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The structure alerts (SA) for carcinogenicity/mutagenicity are a repository of the science on chemical biological interactions; in addition, they have
a crucial role in practical applications for risk
assessment. In predictive toxicology, it is crucial
that knowledge of SAs is accompanied by knowledge of the structural motifs that modulate their
effects. Recently, we have compiled an updated
list of SAs implemented in the expert system Toxtree 1.50 (open source, freely available). These
SAs are aimed at discriminating between active
and inactive chemicals, and include only modulating factors with a high probability of eliminating
completely the effect of the SA. Here we have
examined the factors that modulate carcinogenic
potency: this is an additional piece of information
that can have a role in ﬁne-tuning a risk assess-

ment. The case study selected is the carcinogenic
potential of the aromatic amines in rats and mice.
As the carcinogenic potency of these compounds
is different in mice and rats (correlation coefﬁcient
5 0.546), there are both agreements and differences in the pattern of these motifs. Differences
are observed mainly for the motifs that decrease
the carcinogenic potency of aromatic amines. In
mice, substitutions ortho and meta to the amino
group tend to decrease the potency, as well as
2NO2 in any position. In rats, these motifs affect
the potency to a more limited extent. On the other
hand, increasing effects are quite similar in the
two animals and are exerted mainly by additional
rings, tricyclic systems, ﬁve-numbered rings, and
N-heteroaromatic systems. Environ. Mol. Mutagen. 50:152–161, 2009. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION
The structure–activity relationship (SAR) paradigm provides a wide range of tools that can be exploited in
research on the toxicity of chemicals and in the generation of models aimed at predicting toxicity from the
chemical structure, in the absence of experimental data.
Such predictive models have an expanding role in the regulation of chemical risk [OECD, 2006; Benigni et al.,
2007b; Worth et al., 2007].
The SAR approaches have different degrees of approximation/uncertainty and apply to different scopes [Franke,
1984; Kubinyi, 1993; Benigni, 2005]. On one hand, there
are the ﬁne-tuned quantitative SAR (QSAR) methods that
apply to congeneric classes of chemicals and provide
mathematical models based on physical chemical or structural parameters. These methods (with modiﬁcations)
have been extended also to noncongeneric sets of chemiC 2009 Wiley-Liss, Inc.
V

cals; many of the most popular commercial systems
belong to the latter category.
On the other side, there are coarse-grain approaches
such as the structure alerts (SAs). These are reactive
chemical groups, or molecular substructures that have
been recognized to be able to elicit toxic effects: the
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knowledge of the SAs is often accompanied by knowledge of their modulating factors, i.e., substructures that,
when present together with a SA in a molecule, can
enhance or inhibit the effect of the SA. In addition to
increasing our understanding of the chemical biological
interactions underlying chemical toxicity, the SAs have a
crucial role in practical applications for risk assessment,
including: (a) the description of sets of chemicals; (b) preliminary hazard characterization; (c) formation of categories, for example, for regulatory purposes; (d) generation
of subsets of congeneric chemicals to be analyzed subsequently with QSAR methods; and (e) priority setting
[Benigni et al., 2008a].
In the ﬁeld of mutagenicity and carcinogenicity, SAs
have a long history and several lists of SAs have been
published or implemented into software programs for predictive toxicology [Benigni and Bossa, 2008]. Recently,
in the framework of a collaboration between the European
Chemicals Bureau and the Istituto Superiore di Sanità we
reviewed the various evidence related to SAs for mutagenicity and carcinogenicity; based on this survey, a new
compilation of SAs has been generated that compiles previous work in an optimized form for computer implementation. The revised compilation is now included in the
open source Toxtree 1.50 software for predicting the toxicity of chemicals (freely available from the European
Chemicals Bureau website: http://ecb.jrc.it/qsar/qsar-tools/
index.php?c5TOXTREE) [Benigni et al., 2008a].
An important element for the efﬁciency of SAs in predictive toxicology is the knowledge of modulating factors.
In the Toxtree 1.50 rules, the SAs are aimed at discriminating between active and inactive chemicals, and only
modulating factors that have a high probability of completely eliminating the effect of SAs have been considered
and implemented. In this article, we study the factors that
modulate carcinogenic potency; this is an additional piece
of information that, after having established the carcinogenic potential of a chemical, can have a role in risk
assessment procedures. The case study selected for the
present analysis is the aromatic amines. These chemicals
have considerable environmental and industrial importance, and toxicological data have been reported for a
large number of them [Lai et al., 1996; Sugimura, 1997;
Vineis and Pirastu, 1997; Skog et al., 1998; Woo and Lai,
2001]. In previous work we have performed QSAR investigations on the activity and the potency of the aromatic
amines, for both mutagenic (Salmonella) and carcinogenic
(rat and mouse) endpoints [Benigni et al., 2000, 2007a;
Franke et al., 2001]. In the present investigation the effect
of structural motifs on the carcinogenic potency of aromatic
amines in rats and mice are investigated by using the software program EVAL. EVAL is a topological pattern ﬁnder
based on substructural descriptors that identify patterns
(topological pharmacophores) typical of a biological activity of interest [Streich and Franke, 1988; Hübel and Franke,
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1991a,b]. Thus, motifs that may increase or decrease the
carcinogenic potency of an aromatic amine can be identiﬁed. These motifs can be used to ﬁne-tune conclusions from
previously characterized structural alerts.

METHODS
Structures of 107 aromatic amines and their carcinogenic potency in
rats and mice were obtained from the ISSCAN database on chemical carcinogens
(freely
downloadable
at
www.iss.it/ampp/dati/cont.php?id5233&lang51&tipo57) [Benigni et al., 2008b]. Carcinogenic
activity is expressed as
mice : BRM ¼ logðMW=TD50 Þmouse þ 3
rats : BRR ¼ logðMW=TD50 Þrat þ 3
(MW 5 molecular weight) in accordance with previous investigations
[Benigni et al., 2000; Franke et al., 2001], where TD50 is the daily dose
rate required to halve the probability of an experimental animal remaining free of tumors to the end of its standard lifespan. The TD50 values
are derived from the Carcinogenic Potency Database project (http://
potency.berkeley.edu/cpdb.html). The scaling factor ‘‘13’’ is aimed at
transforming all the potency values into positive numbers for the subsequent EVAL analysis.
Based on the frequency distribution of BRM and BRR (see Figs. 1
and 2) classes were deﬁned as follows:
Class 1 (active compounds)
Rats: BRR > 3.2 (TD50  134)
Mice: BRM > 3.1 (TD50  164)
Class 2 (weakly active and inactive compounds)
Rats: BRR < 2.8 (TD50  338)
Mice: BRM < 2.9 (TD50  268)
Note that a region of uncertainty is allowed for between the class borders. Compounds falling into this region (three for mice and ﬁve for
rats) are eliminated.* All structures and biological data are summarized
in the Supporting Information Appendix.
Nine compounds could not be unambiguously coded for because their
structure is too complex (more than six aromatic rings or condensed systems). These compounds could not be included into the analysis.
After the elimination of the compounds that do not possess a measured value for TD50 or which either fall into the uncertainty region
between the classes or cannot be unambiguously coded, the number of
compounds in Class 1 (active compounds) amounts to n1 5 33 for mice
and n1 5 43 for rats, and in Class 2 (weakly active and inactive compounds) to n2 5 49 for mice and n2 5 39 for rats.
EVAL operates as follows:
1. A library of substructures is deﬁned where the substructures are
considered as potential centers of interaction with the biosystem. To this
end, a two-dimensional artiﬁcial hypermolecule is constructed (see Fig.
3) by superposing all molecules of the series following predeﬁned rules.
The substructures are deﬁned as patterns of atoms or atoms in regions,
nodes, and edges of the hypermolecule, resulting in the list of descriptors
(variables) summarized in Table I.y
2. Each compound is then superimposed over the hypermolecule and
described in terms of the presence or absence of the substructures

*The eliminated compounds either bear a mixture of potency-enhancing
and potency-decreasing fragments, or possess a unique structure. They
do not add information.
y
The letters assigned to the rings of the hypermolecule are arbitrary and
do not follow a predeﬁned system.
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Fig. 1. Distribution of carcinogenic potency values in mice (see details
in the text).

Fig. 2. Distribution of carcinogenic potency values in rats (see details
in the text).

described in Point 1 by means of binary descriptor variables xi which,
for the ith substructure, take a value of 1 if this structure is present and
a value of 0 otherwise. Each compound is then presented as a string containing the variables with a value of xi 5 1 which is a complete and
unambiguous description of its structure.
3. All superimpositions are done by a strict protocol which follows
from the deﬁnition of variables:

substructure. Different pharmacophores can also reﬂect different mechanisms of action.
9. A pharmacophore represents a rule of the general form: if substructure A and substructure B and substructures C or D, but not substructure
E, appear in a compound, then this compound is to be assigned to the
class for which this pharmacophore was developed.
10. The presence/absence of such pharmacophores in a compound
allows estimates of its biological behavior.
In the present case the pharmacophores that were searched for are typical for Class 1 (contain motifs that increase carcinogenicity) or Class 2
(contain motifs that decrease or eliminate carcinogenicity) compounds.
When presenting the results, reference is always made to the positions in
the hypermolecule. As previously stated, nine compounds did not ﬁt into
the protocol of the superposition procedure and had to be eliminated.
For the sake of simplicity the variables occurring in the conjunctions are
not given as numbers but translated into the corresponding substructures of
the hypermolecule. Together with each conjunction, the number of compounds in Class 1 (n1) and Class 2 (n2) for which the respective conjunction is true are presented. Per deﬁnition, ring D and the functional amino
group in position D_1 of the reference pattern are present in all compounds
so that the corresponding variables need not occur in the conjunctions.
It should be emphasized that EVAL is a very ﬂexible software program;
thus it allows the human expert to contribute with her/his expertise to the
derivation of chemically meaningful results. The stepwise interactive process on which EVAL is based together with a strategy to use several cuts
through the data (e.g., by using different substructures as starting points
for the development of conjunctions) minimizes the danger of artiﬁcial
results even if the number of descriptors is high as compared with the
number of observations. Disadvantages are that the deﬁnition of meaningful substructures depends very much on the skill and experience of the investigator. In addition, EVAL requires that the dynamic and three-dimensional events at a biological target reﬂect themselves sufﬁciently well in a
two-dimensional description, at least as far as the topological pharmacophore level is concerned. Finally, features not adequately represented in
the training series of compounds cannot be found.

i. The functional amino group is always in position D_1 (arbitrary selection).
ii. If more than one amino group is present then the amino group in the
ortho-position is selected to be the functional amino group.
iii. Six-membered rings in the reference pattern can accommodate ﬁvemembered rings.
iv. Other things being equal, molecules are so oriented in the reference
pattern such that bulk characterized by molar refractivity is placed in
the direction to the left (see Fig. 3) in the following sequence:
Rings;
Ortho-position; ortho-substituents in mono-ortho substituted compounds are placed in position C_1;
Meta-position; meta-substituents in mono-meta substituted compounds are placed in position C_4;
In the case of ortho, meta-disubstitution, nonpolar groups in the orthoposition such as alkyl are placed in position C_1. With the structures
occurring in the present series this has the consequence that polar
groups such as NH2 or NO2 are then directed towards position E_4.
This protocol is derived by the investigator after careful inspection of
all structures. It is completely arbitrary.
4. An example of the whole procedure is presented in Figure 3 with
compound 4 (ISS2_1_28) for which the following variables have a value of
1: Variable 1, 2, 6, 84, 11, 61, 125, 123, 130, 131, and 139 (see Table I).
5. The descriptor variables are combined into more complex expressions in a stepwise and interactive procedure using logical operations,
mainly ‘‘and,’’ ‘‘or’’ (inclusive or), and ‘‘not.’’ In each step, one more
variable is added.
6. Each combination of variables represents a pattern of substructures.
For example (for a given compound): ‘‘ (x1 or x2) and x3 and (x4 or
x5). . ..’’ The program identiﬁes all compounds possessing a given substructure pattern.
7. As variables are added in each step, the substructure pattern becomes
more complex and is, as a consequence, present in fewer compounds.
Thus, as the pattern grows, compounds are eliminated in each step.
8. This process is interactively organized in such a way that the resulting pattern becomes true for as many compounds of the class of interest
as possible and, in the ideal case, no compound of the other class. Such
patterns are called topological pharmacophores. Different pharmacophores usually exist in parallel depending on, for example, the starting

RESULTS AND DISCUSSION
As detailed in the previous section, the software program EVAL ﬁrst identiﬁes the substructures present in the
set of molecules under study. Conceptually, the substructures correspond to the variables of a fragment-based
QSAR analysis. In a second phase, combinations of substructures are selected in an interactive way. These combinations, or patterns, are called conjunctions. For each
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TABLE I. EVAL Descriptors
Variable

Substructure

Variable

Substructure

1
2

Dummy
D_1 NH2
Rings
Ring A
Ring B
Ring C
Ring D
Ring E
Ring F
Ring G
Ring H
Ring I
Ring J
Ring K
Ring L
Ring M
Ring N
Ring O
Only A
A 5-Ring
D 5-Ring
G 5-Ring
H 5-Ring
J 5-Ring
A
A_2 O
A_6 NH2
B
B_1 OH
B_2 N
B_3 O
B_5 NO2
C
C_1 Me
C_1 OMe
C_1 OH
C_1 Cl
C_1 F
C_1 N
C_1 NH2
C_1 NO2
C_1 COOH
C_2 N
C_2 S
Not deﬁned

42
43
44
45
46
47
48
49
50
51
52
53
54

C_3 N
C_4 N
C_4 NH
C_4 NH2
C_4 NO2
C_4 Cl
C_4 NO2
C_4 NHCOMe
C_4 Me
C_4 F
C_4 SO3H
C_4 COOH
C_4 Et
D
Not deﬁned
D_2 N
D_3 N
D_4 N
E
E_1 Me
E_1 OMe
E_1 Cl
E_1 Br
E_1 C5O
E_1 NH2
E_1 OEt
E_1 NO2
E_1 OH
E_1 F
E_2 OH
E_4 F
E_4 N
E_4 O
E_4 NH2
E_4 NH
E_4 NO2
E_4 Cl
E_4 Me
E_4 CO
E_4 COOH
E_4 NO2
F
F_1 O
F_1 NH2
F_3 NH2

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Variable
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122

Substructure

Variable

Substructure

G
G_1 CH or C
G_1 N
G_1 O
G_1 S
G_1 NH
G_1 NH2
G_1 OMe
G_1 O
G_1 OH
G_1 Cl
G_1 Br
G_1 Me
G_1 NO2
G_1 F
G_1 NHC2H4OH
G_2 CH
G_2 N
G_2 NH
G_2 O
G_2 NH2
H
H_1 OH
H_1 Et
H_2 OH
H_2 O
H_2 N
H_2 Et
I
I_1 N or NH
I_2 Cl
I_2 NH2
I_2 OMe
I_3 SO3H
I_3 Cl
I_3 OMe
J
J_1 N
K
K_1 NH2
K_3 CH3
L
L_1 NH2
L_1 F
L_1 Cl

123
124

L_3 Cl
L_3 Me
M
M_1 NH2
O
O_1 NH
P
P_4 NH
P_1 OMe
General
Not H in C_1
Not H in E_1
Not H in (C_1 oder E_1)
Not H in (C_1 und E_1)
Not H in C_4
Not H in E_4
Not H in (C_4 oder E_4)
Not H in (C_4 und E_4)
NO2 present
2 NO2 present
2 NH2 present
Additional
>2 NH2 present
C_1 OEt
E_4 NHCOMe
C_1 O
I_3 Me
M_1 Cl
Q_3 NH2
Not deﬁned
G_1 SO2
R_2 N(O)OH
D_2 S
D_2 O
F 5_ring
B_6 N(O)OH
J_1 S
I_2 NHNH2
F_2 N
H_2 Me
J_2 Me
E 5-ring
E_1 N
G_1 CH2OEt

125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

For the identiﬁcation of rings and positions, see Figure 1.

conjunction, the number of active (n1) and inactive or
weakly active (n2) compounds is determined: based on
the relative proportion of n1 to n2, the inﬂuence exerted
by the substructure patterns (conjunctions) on the carcinogenic potency is assessed.
Results for Mouse Carcinogenicity
Motifs That Decrease the Carcinogenic Potency
Substitution in the ortho-position frequently, but not
always, decreases or eliminates carcinogenic potency.

According to the superposition protocol, the ortho-position
corresponds to position C_1 in the hypermolecule (Fig. 3).
A one-variable conjunction (1) indicating ortho-substitution
already eliminates 20 of the 33 active compounds, but it is
still true for 32 out of the 49 Class 2 analogs:
Not H in position C 1
n1 ¼ 13; n2 ¼ 32

ð1Þ

Conjunction (2) shows ortho-substituents that almost
always lead to very low carcinogenic potency or to inac-
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Fig. 3. Reference pattern onto which the individual chemicals are mapped to be processed by EVAL (see
details in the text). Superposition of compound ISS1_1_28 is shown as an example.

Fig. 4. Examples of compounds in Class 2 (mouse) according to conjunction (2).

tivity, with 21 inactive and only one active compound
covered; the most frequently occurring substituents of this
type are o-OMe and o-Cl (see also Fig. 4):
ðOMe or Cl or OH or NH2 or NO2 or COOHÞ
present in C 1
n1 ¼ 2; n2 ¼ 21

ð2Þ

The substituent Me in the ortho-position is compatible
with both high potency as well as low or no activity

depending on the coexisting substructures; o-Me is not a
typical potency decreasing motif. The substituents F or N
(as ring atom) can increase the carcinogenic risk. Thus, in
agreement with results of previous discriminant and
Hansch analysis [Benigni et al., 2000; Franke et al.,
2001], small ortho substituents may increase carcinogenic
potency, while larger substituents tend to have the opposite effect.
Conjunction 3 shows that the occurrence of the NO2
group in aromatic amines diminishes or destroys carcino-
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Fig. 5. Examples of compounds in Class 2 (mouse) according to conjunction (5) (ﬁrst row) and conjunction
(6) (second row).

genic potency, unless this effect is counterbalanced by the
presence of a strongly activity enhancing substructure
such as ring F (see below); the negation ‘‘not ring F’’
eliminates two Class 1 compounds:
NO2 present in any position and not ring F
n1 ¼ 0;

n2 ¼ 12

ð3Þ

Conjunction 4 shows that substituents in positions C_4
and E_4 of the reference pattern, which correspond to the
meta-positions in anilines, are compatible with both high
and low potency:
Not H in C 4 or E 4
n1 ¼ 10; n2 ¼ 20

ð4Þ

Although conjunction (4) describes a group of compounds
in which the inactive ones dominate, there are still 10
active analogs present. Substituents in the meta-positions
with the potential to decrease the carcinogenic activity are
summarized in conjunction (5) (see Fig. 5; acidic groups:
COOH or SO3H):
ðNH2 in C 4 or E 4Þ or ðCl in C 4 or E 4Þ or ðNO2 in
C 4 or E 4Þ or ðacidic group in C 4 or E 4Þ present
n1 ¼ 3;

n2 ¼ 19

ð5Þ

In the node G_1 which corresponds to the para-position
of anilines a number of substituents (not: second phenyl
ring) decrease activity according to conjunction (6) (see
Fig. 5):

ðNH2 or OMe or OH or NO2 or NHC2 H4 OH in G 1Þ
and not Me in E 4
n1 ¼ 0;

n2 ¼ 15

ð6Þ

Note that the features G_1 OH and G_1 NHC2H4OH, respectively, are supported by only one observation. The other substructures can be regarded as activity decreasing motifs.
With 43 out of 49 Class 2 compounds, the above conjunctions describe the majority of the Class 2 compounds
and, thus, represent the most typical structural motifs that
render aromatic amines weakly active or inactive in the
structural space spanned by the training series. It must be
noted, however, that these motifs partially overlap and
occur together. With EVAL it is not possible, in such
cases, to decide which of two motifs is the more important or whether both are needed to decrease the activity.
Motifs That Increase the Carcinogenic Potency
In keeping with results of previous Hansch analyses
[Benigni et al., 2000] emphasizing the role of hydrophobicity for the carcinogenic potency of aromatic amines,
additional rings frequently show an activity supporting
effect. In a ﬁrst step the effect of an additional ring in
compounds of the biphenyl type with the second ring in
the para-position of ring D, which corresponds to ring J
in the hypermolecule, were investigated:
Ring J and not ðOMe or NH2 in C 1Þ and not Et in C 4
n1 ¼ 8; n2 ¼ 0
ð7Þ
Obviously, ring J is a potency-enhancing feature. Its
effect can be destroyed by the occurrence of potency
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Fig. 6. Structures according to conjunctions (7) (A) and (8) (B): Active compounds in mice. Lettering corresponds to the hypermolecule.

decreasing motifs such as OMe or NH2 in C_1 (see Point
3i in the description of EVAL in the ‘‘Methods’’ section)
or Et in C_4, which are eliminated in conjunction (7) by
the corresponding negations (see Fig. 6).
Another typical feature for high potency is a tricyclic
ring system always containing ring G plus the rings F or
J [conjunction (8); see Fig. 6]:
Ring G and ðring F or ring JÞ present
n1 ¼ 7;

n2 ¼ 0

ð8Þ

The presence of ﬁve-membered rings in either ring D or
ring G seems to be typical of active structures as follows
from conjunction (9) (negation of the activity destroying
NO2 in C_4 group eliminates one inactive compound):
Ring D or ring G 5  membered and not NO2 in C 4
n1 ¼ 11;

n2 ¼ 0

ð9Þ

N in ring D replacing C in the ortho- or meta-positions of
ring D (but not in the para-position) is also an activity
increasing motif (compounds with the activity decreasing
features NH2, NO2, or Et in C_4 eliminated):
N present in ortho- or meta-positions of ring D
but not ðNH2 or NO2 or EtÞ in C 4
n1 ¼ 11;

ð10Þ

n2 ¼ 0

The group of compounds described by conjunction (10)
contains a subgroup of nine compounds which also
possess the activity promoting features ‘‘ring D or ring G
ﬁve-membered ring’’ described by conjunction (9).
Obviously, there is a large overlap of the groups of
compounds described by the above conjunctions. Figure 7
summarizes some compounds that ﬁt both conjunction (9)
and (10). Nine active compounds have both a ﬁve-membered ring and nitrogen in ring D (not in the para-position), two active compounds have a ﬁve-membered ring
but not N in ring D, and two active compounds have N in
ring D but no ﬁve-membered ring. Therefore, it is difﬁcult to decide which feature has more weight for the

increase of carcinogenic potency: N in ring D or the presence of a ﬁve-membered ring in D or G. Also, the possible effect of coexisting features is not quite clear. With
the information available from the training series the following conclusions seem to be reasonable from a practical
point of view: the presence of a ﬁve-membered ring in D
or G together with N in ring D (not in para-position D_4)
is a strong indication of an increase in carcinogenic potency, and the presence of a ﬁve-membered ring in D or
G alone without N in ring D or no ﬁve-membered ring in
D or G with N in ring D (not in the para-position) still
make an increase in carcinogenic potency very likely.
Results for Rat Carcinogenicity
Motifs Which Decrease the Carcinogenic Potency
Conjunction (11) shows that ortho-substitution does not
decrease rat carcinogenicity as frequently as seen with
mouse carcinogenicity [compare with conjunction (1)]:
Not H in C 1
n1 ¼ 19; n2 ¼ 24

ð11Þ

As shown in conjunction (12), if compounds possessing
an additional ring (activity enhancing feature, see below)
are eliminated, only seven Class 1 analogs remain:
not H in C 1 and no additional ring
n1 ¼ 7;

n2 ¼ 23

ð12Þ

A closer inspection of the compounds involved and the
development of additional conjunctions leads to the conclusion that o-Me, o-OH, o-Cl, and o-NH2 have the
potential to decrease carcinogenic activity in rats.
Conjunction (13) represents a large group of mostly
inactive anilines substituted in the meta-positions (positions C_4 and E_4 in the hypermolecule). Two active
compounds are eliminated by negating the presence of the
substituents o-OMe and o-F, which seem to increase
potency (see below; compounds of this type have already
been presented in Fig. 5):

Environmental and Molecular Mutagenesis. DOI 10.1002/em
Structural Factors Modulating the Carcinogenic Potency

159

Fig. 7. Examples of compounds that ﬁt both conjunctions (9) and (10) (active in mice). Lettering corresponds to the hypermolecule.

ðNH2 in C 4 or E 4Þ or ðCl in C 4 or E 4Þ or ðNO2 in
ðC 4 or E 4Þ or ðCOOH in C 4 or E 4Þ or ðMe or Et in
C 4Þ or ðSO3 H in C 4Þ but not ðOMe or F in C 1Þ
n1 ¼ 2; n2 ¼ 14
ð13Þ
Thus, NH2, Cl, NO2, and COOH in both C_4 and E_4, and
Me, Et, and SO3H in C_4 are motifs that decrease potency.
Decreased potency also tends to occur with certain
small substituents in position G_1 of the hypermolecule
under the condition that only ring D is present (all compounds are para-substituted anilines), as is shown by conjunction (14) (for compounds of this type, see Fig. 5):
ðNH2 or OMe or OH or Cl or NO2 present in G 1Þ and
no additional rings
n1 ¼ 1; n2 ¼ 13

ð14Þ

Two additional compounds, which are not covered by
conjunction (14) with Br or F in G_1, are active, and pMe appears in active as well as in inactive compounds
depending on what features are present in other positions.
Motifs That Increase the Carcinogenic Potency
Ortho-substitution can also promote activity depending
on the ortho-substituent and the substructural features
appearing in other regions of the molecules. For example,
OMe in the ortho-position occurs in four active and one
inactive compound. The inactivity of the latter may be
due to the presence of the strongly potency decreasing
feature ‘‘OMe in G_1’’ (see above). However, two of the
four active compounds also possess additional rings that

will be shown to be strongly activity increasing motifs.
This makes it difﬁcult to decide whether or not o-OMe is
a prominent activity enhancing motif. What can be safely
concluded is that the substituent o-OMe is not incompatible with high carcinogenic potency in rats. The same is
true for o-F. With o-Me the situation is even more complicated. Compounds with o-Me can show high carcinogenicity when substructures that enhance potency are present in the other positions. On the other hand, if o-Me is
accompanied by strongly activity decreasing substructures
the compounds will have low potency.
Conjunction (15) is an adjunction of ring variables and
covers all compounds with more than one ring:
Ring A or B or C or E or F or G or H or I or J or K
or L or N
n1 ¼ 33; n2 ¼ 6

ð15Þ

Potency decreasing features occur in four out of the six
inactive compounds. It is obvious, therefore, that within
the structural space spanned by the compounds considered,
addition of rings almost always leads to high potency as
was already the case with mouse carcinogenicity. The following conjunctions provide a more detailed picture.
Conjunction (16) presents nine active compounds with
ring J after elimination of two analogs with the inactivity
features (see above) NH2 in C_4 or E_4 (see Fig. 8):
Ring J and not ðNH2 in C 1 or E 4Þ
n1 ¼ 9;

n2 ¼ 0

ð16Þ

Thus, ring J clearly is a motif that increases potency. The
compounds described by conjunction (16) include biphen-
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Fig. 8. Examples of compounds described by conjunctions (16) and (17). Compounds A and B ﬁt into (16),
C and D into (16) and (17), and E and F into (17). Lettering as in the hypermolecule.

yls and tricyclic systems. A bridge of the type C, CH, N,
O, S, or SO2 between the two phenyl rings (compounds
of the type Ph-bridge-Ph-NH2) is also compatible with
high potency.
Another typical feature for high potency is a tricyclic
system containing the rings G or H (note that ring D is
always present); these rings are present in ﬁve of the nine
compounds covered by conjunction (16) (see Fig. 8):
Ring G or ring H but not NH2 in M 1
n1 ¼ 11; n2 ¼ 0

ð17Þ

As shown in conjunction (18), many of the active compounds contain ﬁve-membered rings in D or G:
Rings D or G 5-membered
n1 ¼ 10; n2 ¼ 0

ð18Þ

Conjunction (18) corresponds to conjunction (9) for mice
carcinogenicity. Considering the nitrogens in ring D leads
to conjunction (19):
ðN in position C 2 or C 3 or D 2 or D 3Þ and
not NH2 in E 4
n1 ¼ 11;

n2 ¼ 0

ð19Þ

Conjunction (19) corresponds to conjunction (10) for
mice carcinogenicity. As was the case for mice carcinoge-

nicity, a large overlap between the groups of compounds
described by the above conjunctions occurs (compare
with Fig. 7). The conclusions are the same as those already discussed for mouse carcinogenicity. The important
message is that additional rings (within the frame of the
hypermolecule and with the possible exception of rings A
and E) as well as N in certain ring positions, are activity
enhancing motifs and lead to high rat carcinogenicity,
unless their effect is counterbalanced by accompanying
activity decreasing features.

CONCLUDING REMARKS
The results from EVAL aid in the evaluation of motifs
that inﬂuence the carcinogenic risk of aromatic amines in
mice and rats. As the carcinogenic potency of compounds
is different in mice and rats (they correlate with only r 5
0.546 in the compounds considered) there are both agreements and differences in the pattern of these motifs. Differences are observed mainly for the motifs that decrease
the carcinogenic potency of the aromatic amines. In mice,
substitutions in ortho and meta to the amino group tend
to decrease the potency, as does the presence of a 2NO2
substituent in any position. In rats, these motifs affect the
potency to a more limited extent (e.g., -NO2 has a
decreasing effect only in the meta position). On the contrary, increasing effects are quite similar in the two experimental animals and are exerted mainly by additional
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rings, tricyclic systems, ﬁve-numbered rings, and N-heteroaromatic systems.
If more than one modulating motif is present in a compound, their effects can mutually enhance or compensate
each other. Thus, the motifs must not be considered in an
isolated context, and the carcinogenic potential of a given
structure should be assessed considering all motifs and
alerts. In addition, the relatively small training series of aromatic amines only allows limited conclusions. The list of
risk modifying motifs, therefore, is incomplete and has to
be continuously modiﬁed and extended as more experimental results become available. With these limitations in mind,
the motifs evaluated by EVAL can still be of high practical
value when prioritization for biological testing is required.
In particular they can aid in the ﬁne-tuning of results
obtained from a more coarsely meshed primary ﬁlter, like
the SA. In addition, estimation of the potency of active
compounds can be useful in risk assessment procedures
aimed at establishing levels, or thresholds, of exposure.
A key point to be kept in mind is that a downregulating
motif will decrease potency but not necessarily lead to inactivity. Evidence from QSAR analyses of aromatic amines,
and of mutagenic/carcinogenic chemicals in general, suggests that the structural factors and chemical properties that
differentiate between active and inactive compounds are
different from those that modulate the gradation of potency
of the active compounds. In addition to several studies previously performed in our laboratory [Benigni et al., 2007a],
a recent analysis showed that the probability for aromatic
amines to be carcinogenic, as calculated by QSAR models,
is not correlated with their potency (our unpublished
results). The above results, taken together, indicate that the
assessment of the carcinogenic risk of the amines through
theoretical models should be performed in two steps: ﬁrst,
discrimination between positives and negatives; and second, estimation of the potency of the actives alone. The
results of the present study are aimed at contributing to the
second phase of the process.
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