to reduce animal testing, researchers have tried to
develop alternative (in vitro, in silico, and in chemo) approaches
to predict allergenic compound skin sensitization potency
(Aptula et al. 2006; Arning et al. 2009; Roberts and Natsch 2009;
Aeby et al. 2010; Jeong et al. 2013). Common to these additional
approaches is a fact that a key step in skin sensitization is the
formation of a covalent adduct between skin sensitizers and local
proteins/peptides (Natsch and Gfeller 2008; Aleksic et al. 2009).
Although aquatic toxicity and skin sensitization are different
endpoints, their chemical reaction mechanisms are partially the
same (Aptula and Roberts 2006). From the skin sensitization per-
spective, the higher the sensitizer reactive capacity, the higher is
its sensitization potency (Natsch and Gfeller 2008). Moreover, it
is accepted that when a compound presents reactivity to a pro-
tein/peptide, it could be a potential sensitizer (Gerberick et al.

2007) regardless of bioavailability. From a toxicity perspective,
the higher the reactive capacity of an organic agent, the greater
the excess toxicity elicited by that agent (Bohme et al. 2009;
Schramm et al. 2011). Chemically, the covalent binding of react-
ive compounds to DNA could lead to mutagenesis or genotoxic-
ity (Thaens et al. 2012), binding to protein and/or peptides could
lead to excess toxicity (Bohme et al. 2010), and binding to
immuno-proteins in skin could lead to skin sensitization
(Roberts et al. 2011). Based on this link between skin sensitiza-
tion and excess toxicity, it has been hypothesized that a sensitizer
can elicit excess toxicity because of its reactive capability but that
a non-sensitizer will only show narcotic-level toxicity due to a
lack of reactive capacity.

Toxicity enhancement (T.), previously termed excess toxicity,
is widely used to determine whether a compound can elicit react-
ive toxicity through a comparison with its baseline toxicity (von
der Ohe et al. 2005; Schramm et al. 2011). T.= 10 has been pro-
posed as a threshold to discriminate reactive from non-reactive
compounds. Similarly, one reasonably assumes that toxicity
enhancement can be utilized to discriminate a sensitizer from a
non-sensitizer. In the present study, data on the toxicity of 65
compounds to Tetrahymena pyriformis, fathead minnow, and
Daphnia magna were compiled and collected, and toxicity
enhancements of each in the three biosystems were calculated
and applied to predict their sensitization potency. The three
selected assays in the different species, toxic endpoints, and
exposure durations demonstrated that toxicity enhancement was
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Table 1. Classification of skin sensitization potency
through EC3 values.

EC3 value (%) Potency

<0.1 Extreme sensitization
>0.1-<1.0 Strong sensitization
>1.0-<10 Moderate sensitization
>10-<100 Weak sensitization
>100 Non-sensitization

Method from Gerberick et al. (2005).

a reliable parameter that could be used to predict skin sensitiza-
tion potency and discriminate strong (and extreme) and moder-
ate sensitizers from weak and non-sensitizers.

Materials and methods
Skin sensitization data

Skin sensitization estimates for the compounds of interest -
based on local lymph node assay (LLNA) outcomes - were
obtained from Gerberick et al. (2005) and Kern et al. (2010).
Based on EC3 values, the compounds were categorized into five
sub-categories (Table 1), i.e. extreme, strong, moderate, weak,
and non-sensitizers. Log EC3 values of each were calculated
(Equation (1); MW = molecular weight). Values were not calcu-
lated for non-sensitizers.

logEC3 = log(EC3/MW) M

Aquatic toxicity data

Data on aquatic toxicity to three aquatic organisms by the test
compounds were collected from the U.S. EPA ECOTOX database
and QSAR Toolbox 2.2. Experimental toxicity data (48-hr ECsy,
50% growth inhibition concentration) were collected for the cili-
ate T. pyriformis, but data from minor 40-hr or 24-hr assays
were also accepted. Additionally, data on 96-hr LCs, (50% lethal
concentration) experimental toxicities towards fathead minnows
were used, as were experimental acute toxicity (48-hr LCsy, 50%
lethal concentration) data with the cladoceran Daphnia magna.
Only immobilization data (ECsy, 50% effective concentration)
were obtained for the minority compounds in the present
research. The data set of information on the 65 agents represents
an overlap between the LLNA and ECOTOX databases. Some
compounds were excluded from the set due to their very com-
plex structures or they were not widely utilized in daily life. Still,
although the set here did not comprise the full LLNA database,
the number of selected compounds was in the range of that used
in the Direct Peptide Reactivity Assay (DPRA), ie., 38 com-
pounds used in 2004 and 82 in 2007 (Gerberick et al. 2004,
2007). This limited pool of test agents would be in keeping with
another OECD-accepted in vitro assay; assessments of the Nrf2
pathway activation in keratinocytes also just examined 67 test
agents in the model (Emter et al. 2010).

Reaction mechanistic domains

Previous studies suggested categorizing the sensitizers through
their reaction mechanism domains (Aptula et al. 2005).
Therefore, in the present research, these compounds had been
categorized according to their reaction mechanisms, which were
followed by QSAR Toolbox 2.2 suggestions. Accordingly, mul-
tiple reaction mechanisms had been proposed for some agents.
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Table 2. QSAR equations used to describe basic toxicity of organic agents to
each organism.

Test organisms n Baseline toxicity equations r S

Tetrahymena pyriformis 87  logECsy[M] = —0.78 log Ko —0.99 0.96 0.20
Fathead minnow 68 logLCsy[M] = —0.85log Kow—1.41 0.94 0.34
Daphnia magna 36 loglCysp[M] = —0.857log Kow—1.281 0.90 0.44

Number of samples (n), correlation coefficients (), and standard errors (s).

For example, Compounds 8 and 10 act either as pro-Michael
acceptors or via Syl reaction mechanisms, and compound 9 acts
either Michael acceptor or Syl reaction mechanisms. Thus, the
Sn1 reaction mechanisms were selected as the dominant type for
these compounds based on QSAR Toolbox 2.2 suggestions.
Considering the roles of bio- or chemical-transformations, pro-
Michael acceptors were classified as using Michael addition (MA)
reaction conditions. Chemically, the non-sensitizers had not been
expected to bind with proteins/peptides; as such, the QSAR
Toolbox 2.2 suggested these compounds had no
tion mechanisms.

reac-

Basic and excess toxicity

Basic toxicity (defined as minimal toxicity correlated with hydro-
phobicity) of the 65 compounds to the three aquatic organisms
were calculated through log K., regression models (van Leeuwen
et al. 1992; von der Ohe et al. 2005; Ellison et al. 2008). The
baseline toxicity models for each organism are summarized in
Table 2; hydrophobicity, log K., was obtained using EPI Suite
4.1 software. Toxicity enhancements (T,) of each compound
were calculated using Equation (2) (comparing experimental tox-
icity with narcotic toxicity).

_ ECs/LCyy(narc)

= 2
EC50/LC50(eXp) ( )

€

Results
Excess toxicity data for 65 compounds

Values for toxicity enhancements (log Te) to the three organisms
by the compounds of interest are shown in Table 3, which also
summarizes the skin sensitization (log EC3), reaction mecha-
nisms, as well as physicochemical properties of each agent. The
toxicity enhancements of some compounds were unavailable
because their toxicity data were missing. Figure 1 illustrates that
the relationship between toxicity enhancement and sensitization
potency presented a similar trend in all three organisms, i.e.,
extreme/strong sensitizers yielded the highest excess toxicities
(average log T.>2.50), followed by the moderate sensitizers
(average log T, > 2.10). In comparison, weak and non-sensitizers
showed only narcotic toxicity, with an average log T. < 1.00 and
<0.50, respectively. Generally, a threshold of log T.=1 is applied
to separate excess toxic compounds from narcotic-level com-
pounds (Blaschke et al. 2010, 2011; Schramm et al. 2011). In the
study here, log T.=1 was also used to discriminate strong,
extreme, and moderate sensitizers from weak and non-sensitizers.
All the bioassays yielded good sensitivity, specificity, and accur-
acy (of at least 80%) (Table 4). The fish model yielded the high-
est degree of accuracy (90.2%) and specificity (93.8%); the D.
magna model presented the highest sensitivity (95.7%).
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Reaction Mechanism
NB

log T Daphnia
—0.09
—0.44
0.26
N/A
—0.28
0.50

log T, fish
—0.26
—0.14
—0.02
0.90
N/A
—0.01

log T, ciliate
N/A
N/A
N/A
232
0.07
0.72

log EC3
NS
NS
NS
NS
NS
NS

Potency
NS
NS
NS
NS
NS
NS

EC3 (%)
NS
NS
NS
NS
NS
NS

log Kow
473
3.62
2.18
0.72
1.16
—1.47

CAS
85-68-7
637-07-0
134-62-3
15128-82-2
123-51-3
111-46-6

Name
1,2-Benzenedicarboxylic acid, butyl phenylmethyl ester

Clofibrate
Benzamide, N,N-diethyl-3-methyl-

2-Nitro-3-pyridinol
1-Butanol, 3-methyl-

Ethanol, 2,2-oxybis-

Data provided: CAS number; logarithmic octanol/water partition coefficient (log K,); skin sensitization potency and skin sensitization values; their logarithmic toxicity enhancements to Tetrahymena pyriformis, fathead

NS: non-sensitizer; N/A: not available; and NB: non-binding.
minnow, and Daphnia magna; and, potential binding reaction mechanisms with proteins or peptides

Table 3. Continued

60
61
62
63
64
65
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Various prediction models for different reaction
mechanism domains

Linear regressions of log T. vs. log EC3 for the bioassays were
calculated and examined (Figure 2, Equations (3)-(5) [Table 5]).
Interestingly, the T. pyriformis bioassay model presented the
steepest slope (—0.807) compared to the fish (—0.377) and
Daphnia (—0.401) models. Previous research has strongly recom-
mended that sensitizers be categorized according to their sus-
pected reaction mechanisms but not their structure classes
(Aptula et al. 2005). Due to limited toxicity and skin sensitization
data, we only obtained three models of log EC3 plotted against
log T. for the Sy1, SyAr, and Michael addition (MA) reaction
mechanisms. MA mechanism models showed negligible improve-
ments; the slopes were not much steeper, and the r* values did
not increase (compare Equation (3)-(5) with (11)-(13)). By com-
parison, each model of the Syl and SyAr reaction mechanisms
showed visible improvements, with much steeper slopes and
increased 7* values.

Contribution of bioavailability to skin sensitization

Regression equations including hydrophobicity as an additional
descriptor to simulate bioavailability are summarized in Table 6.
For all chemical compound groups, hydrophobicity clearly con-
tributed to skin sensitization, though the r* decreased and s
increased (see Equation (14)-(16)). The steeper slopes of log T.
and the negative slopes of log K, in the fish and D. magna
models indicated that reactivity and bioavailability cooperatively
contribute to skin sensitization. Contributions from bioavailabil-
ity were also visible in the models for the different reaction
mechanisms (Sy1, SyAr, MA). Based on the positive slopes asso-
ciated with the T. pyriformis (Sy1; Equation (17) and the min-
now (SyAr; Equation (20), hydrophobicity did not appear to
contribute to skin sensitization potency.

Discussion

The key step in skin sensitization is formation of a covalent
adduct between allergenic compounds and local proteins/peptides
(Natsch and Gfeller 2008; Aleksic et al. 2009). Allergenic com-
pounds could also elicit excess toxicities due to this kind of
reactive capacity. In principle, skin sensitization and aquatic tox-
icity in part share chemical reaction mechanisms, but the end-
points differ (Aptula and Roberts 2006). A general understanding
is that strong (and extreme) and moderate sensitizers can elicit
excess toxicity due to high reactive capacity, but weak/non-sensi-
tizers show only narcotic-level toxicity (due to lack of capacity).
Therefore, it is possible toxicity enhancement (T,) can be used to
screen for skin sensitization potencies.

T. has been successfully used for qualitative monitoring of
skin sensitization (Aptula et al. 2006; Arning et al. 2009). The
present research confirmed the suitability of T, for this applica-
tion. Here it seems the largest T. values were observed with
strong (and extreme) sensitizers (average log T. > 2.50), followed
by moderate sensitizers (average log T.>2.10); only narcotic
toxicities were found with the weak (average log T.< 1.00) or
non- (average log T. < 0.50) sensitizers. Compounds with a high
reactive capacity could elicit excess toxicity and strong (or
extreme) or moderate skin sensitization, while those with
weak/no reactive capacity could only induce narcotic toxicity and
weak or no skin sensitization. Thus, T, could be an excellent par-
ameter for use in predicting skin sensitization.



86 W. ZHANG ET AL.

(A) (B) (©)
f f [
'
| .1
L
{ - | ! |
y y y
! [ i |
T | i) ] i T
= | T ) T m 4
| -
+ H T g
[ F | [ '
Tt 1
T 1
T T T T T T T T : T g T T }. T
e St Dok Bt NS i Sty Mo Bk NS e Sy Mobe Wk NS
Pl Pl Poky

Figure 1. Box-plots of toxicity enhancement (log T,) against skin sensitization potency. Skin sensitization potency was identified through EC3 values: extreme <0.1%;
strong 0.1-1.0%; moderate 1.0-10%; weak 10-100%; non-sensitizer >100%. (A) Tetrahymena pyriformis. (B) Fathead minnow. (C) Daphnia magna.

Table 4. Sensitivity, specificity and accuracy of Tetrahymena pyriformis, fathead
minnow, and Daphnia magna bioassay models employing T. =10 as threshold.

Bioassay model n Sensitivity Specificity Accuracy
Tetrahymena pyriformis 50 85.0 80.0 82.0
Fathead minnow 51 84.2 93.8 90.2
Daphnia magna 53 95.7 80.0 86.8

A log T.=1 as a threshold is widely accepted to discriminate
excess toxic compounds from basic toxic compounds (von der
Ohe et al. 2005; Schramm et al. 2011). In the current study, most
of the weak sensitizers only showed narcotic toxicity (average log
T. < 1.0). Aptula et al. (2006) proposed a “rule” that log T.> 0.5
be a threshold to distinguish sensitizers from non-sensitizers.
The present study results were partially consistent with those in
the literature indicating that some weak sensitizers yield only
narcotic-level toxicities. Nevertheless, log T.=1 was still used as
a threshold here to separate strong (and extreme) and moderate
sensitizers from weak/non-sensitizers.

Each bioassay had up to 80% sensitivity, specificity, and
accuracy for use in predicting skin sensitization potency of the
test compounds. The sensitivity, specificity, and accuracy levels
in the Direct Peptide Reactivity Assay were up to 53% in the
pioneer 2004 investigation and improved to 80% in the 2007
analyses. In comparison, another OECD-accepted in vitro assay
applied in a test cell line also obtained a close test accuracy of
85.1% (Emter et al. 2010). The LuSens assay — based on 69 test
compounds - also had up to 80% sensitivity, specificity, and
accuracy (Ramirez et al. 2014). Among the three models eval-
uated here, the highest accuracy and specificity [at-least 90%]
was with the fish system. Furthermore, each organism showed
different sensitivity in predicting skin sensitization, with the pat-
tern fish > D. magna > T. pyriformis. Notably, the assays utilized
different toxicity endpoints (i.e., growth vs. survival) and

exposure durations (96hr vs. 48 hr). Accordingly, such differen-
ces likely governed the sensitivity, specificity, and accuracy of
each model to predicting sensitization potency. Nevertheless, the
levels of consistency suggested that the bioassays evaluated here
provided reliable outcomes, in many cases on par with the
OECD-accepted reactivity assay (DPRA) and other established
in vitro assays.

While 80% sensitivity, specificity, and accuracy of each bio-
assay is laudable, there were still some outliers in each case. For
example, some moderate sensitizers showed only narcotic-level
toxicities or were “non-sensitizers”. There are four possible
explanations for such outliers. (A) Some sensitizers are too
hydrophobic and fail to induce toxicity enhancement in bioas-
says; o-terpinene (26), a moderate sensitizer according to LLNA
(EC3=8.9), is an excellent example. Here, it presented only nar-
cotic-level toxicities (log T.=—0.38 and —0.05 to fish and
Daphnia, respectively) because of its relatively high log K, of
4.25. Generally, the log T, of a compound will decrease with an
increase in log K,, (Schramm et al. 2011), so the toxicity
enhancement of o-terpinene is masked due to a high log K,y.
(B) Some weak/non-sensitizers showed excess toxicities due to
biotransformation in in vitro assays. Vanillin (Compound 55)
fails to induce sensitization due to a high activation energy (car-
bonyl group has deactivation effect) (Patlewicz et al. 2001).
However, if a demethylated methoxy group is present in the
meta and para position, hydroxyl can then be oxidized to a car-
bon-oxygen double bond (Patlewicz et al. 2001; Fabjan and
Hulzebos 2008) - as illustrated in Figure 3 - enabling a Michael
addition. Similarly, 2-nitro-3-pyridinol (Compound 63) shows
toxicity enhancement because of biotransformation (Roberts
et al. 2007). Notably, biotransformation is important for some
sensitizers (especially pro-haptens) to exert their effect (Aptula
et al. 2006; Natsch and Haupt 2013), thus, biotransformation
should be considered during sensitization risk assessment. (C)
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Figure 2. Linear regressions for toxicity enhancement (log T,) against skin sensitization (log EC3) for selected compounds (excluding non-sensitizers). Box-plots for (A)
T. pyriformis. (B) Fathead minnow. (C) D. magna.

Table 5. Linear regressions of toxicity enhancements, log T, against skin sensitization potency, log EC3, for different reaction mechanisms.

log EC3=alog T, +b

Mechanism domain Test organism n a b r s Equation
All compounds Tetrahymena pyriformis 32 —0.789 (+0.077) —0.686 (+0.127) 0.770 0.352 (3)
Fathead minnow 29 —0.377 (£0.071) —0.959 (+0.120) 0.511 0.367 (4)
Daphnia magna 35 —0.401 (+0.056) —0.860 (+0.150) 0.605 0.382 (5)
Sn1 Tetrahymena pyriformis 5 —1.024 (+£0.407) —0.202 (+0.581) 0.678 0.373 (6)
Daphnia magna 6 —1.013 (£0.147) —1.390 (+0.486) 0.922 0.293 (7)
SnAr Tetrahymena pyriformis 5 —1.317 (+£0.186) —0.606 (+0.268) 0.972 0.268 (8)
Fathead minnow 4 —1.150 (£0.202) —0.527 (+£0.352) 0.944 0.346 9)
Daphnia magna 5 —1.928 (£0.195) —0.375 (£0.324) 0.970 0.286 (10)
MA Tetrahymena pyriformis 13 —0.792 (+£0.100) —0.605 (+0.168) 0.856 0.338 11
Fathead minnow 10 —0.417 (£0.109) —0.856 (+0.196) 0.618 0.365 (12)
Daphnia magna 10 —0.492 (£0.102) —0.576 (£0.250) 0.720 0.390 (13)

Slopes of log EC3 denoted by a; b denotes intercepts of regression equations; n: number of compounds; r*: squared correlation coefficient; s: standard error
of estimate.

Table 6. Linear regressions of toxicity enhancements (log T.) as well as hydrophobicity (log K,,) vs skin sensitization potency (log EC3) for different reac-

tion mechanisms.

log EC3=a log Te+ b log Koy + ¢

Chemical class Test organism n a b 4 r s Equation
All compounds Tetrahymena pyriformis 32 —0.761 (£0.160) —0.216 (£0.120) —0.201 (£0.418) 0.440 0.914 (14)
Fathead minnow 29 —0.631 (+0.108) —0.185 (+0.085) —0.307 (+0.280) 0.576 0.711 (15)
Daphnia magna 34 —0.614 (£0.123) —0.309 (£0.119) —0.013 (£0.421) 0.444 0.960 (16)
Snl Tetrahymena pyriformis 5 —1.273 (£0.439) 1.189 (+0.446) 0.258 (+0.865) 0.910 0.821 (17)
Daphnia magna 6 —1.061 (+0.181) —0.201 (£0.171) 1.600 (+0.640) 0.921 0.868 (18)
SnAr Tetrahymena pyriformis 5 —1.845 (£0.206) —0.533 (£0.204) 1.930 (+0.943) 0.984 0.298 (19)
Fathead minnow 4 —0.720 (£0.573) 0.410 (+0.606) —3.227 (+2.830) 0.854 1.022 (20)
Daphnia magna 5 —2.232 (£0.292) —0.267 (£0.213) 1.692 (+1.079) 0.979 0.348 (21)
MA Tetrahymena pyriformis 13 —0.770 (£0.251) —0.197 (£0.248) —0.210 (£0.692) 0.538 0.786 (22)
Fathead minnow 10 —0.750 (£0.140) —0.539 (+0.158) 0.451 (+0.420) 0.784 0.420 (23)
Daphnia magna 10 —0.724 (£0.255) —0.302 (£0.397) 0.395 (+1.000) 0.588 0.875 (24)

Slopes of log EC3 and log K, denoted by a and b, respectively; ¢ denotes intercepts of regression equations; n: number of compounds; r*: squared correlation coef-
ficient; s: standard error of estimate.



88 W. ZHANG ET AL.

0 HO. 0 0~ ,OH
Z 5 3
NAD  NADH Demethylation
E— —
HaC
o c|> HO
OH HC  OH OH
HO /0 HO. 0
Oxidation /'\ NU\H
e Nui—H —
Y 0

Figure 3. Metabolic transformation of vanillin and its possible reactions.

Some skin sensitization data were false-negatives. For example,
benzaldehyde (Compound 41) is identified as a non-sensitizer in
the LLNA, but human data (patch test) indicated it is a moderate
sensitizer (EC3 value of 10%) (Natsch et al. 2012). Indeed, here,
benzaldehyde elicited excess toxicity to the fish (log T.=1.36)
and D. magna (log T.=1.34), and its toxicity to T. pyriformis
was 6-times higher than its narcotic toxicity. Both explanations
(B) and (C) suggest the importance of biotransformation in skin
sensitization. In the three bioassays here, biotransformation of
some sensitizing pro-haptens is possible. However, from past
studies it is clear that in many cases, a presence of additional
enzymes (such as various Pysos or those commonly found in S9
mixes prepared from rat liver) are needed to accurately measure
reactive capabilities of test compounds and their skin sensitiza-
tion potency (Natsch and Haupt 2013). (D) The potency of some
sensitizers could be underestimated in LLNA due to compound
loss via volatilization. By this, some reactive agents that should
be strong or moderate sensitizers exhibit only weak sensitization
potency. Roberts and Natsch (2009) found that loss by volatiliza-
tion was an important factor that could result in low skin sensi-
tization potency in an LLNA. Examples of this can be seen by
comparing methyl (Compound 33) and ethyl (Compound 34)
acrylates to 2-ethylhexyl acrylate (Compound 23). Sensitization
potencies of each agent are comparably weak, but their excess
toxicities differ; this could be explained by significant difference
in vapor pressures, i.e., 1.59 vs. 1.94 vs. —0.75 (log values; EPI
suite), respectively. Such volatilization loss was also noted in
other bioassays and clearly impacted on accurate toxicity calcula-
tions (Schramm et al. 2011).

While T, has been successfully applied in the qualitative mon-
itoring of skin sensitization (Aptula et al. 2006; Arning et al.
2009), the current study established a quantitative relationship
between log EC3 and log T. (excluding non-sensitizers because
of their missing EC3 values) (Equations (3)-(5)). Furthermore,
linear regressions were established for all compound classes as
well as different reaction mechanisms. Interestingly, for all com-
pound classes, the T. pyriformis model had the steepest slope
(—0.807) compared with the fish (—0.377) and Daphnia (—0.401)
models. This result suggested the Tetrahymena pyriformis model
was the most sensitive to monitor skin sensitization potencies.
Indeed, the log T. of T. pyriformis, fathead minnow, and D.
magna (5.96, 6.07. and 6.63-orders of magnitude against the
same 4.80 log units of skin sensitization potency) might help

explain why the T. pyriformis model presented with the steep-
est slope.

The above conclusions were based on the degree of accuracy
and specificity, which indicated the fish model was superior to
the D. magna model. That the two model outcomes conflicted
was possible because of discrepancies between qualitative and
quantitative analyses and partly due to some false-negative log T,
values that could statistically affect their generated regressions.
For example, hexane is structurally a narcotic-level compound
and a non-sensitizer, but its false-negative log T, value (—1.39)
in D. magna suggested an experimental toxicity 10-times below
baseline. Volatilization [and sorption] losses with different expos-
ure durations could also be a reason for the false-negative tox-
icity data, as >99% of hexane can be lost in that manner
(Schramm et al. 2011).

Based on the different slopes, the contribution of toxicity
enhancement to skin sensitization potential followed a decreasing
scale, i.e., SNAr>Syl>MA. This finding agreed with previous
reports that the degree of increase in skin sensitization differed
with each reaction mechanism. As Michael acceptors present the
lowest slopes compared to other reaction mechanisms (Natsch
et al. 2011), this suggests that great increases in toxicity enhance-
ment of Michael acceptors only slightly increase sensitization
potency (compared with sensitizers that act via Syl and SyAr).
Thus, bioassays should be carefully used if monitoring Michael
acceptor sensitization potencies.

Penetration of the stratum corneum is a first step in inducing
skin sensitization (Aeby et al. 2010); this penetration process is
usually modeled by hydrophobicity. Thus, a possible reason for
failure of weak or non-sensitizers to induce skin sensitization
could be a low bioavailability. Hydrophobicity showed a clear
contribution to skin sensitization of the test compounds (though
* decreased while s increased). Slopes of bioavailability (log Kow)
and reactivity (log T.) in the fish and T. pyriformis models
strongly indicated bioavailability and reactivity were inter-
dependent and cooperatively contributed to compound sensitiza-
tion. However, log K,, (which has a broad range) would be
expected to less predictive of skin sensitization potency; this was
confirmed by the steeper slopes of log T. compared to those of
log K, (Equations (14)-(16)).

Bioavailability also seemed to impact skin sensitization
potency via each of the Sy1, SxAr and MA reaction mechanisms.
In the T. pyriformis model for Sy1 (Equation (17) and the min-
now model for SyAr (Equation (20) mechanisms, potency likely
only depended on chemical reactivity, not on hydrophobicity.
In silico studies also suggested that skin sensitization via Schiff
base (SB) and SyAr mechanisms were independent of hydropho-
bicity (Roberts et al. 2006, 2011). For the Michael acceptors, a
role for hydrophobicity in skin sensitization appeared in all three
bioassays, as illustrated by negative log K, slopes and decreased
r* and s values.

Conclusions

Toxicity enhancement (T.) appears to be a useful parameter to
rank skin sensitization potencies of test agents, and could be
used to discriminate strong, extreme, and moderate sensitizers
from weak or non-sensitizers. Still, such enhancements vary in
their ability to be used to predict sensitization potency, due to
their different reaction mechanisms. Nevertheless, these bioassays
seem to be useful approaches to predict skin sensitization by a
variety of compounds and could be applied to replace or reduce
animal tests. However, these tools should be carefully applied



with non-sensitizers that could undergo biotransformation to
agents that now impart excessive toxicity.
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