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Since the passage of  the Toxic Substances Control
Act (TSCA), which requires the U.S.Environmental
Protection Agency (EPA) to assess potential toxic
effects of new and existing chemicals, structure-
activity relationships (SAR) analysis has been
extensively and effectively used in the identification of
potential health hazards of new (Premanufacturing
Notification) industrial chemicals (Arcos, 1983; Auer
and Gould, 1987). To evaluate the potential health
hazards of the large number of  existing chemicals for
which adequate test data are not available, SAR
analysis has been given an increasing role as a basis
for recommending additional testing, for designing
strategic research plans in TSCA programs, and for
setting priorities of testing environmental pollutants
such as disinfection byproducts in drinking water
(Woo et al., 1999).  To carry out pollution prevention
initiatives, SAR has also been used to search for safer
chemical substitutes and in molecular design of new
chemicals (DeVito and Garrett, 1996).  Most recently,
SAR was used for the first time to provide support for
the regulatory decision to list 2,4,6-tribromophenol as
a hazardous waste (EPA, 1998).

Most of the SAR analysis in TSCA programs has been
carried out by a team of experts (the Structure Activity
Team) with extensive knowledge of chemistry,
toxicology and risk assessment.  To capture the
expertise of the Structure Activity Team, the Agency
started a collaborative project with LogiChem, Inc. to
develop a knowledge rule-based expert system, the
OncoLogic system, to predict the carcinogenic
potential of chemicals. In this paper, we present our
approaches for the development of knowledge rules
for the system.

The use of knowledge rules has several advantages: (i)
they are easy to visualize and understand so that users
may be able to better appreciate the reasoning and
even apply to chemicals of their own interest , (ii) they
are amenable to mechanistic interpretation so that the

basis for concern can be strengthened or justified, (iii)
they are amenable to hypothesis testing so that
uncertainties or knowledge gaps can be filled by
designing strategic research, and (iv) they can be
utilized for molecular design of safer chemicals.

There are many possible approaches to the discovery
and development of knowledge rules; these include: (i)
automated data mining, (ii) correlative/statistical, (iii)
mechanistic, (iv) bioavailability-based, (v)
metabolism-based, (vi) exposure-based, and (vii)
policy-based considerations. Ideally, rules discovered
from automatic data mining or correlative analysis
should have mechanistic backing for effective
justification.

The main approach used by EPA’s Structure Activity
Team is mechanism-based with consideration of
bioavailability, metabolism, exposure and policy. 
Computer-assisted substructure searches are also used
to link all relevant data together.  The basic principles
used in mechanism-based SAR analysis of chemical
carcinogens have been discussed (Woo et al., 1995,
Lai and Woo, 1999).  Essentially, from the systematic
review of over 12,000 chemical carcinogens of various
structural classes covered in a series of monographs
(Arcos and Argus, 1974a,b, Arcos et al., 1982, Woo et
al., 1985,1988) and various other new sources of
information, a number of common features are
discernible. The profile of typical potent carcinogens
includes: (i) ability to reach target sites (bioavailability
and exposure consideration), (ii) activation, or staying
active, near or at target site (exposure and metabolism
consideration), (iii) reasonable lifetime to allow
interaction with target  macromolecules (resonance
stabilization of reactive intermediate or metabolically
persistent receptor ligand), (iv) selective, specific and
persistent interaction with target macromolecules, and
(v) ability to act on various stages--initiation,
promotion and progression--of carcinogenesis
(mechanistic consideration).  These principles are
basically applicable to all structural classes of
compounds.  To maximize predictive accuracy,
however, structure class-specific knowledge rules have
been developed to address the special features unique
to the different classes.
 
For each structural class, the process for rule discovery
and development involve: (i) gathering all available
information, (ii) brainstorming to determine
mechanism-based structural features which contribute
to carcinogenicity and secondary factors which modify

From: AAAI Technical Report SS-99-01. Compilation copyright © 1999, AAAI (www.aaai.org). All rights reserved. 



activity, (iii) determining the need to subclassify into amine carcinogenicity  have been developed; these
sub-classes to optimize predictive accuracy, and (iv) include: (i) amino group occupying the terminal end of
narrowing down to crucial factors, assigning longest conjugated chain most favorable, (ii)
importance to each factor and evaluating their disruption of resonance stabilization inhibitory, (iii)
suitability for system development. amino groups with alkyl substitution beyond methyl

To illustrate the process, we use aromatic amines as an with bulky groups flanking amino group inhibitory, (v)
example.  Aromatic amines represent one of the most ring substitution with highly hydrophilic groups
well established class of chemical carcinogens of inhibitory, (vi) ring substitution(s) that distort
occupational and environmental importance with planarity inhibitory, and (vii) highly elongated ring
numerous studies (Woo and Lai, 1999).  The basic system unfavorable.
requirements for an aromatic amine to be carcinogenic
are: the presence of an aromatic ring system (a single These rules have been used in a prospective prediction
ring or more than one ring forming a conjugated of the outcome of  NTP bioassays before they became
system, fused or non-fused) and of the amine/amine- available.  As can be seen from the table in  Figure 5,
generating group (owing to the possible metabolic these rules have accurately predicted the negative
interconversion of the amino group with carcinogen with a concern level of Low, and the clearly
hydroxylamino and nitroso groups and the metabolic active carcinogens with concern level of High-
reduction of the nitro to nitroso, all these groups are Moderate.  In between, we have predicted Marginal or
often termed "amine-generating groups"). Figure 1 Low-Moderate concerns for compounds which were
shows the aromatic ring systems in some well-known shown to be weakly carcinogenic or have equivocal
carcinogenic aromatic amines. The unattached bonds results.  Thus, at least for this batch of chemicals,
on these ring systems indicate the positions where these rules have done a reasonably good job of
attachment of amine or amine-generating group gives predicting not only the carcinogenic activity but also
rise to the most potent carcinogenic compounds. These their relative potency. An expanded prediction of
positions are almost invariably the terminal end of the another 30 NTP chemicals has been published (Woo
longest conjugated chain in the aryl moiety.  As shown et al., 1997).
in Figure 2, such positions are most effective in
resonance stabilization of reactive nitrenium ions Knowing the factors which contribute to or reduce
which could be generated after metabolic activation. carcinogenic activity, it should be possible to
Mechanistically, resonance stabilization apparently synthesize, by molecular designing, safer chemicals 
provides extended lifetime for reactive intermediates by avoiding the factors which are favorable and
to travel from the site of metabolic activation to target capitalizing on factors which are unfavorable for
macromolecules to initiate carcinogenesis. conferring carcinogenic activity.  Figure 6 shows a

Beyond the presence of an aromatic ring system and of utilize to design safer chemicals.  The underlying
amine/amine-generating group(s), SAR analysis has rationales for such approaches are also included.  It is
revealed several other structural features important for hoped that by designing safer chemicals before they
predicting the carcinogenicity of aromatic amines. are introduced to commercial uses, the chemical
These include: (i) number and nature of aromatic industries can make significant contribution to
rings; (ii) nature of amine/amine-generating group(s); pollution prevention.
(iii) nature, number and position of other ring
substituent(s); and (iv) size, shape and planarity of the It should be pointed out that purely structure-based
molecules. Figure 3 shows a synoptic summary of  the SAR analysis does not always work effectively for all
effect of ring substitutions on the carcinogenic activity types of chemicals.  For certain types of chemicals,
of  4-aminobiphenyl and benzidine.  Of particular incorporation of biological information may
interest are the observations that the reduction of significantly enhance predictive accuracy. For
carcinogenic activity by introduction of hydrophilic or example, it is very difficult to predict the carcinogenic
bulky substituents or substitutents at the 2,2’,6,6’- potential of  organophosphorus compounds because of
position(s) which may distort molecular planarity. their complex mechanisms, acute toxicity and rapid
From these data and other supportive information, a detoxification. By incorporating biological
number of  knowledge rules with regard to aromatic information, a better prediction is achievable (Woo et

inhibitory especially if branched, (iv) ring substitution

number of approaches that organic chemists may



al., 1996).  For chemicals in general, an integrative
approach of combining mechanistically
complementary short-term predictive tests as a basis
for assessing the carcinogenic potential of chemicals
has been proposed (Woo et al., 1998).
   
The mechanism-based SAR analysis is a relatively
resource intensive and time consuming process.  It is
hoped that the AI community may develop newer or
improved technology for rule discovery and
refinement, to improve the overall predictive accuracy
and capability.  In the process, however, they should
be aware of the needs to incorporate mechanistic
understanding and/or biological information whenever
possible.  Efforts should be spent to develop hybrid
systems which complement each other to maximize
their strengths and circumvent their individual
limitations.  Collaboration with toxicologists, and
outreach to industrial and regulatory communities will
ensure the development of truly useful toxicity
predictive systems.
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