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M
etabolism has been an established part of drug
development for several decades because of
the recognition of its important contribution to
pharmacological and toxicological profiles. The

compounds produced by metabolism are dependent on the
chemical structure of the drug, and it is therefore logical that
the effects of metabolism are examined during the discovery
phase. Factors that affect which metabolites are formed in-
clude lipid solubility, which functional groups are present
and their positional relationships, size, shape and steric fac-
tors, all of which will influence the fit and electrostatic inter-
actions of a molecule to the active sites of drug metabolizing
enzymes. The advent of combinatorial chemistry has both
provided the means and accentuated the need to establish

criteria and procedures for optimum selection of lead
compounds for development. One approach has been to
use high-throughput screening (HTS) techniques, mainly
in vitro, although this inevitably has some limitations.

The objective is to ensure that, as far as possible, lead com-
pounds are synthesized that possess the optimum pharmaco-
dynamic profile for the intended clinical use without un-
desirable toxicity. One approach is to use existing knowledge
to predict the effects of metabolism and then to propose
modifications that might enhance or limit metabolism or
direct it to alternative, more desirable pathways. Knowledge
of likely species differences for specific structures might also
be important to provide feedback on the relevance of some
HTS techniques that involve non-human test systems. Two
databases have therefore been developed for metabolism
data, namely knowledge-based and predictive databases. The
knowledge-based databases consist of compilations of pub-
lished information on metabolites and can be searched in
several different ways, including by chemical structure and
sub-structure. This enables retrieval of relevant information
on the known metabolites of compounds with similar struc-
tures or on compounds containing specific common moi-
eties. By contrast, predictive databases attempt to portray the
metabolites of a structure based on a set of knowledge rules.

Knowledge-based systems

There are two existing knowledge-based systems, namely
Metabolite, a software product produced by MDL Information
Systems Inc.1 (San Leandro, CA, USA) and the book series,
Biotransformations [Biotransformations: A Survey of the
Biotransformations of Drugs and Chemicals in Animals
(1988–1996, Vols 1–7) (Hawkins, D.R., ed.), The Royal Society
of Chemistry], which has subsequently been produced as a
software product called Metabolism (Synopsys Scientific
Systems, Leeds, UK)2. These products contain information on
the metabolism of compounds abstracted from the scientific
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A key objective during drug discovery is to ensure se-

lection of lead compounds for development that have

the optimum pharmacodynamic profile without undesir-

able toxicity. Metabolism plays a key role in determin-

ing the biological activity of compounds in vivo, and is

therefore an important factor to consider during the

discovery phase. The ability to predict the biotransfor-

mation pathways for specific chemical structures pro-

vides 

the opportunity to implement structural modifications

that might advantageously modify these processes.

Potentially valuable tools include knowledge data-

bases that contain searchable information on the

known metabolites of existing compounds and data-

bases that are designed to predict the metabolites.



literature. Provided the quality of the abstraction and trans-
position of data is high, the limitations of the information ob-
tained are dependent upon the quality of the published data.
The quality is affected by the degree of confidence given to
a metabolite structure assignment and, in some instances,
proposed structures might be speculative based on limited
physicochemical data, sometimes leading to the perpetuation
of myths. However, in the past ten years, the general increase
in quality has been proportional to the greater importance
being placed on metabolism data. Furthermore, information
on the metabolites formed is often incomplete, particularly
for in vivo data. In certain instances, only a few of the
metabolites have been identified and this might only repre-
sent a few percent of the dose. This type of information does
add to the knowledge base but does not provide a profile of
the relative importance of certain pathways. Hence, some
additional quality judgement might be necessary to com-
plement the retrieved information. Knowledge databases
subsequently provide the means to formulate rules for the
second type of product, namely prediction databases.

Uses of knowledge databases include:

• Searching for information on metabolites of compounds
with similar structures to those of interest

• Searching for information on metabolites involving com-
mon sub-structures

• Finding information on specific isozymes (e.g. P450 en-
zymes) involved in the oxidative metabolism of known
structurally related compounds

• Providing alerts to differences between in vitro and in
vivo metabolism and between different species

• Providing alerts to possible toxicity associated with spe-
cific pathways and sub-structures

• Supplying information to assist in the identification of
unknown metabolites for new compound(s).

Metabolism of oxazole or oxadiazole ring systems
These databases can be best illustrated by specific examples.
One such example might be finding information on the likely
metabolism of oxazole or oxadiazole ring systems through
the use of the Biotransformations database2 (Fig. 1). A ring-

cleaved metabolite (Fig. 2c) of zonisamide (Fig. 2a) has been
reported to be formed both in vitro by rat liver microsomes3

and also as a major urine metabolite4. It is presumed that this
metabolite is formed by a reductive process to give an inter-
mediate (Fig. 2b), which is then hydrolyzed to a ketone.
Reduction of the imine also occurs, giving the amine (Fig.
2d) as a minor metabolite. An acetyl derivative of this
amine has also been reported as a human metabolite5.

Ring cleaved products of risperidone (Fig. 3a, structure
1) with the phenolic ketone partial structure (Fig. 3b,
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Figure 2. Metabolites of zonisamide involving
oxazole ring-cleavage.
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Figure 3. Ring-cleaved metabolites (b, structures 1
and 2) of risperidone (a, structure 1) and
iloperidone (a, structure 2).
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Figure 1. Heterocyclic sub-structures

N O N

N

O

1,2-oxazole 1,2,4-oxadiazole

Drug Discovery Today



structure 1) have been identified as minor faecal metab-
olites in the rat, dog and human6,7. Similar metabolites of
the related compound, iloperidone (Fig. 3a, structure 2),
have been reported in vivo and in vitro in the rat and
dog8, and are apparently produced by liver enzymes.

The two compounds containing oxadiazole rings in Figs
4a and 4c might be expected to undergo reductive cleavage
of the N–O bond. Interestingly, however, two very differ-
ent functionalized metabolites are reported in rats, namely
the imide (Fig. 4b)9 and the cyanoamide (Fig. 4d)10. In
fact, in the case of SM6586 (Fig. 4c), cleavage of the oxa-
diazole ring occurs in the absence of ester hydrolysis or
methyl-group hydroxylation. The products of the ring
cleavage might therefore be governed by the nature of the
substituents at position 5.

Retrieval of this information indicates the inherent meta-
bolic stability of the ring system, the nature of the metab-
olites formed and the structural modifications possible to
enhance or limit these pathways. Cleavage of heterocyclic
ring systems often produces a dramatic structural modi-
fication of the molecule, leading to the formation of
metabolites with possible pharmacological implications.
Novel metabolites might also be formed with structures
not readily perceived, an example being the cyanoamide
(Fig. 4d).

Metabolism of the indole ring
Indole rings are a common structural unit in a wide range
of pharmacological agents and searching a database pro-
vides a rapid way of reviewing the pathways involved in
the metabolism of this group and the impact of modifying

functional substituents. Some com-
pounds with recently reported metab-
olites are shown in Fig. 5. The pub-
lished information does not always
provide the comprehensive data on
all compounds to make strict compar-
isons but there are often key pointers
and indications of trends.

One particularly interesting obser-
vation that can be made from such a
search is the relative importance of
ring-hydroxylation. Of all the com-
pounds listed in Fig. 5, sumatriptan is
alone in that no ring-hydroxylation
occurs, and this is partly because of
the blocking substituent in position 5
and the two side-chains that provide
soft targets for metabolism. In particu-
lar, the dimethylaminoethyl side-chain

can be readily oxidized to a hydrophilic carboxylic acid
metabolite, as shown in humans, which can also be conju-
gated with glucuronic acid11. The unsubstituted com-
pound, DIIM, has a secondary alcoholic-group in the side-
chain (which is available for direct conjugation) and the
respective glucuronide is a major human metabolite with
the 6-hydroxy compound being only a minor
component12. Pindolol has a similar side-chain, although
located on the phenyl ring, and while an O-glucuronide 
is produced, additional side-chain and ring oxidation
products are formed13. The thiophenyl group in L734005
provides an opportunity for both S-oxidation and 
ring-hydroxylation, although it is accompanied by hydrox-
ylation in position 6 (Ref. 14).

Consideration of those compounds possessing unsubsti-
tuted rings indicates that hydroxylation can occur at any of
three positions. The favoured position is meta to the indole
nitrogen while hydroxylation at the corresponding ortho-
position only occurs in tropisetron15 and ondansetron16. The
side-chain of dolasetron provides the opportunity for keto-
group reduction and the formation of hydrophilic con-
jugates, which are major pathways17. It is therefore appar-
ent that structural modifications can greatly influence the
extent and position of ring-hydroxylation in the indole
sub-structure.

Predictive databases

Knowledge databases provide the basis for development of
predictive programmes. The concept of prediction in metab-
olism can have different interpretations according to the per-
spective of the individual. There is now comprehensive
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Figure 4. Metabolites formed by cleavage of an oxadiazole ring.
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knowledge of the biotransformation pathways and, for any
given compound, it is relatively straightforward to predict
the sites where metabolism could occur and the structure
of the resulting metabolites. However, even for moderately
complex molecules, the number of potential metabolites
from different pathways is often .100. The role of a pre-
dictive database is therefore to highlight the most likely
metabolites that will be formed and any species dif-
ferences in the pathways. This type of product functions on
the basis of a database of prediction rules and the more
sophisticated the rules, the greater the predictive ability.

Two products currently exist, MetabolExpert18 (Compu-
Drug, Budapest, Hungary) and META (Ref. 19; Multicase
Inc., Beachwood, OH, USA) and it is commendable that
the foresight existed for these products to be developed.

Predictive databases have found some uses and, naturally,
some limitations have been encountered. For prediction
systems of this type, together with the developmental stage
of the respective scientific understanding of the processes
involved, it is not a question of whether the system will fail
but when. These databases need to evolve with a continu-
ous process of refinement as the knowledge base expands
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Figure 5. Metabolism of some drugs containing an indole sub-structure.
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allowing the development of increasingly sophisticated
rules. It is obvious that knowledge and predictive databases
need to proceed in parallel. New rules will be necessary
when novel pathways are discovered such as routes involv-
ing cleavage of heterocyclic ring systems. There are now
initiatives to develop a new generation of products using
the larger knowledge base that now exists20.

It is a major challenge to find innovative ways of defin-
ing rules for metabolism. For example, sufficient information
exists to define rules for the most likely positions of hy-
droxylation in substituted aromatic rings or the metabolites
of a particular heterocyclic ring system, but this does not
address the question of whether these processes will oc-
cur. The structures of new active molecules have become
more complex and contain combinations of diverse func-
tional groups and sub-structures. Hence, there are various
options available for metabolism and rules need to be able
to establish a priority order for phase I metabolism and
incorporate the intervention of phase II conjugation,
which would remove availability of metabolites for further
metabolism.

The current programmes generate metabolic trees with
primary metabolites being considered as parents for con-
version to secondary metabolites. The META programme
will halt when a prescribed level of lipophilicity has been
reached on the basis that these metabolites will not be
substrates for lipophilic active sites in enzymes and will
also be readily excreted. MetabolExpert excludes phase II
metabolites from further reaction. However, this might be
too simplistic, as it would exclude the array of subsequent
metabolites produced from a glutathione conjugation path-
way, whereby the very hydrophilic conjugate is subject to
a series of phase I-type transformations. META incorporates
a stability module check that recognizes unstable atom
arrangements and amends a structure until a stable entity
is reached. A transformation can result in the cleavage of a
molecule resulting in two metabolites, both of which merit
consideration either pharmacologically or toxicologically.
MetabolExpert incorporates the provision to include both
metabolites. Both programmes have included valuable fea-
tures but further refinement using our increasing knowl-
edge is required.

New directions

Prior to the past five years, there was limited knowledge
concerning the precise isozyme (e.g. CYP450) involved in
the formation of a specific oxidation product from given
substrates. However, because of the importance of antici-
pating the potential for drug–drug interactions and genetic
polymorphism in metabolism, it is now common for the

isozymes involved to be reported alongside the identified
metabolites21,22. The increased knowledge base of the sub-
strates for specific isozymes has also contributed to an in-
creased understanding of the nature and binding require-
ments of their active sites. This knowledge could provide
another approach to the prediction of metabolites taking
account of physicochemical parameters such as lipophilicity,
electrostatic features and conformation including size,
shape and steric features. The structure of oxidized metab-
olites can be predicted by assessing the ability of a mol-
ecule to bind to a defined site based on established pa-
rameters and considering the part of the molecule that
aligns with the enzyme active site, namely the haem ferric
ion. Stereoselective metabolism of enantiomers is well-
known and the modelling approach could allow predic-
tion of differential metabolism. A racemic drug should be
considered as a mixture of two compounds as, increas-
ingly, single enantiomers have been selected as develop-
ment candidates. Any information to aid the selection of
one enantiomer at an early stage would be valuable. For
instance, the differential metabolism of R- and S-mepheny-
toin has been rationalized by demonstrating their interaction
with the active sites of the isozymes CYP2C9 and
CYP2C19, respectively23.

There is now considerable potential for developing more
sophisticated predictive databases. A further extension of
this process would be to provide a link to toxicology data-
bases with the aim of giving predictive alerts to various
toxicological endpoints using structure–activity rules. A
limitation of the current stand-alone systems is that the con-
tribution of toxic reactive intermediates or toxic metabolites
is not taken into consideration. This would be another
tool to use during lead compound optimization and se-
lection, and would provide feedback to enable structural
modifications.
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In short...
Cerep (Paris, France) and Bristol-Myers Squibb (BMS; Princeton, NJ, USA) have entered into a strategic collaboration that
comprises a subscription for BMS to Cerep’s proprietary database, BioPrint™ and a collaborative research and drug discovery
program. This program will enable the use of Cerep’s molecular modelling, library design and syntheses, high-throughput
screening, profiling and compound optimization whilst BMS will be responsible for clinical development. In return, Cerep get ac-
cess to the scientific staff, research equipment and facilities of UPSA, a wholly owned French subsidiary of BMS.


