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Abstract. Determination of the chemical structures of metabolites is a critical part of the early

pharmaceutical discovery process. Understanding the structures of metabolites is useful both for

optimizing the metabolic stability of a drug as well as rationalizing the drug safety profile. This review

describes the current state of the art in this endeavor. The likely outcome of metabolism is first predicted

by comparison to the literature. Then metabolites are synthesized in a variety of in vitro systems. The

various approaches to LC/UV/MS are applied to learn information about these metabolites and

structure hypotheses are made. Structures are confirmed by synthesis or NMR. The special topic of

reactive metabolite structure determination is briefly addressed.
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INTRODUCTION

The human body is exquisitely tuned to transport,
metabolize and eliminate xenobiotics. In the preclinical
phase of drug discovery, pharmaceutical researchers must
study and elucidate all of these pathways in order to predict
a drug candidate_s behavior in the first clinical trials. Key to
understanding the pathways is to understand the chemical
structures of the metabolic products. Over the last years, the
investigation of metabolic pathways of candidate drugs has
extended significantly towards the identification of poten-
tially reactive metabolites. The main reason for this is that in

theory, a reactive metabolite has the potential to cause
toxicity. This can occur through a number of mechanisms,
such as, the depletion of defensive factors (e.g., glutathione),
oxidative stress, binding to protein, and covalent modification
of DNA. Although it is generally accepted that there is no
well-defined link between reactive metabolite formation/
covalent protein modification and drug induced toxicity, the
current theories suggest that these processes are at least
causally related. A recent analysis revealed that, for six drugs
withdrawn from the market, five are known to produce
reactive metabolites. Of another set of 15 drugs that were
given black box warnings, eight have evidence for the
formation of reactive metabolites (1). Despite the fact that
drug induced toxicity presents a significant concern for the
pharmaceutical industry and regulatory agencies worldwide,
the current understanding of the biochemical mechanisms of

drug induced injury and how reactive metabolites are playing
a role in this, is still extremely limited. Mainly because of
these uncertainties, the general strategy among pharmaceu-
tical research organizations has been to minimize the
potential for reactive metabolite formation by appropriate
structural modification during the lead optimization phase of
drug discovery and development. This review will cover the
literature of 2004 and 2005 on these topics. During this time
several other reviews of these topic have appeared (2Y9).

Pharmaceutical discovery organizations have developed
a common language to describe the stages of a drug
development program. The first stages of target identification
are primarily the domain of molecular biology. Individual
chemical structures are first observed in the lead identifica-
tion and hit to lead stages where many chemical entities are
tested for pharmacological activity, often in a high through-
put mode. These structures may be tested for stability in in
vitro microsome systems; but metabolite identification is
rarely necessary at this stage. Once a lead is identified and
lead optimization begins, metabolite identification becomes
increasingly important. The medicinal chemist needs to
understand the structural features which make the lead
insufficiently stable (or in a few cases perhaps too stable
(9)). Stabilization of one feature may open up a series to an
alternate pathway so frequent rechecking is necessary. As a
lead progresses to a drug candidate increasing definition of
the metabolic characteristics will follow. At the entry into
humans enabling stage a thorough knowledge of the key
metabolic pathways is required to assess the appropriate
preclinical species for safety evaluations. At this stage of a
drug_s development a radiolabelled version of the drug might
be useful, allowing a much more thorough investigation of
pathways and their relative quantitative importance. As a
molecule progresses in the clinic a thorough understanding of
all pathways is developed.
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A fairly standardized procedure for metabolite identifi-
cation has evolved in recent years and we will use this process
to define our major topic headings. The first step is to
synthesize the metabolites in a biological system. Second, or in
parallel, the likely metabolites are predicted based on
chemical intuition and knowledge of the literature. The key
analytical technique is LC/UV/MS and new technology
developments will be described. Special note will be taken
of new developments in the processing tools for comparing
data from control and treated samples and generating a set of
likely metabolite molecular weight components. The struc-
tures of possible metabolites are then explored with ad-
vanced MS techniques to generate structural hypotheses.
These hypotheses are then confirmed by chemical synthesis
or NMR. Two final sections deal with metabolite quantifica-
tion and the special topic of reactive metabolites.

IN SILICO PREDICTION OF METABOLISM

Scientists practiced in the art of metabolite identification
will be able to predict many of the metabolic pathways which
a new chemical entity will undergo (10,11). The primary
literature has many references to metabolic transformations.
An excellent review of database-driven drug property
prediction has recently appeared (12). These databases are
readily substructure or similarity searchable with well estab-
lished tools (13Y15). An increasingly useful software is the
Meteor (10,11,13,14) package from Lhasa. This software
detects the metabolic substructures in a molecule and
compares these to a database of known transformations
producing a listing of possible metabolites for a structure and
a rough measure of their probability.

Comprehensive spreadsheet lists of metabolic trans-
formations which can be used to predict the molecular
weights of expected metabolites, have recently been pub-
lished (13,16), at Roche we have been collecting additional
transformations into a spreadsheet. Table I shows these
transformations which are not included in the earlier
tabulations.

A significant gap in modern metabolite identification has
been created by increasingly powerful MS techniques,
applicable at steadily lower nanogram amounts compared to
the microgram amounts required for full NMR structural
characterization. In many cases (N, S-oxidation, N-deal-
kylation, many Phase II conjugations) metabolite structure

can be obvious from mass spectral determined weight gain.
But aromatic or aliphatic oxidations stand out as trans-
formations which have required NMR for full regiochemical
structure proof (see (17) for an example). Now, two in silico
approaches are appearing to possibly resolve this situation.
One approach uses a statistical analysis (15) of the regio-
chemical outcomes of aromatic hydroxylation as determined
from the MDL database to predict the outcome for a novel
structure. A second approach, called Metasite (15,18), starts
with the published 3D structures of cytochrome P450s and
fits a set of on-the-fly calculated drug conformations into the
active sites. This approach yields a set of predicted oxidative
metabolite structures for each enzyme. By itself this ap-
proach may be of limited value. But in conjunction with
metabolite MS/MS partial structures and knowledge of which
enzymes are responsible for their synthesis, this approach
may become a powerful tool for early discovery accurate
regiochemical structure definition. Predictive approaches
such as this which benefit from knowledge of which enzymes
are active in drug clearance may work well in conjunction
with newer methods for high throughput screening of enzyme
activities (19).

BIOLOGICAL SYNTHESIS OF METABOLITES

The earliest laboratory method for evaluating metabolic
routes will be in vitro (20). Most drug companies apply
permeability, solubility, cytochrome P450 inhibition and
microsome stability screens to all early candidates. The most
unstable molecules may be poor candidates for promotion
but they may be valuable tools to study the metabolic liability
of a new chemical series. So the earliest metabolite identi-
fications will typically be done with microsomal (21) prepa-
rations. An interesting development (22,23) is the
introduction of data-dependent MS experiments, where the
result of an LC/MS/MS microsome stability measurement can
be used to automatically trigger specific MS experiments
designed for metabolite identification. While intriguing, this
sequence combines incompatible assays; the stability mea-
surement is typically done for thousands and the identifica-
tion experiments for tens or hundreds of molecules. It is also
preferable to conduct stability experiments at a low physio-
logical (typically 1 mM) concentration and identification
experiments at a higher concentration (typically 10Y50 mM).
The incubations are done with isolated rat or human micro-

Table I. Additional Common Biotransformations and Their m/z Changes Which Can Supplement Table 3 in Reference (13)

Metabolic Reaction Description Monoisotopic Mass Change Reference

RCONH2 to RCOOH Primary amide hydrolysis 0.9840

RCH2NH2 to RCOOH Deamination + oxidation 14.9633

2 � methylene to 2 � ketone 2 � hydroxylation and desaturation 27.9585

RCOOH to RCOGln Glutamine conjugation 128.0586

RCOOH to RCOYOYC7H14NO2 Acyl carnitine conjugation 143.0946 (45)

RCOOH to RYCOYC6H11N2O3S P+S-methylCysGly 174.0463 (44)

RR_NH to RR_NCOYOYC6H8O6 Glucuronidation of a secondary amine carbamate 220.0219

+O+C10H17N3O6S P+O+GSH 323.0787

+C15H22N5O16P3 NADP + adduct 621.0274 (101)

RCOOH to RCOYSYC21H35N7O16P3 Acyl co-enzyme A conjugation 749.1046 (45)
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somes and started with addition of NADPH. The critical
comparison will be the treated sample and the negative
control. This control should have all of the endogenous
microsomal constituents in the forms they will have at the
end of the incubation period. A recent study (16) compared
three different control samples for microsome incubations,
the jNADPH control, the +NADPH control with com-
pound added at the end of the incubation time and a
generic blank control with no compound added. These
authors concluded that the best control is the incubation
with no compound added until the end of the otherwise
complete incubation. The jNADPH control showed more
false positive metabolites due to metabolic changes in
endogenous components. The generic control was equiva-
lent for three of four compounds tested; but in the fourth
test, impurities in test article convoluted the process by not
being in the control.

Although the use of other liver fractions remains
important in special cases (24,25), the second common model
system for metabolite production is the cultured hepatocyte
(26). These will provide Phase II conjugation reactions as
well as the Phase I reactions. Human hepatocytes and those
from the key preclinical species (rat, dog, monkey) are
commercially available in both fresh and cryo-preserved
formats. Fresh hepatocytes are normally preferred due to
higher activity (27,28) but their availability can be problem-
atic. Cryo-preserved hepatocytes in general have more than
50% of the activity of fresh and are adequate for most
purposes (28). Newer cell-based (especially human carcino-
ma cell) systems are in active development (29Y31) and
should begin to pay dividends in the next few years. In some
cases (24,32) co-addition of critical cofactors to microsomal
incubations can simulate the results observed in hepatocytes.

Individual purified cytochrome P450s and FMOs and
other metabolic enzymes are increasingly available commer-
cially. At present these are primarily used in metabolic
pathway delineation in more advanced stages of drug
discovery. But combined with the Metasite software de-
scribed above, knowledge of responsible enzymes may
become useful in identifying precise sites of aromatic
hydroxylation.

A newer approach is to use chemical or electrochemical
(33) oxidation to simulate oxidative metabolism. These
methods will only occasionally be predictive of what happens
in the three dimensionally constrained biological oxidation
systems. But they do offer the advantages of ready scale up
for full NMR structural characterization.

DEVELOPMENTS IN LC/UV/MS

Developments in Chromatography and UV

Prior to ionization and mass analysis, metabolites should
be separated by chromatography. Because the MS experi-
ments are data and processing intensive, the chromatography
does not have to be especially high speed; a typical
experiment is 10Y30 min. But it is useful for the separation
to be high resolution and to present the peak of interest to
the ionization source in a sharp band. Traditional 2.1 and 4.6
mm columns have filled this need for some time and their use
in HPLC is a mature technique. Capillary HPLC is useful in

proteomics where sample is limited, but metabolite identifi-
cation is more concerned with limited concentration of
compound in a dirty matrix. The recent introduction of very
high pressure LC systems has the promise of being a true
incremental improvement in metabolite identification
(34Y36) especially in conjunction with newer mass analyzers
with fast scan speeds. The default technique for metabolite
identification is reverse phase chromatography. Related
techniques such as ion exchange or HILIC (37) or capillary
zone electrophoresis (38) might appear to offer advantages
for very polar metabolites, but they have not been widely
applied. Gas chromatography, especially after derivatization
(39,40), is rarely used in the pharmaceutical research
laboratory, but is still common in the forensic field, especially
for testing drugs of abuse.

Ultraviolet spectroscopy is also a mature technology but
one that appears underutilized in metabolite identification.
UV spectra are readily acquired with diode array detectors
inline between the chromatographic separation and the MS
ionizer. While many metabolic transformations will not
change UV chromophores, aromatic oxidation often will.
An example at Roche had mass spectral evidence that
pointed to a metabolite being either an aromatic C-oxidation
or an N-oxidation. The latter would not explain the observed
large shift in UV spectra from the drug (Fig. 1a) to the
metabolite (Fig. 1b). Tools for predicting UV spectra are
available (41).

Ionization

Electrospray ionization is by far the preferred method for
metabolite ID. It is the most universal technique for introduc-
ing the molecules into the gas phase and it is most gentle and
therefore likely to yield an intact molecular species. Other
ionization techniques may offer advantages in some situations
(42,43) but are not as universal for metabolites, especially
Phase II conjugates. It is important to remember that
metabolism can lead to large molecular weight increases in
rare cases and set mass analyzer scan ranges accordingly
(44,45). Positive ionization in LC/MS offers advantages due
to physics ( positive ions lead to cascades of readily detected
electrons at the multiplier while negative ions lead to ill
defined cascades of cations) to chemistry (negative ion
electrospray is more subject to adduction to formate adducts
and dimers) and to the fact that more drugs are basic (It has
been reported that 75% of drugs are weak bases and 20% are
weak acids (46)). For many reasons, LC is most commonly
performed at pHs from 3 to 5. Most drugs will be positively
charged in this pH range. But metabolism makes molecules
generally less basic and more acidic. For example, consider
aromatic oxidation to a phenol; demethylation of an ether
to a phenol; N-oxidation of an amine; sulfate conjugation
and alcohol conjugation to a glucuronide. All of these
transformations make negative ionization MS more impor-
tant for detecting metabolites than it is for intact drug
bioanalysis. In many cases the positive ionization tendency
of a parent drug molecule will dominate any transformations
and scanning only positive ions is adequate. In rare cases only
negative ions need be considered (44). In most cases it is
important to evaluate both positive and negative ionization
modes in metabolite identification.
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Fig. 1. UV spectra of a drug candidate (a) and a metabolite (b). Note that the signal/noise in the metabolite spectrum is lowerVthis will

generally be true.
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Developments in Mass Analyzers

To increase the throughput of metabolite identification
in early drug discovery it is useful to attempt to collect all of
the MS information in a single injection on a single
instrument. Until the last 5 years triple quadrupole analyzers
were the main players in metabolite identification and they
are still used (47). But the triple quadrupole requires a set of
injections to perform full scan and linked scan (common
neutral loss and precursor scan) analyses to identify masses
of interest. These scans must then be followed by separate
injections to collect product ion spectra for structural
hypothesis generation. The drive to more versatile and
powerful instruments which can perform intelligent data-
dependent experiments has led to three newer mass analyzers
which now dominate the metabolite identification field.
These analyzers are the ion trap, the quadrupole linear ion
trap and the quadrupole time of flight mass analyzers. The
ion traps both in the original three dimensional form and the
newer linear form are the workhorses of metabolite identi-
fication. They benefit from versatility for data-dependent
experiments, fast positive/negative switching and the ability
to run MSn experiments (48,49).

The quadrupole linear ion trap combines the features of
a triple quadrupole mass analyzer and an ion trap. It can be
used for simultaneous quantification and metabolite identifi-
cation (23). The quadrupole linear ion trap can do common
neutral loss and precursor scan experiments that ion traps
alone cannot do. The quadrupole linear ion trap can perform a
variety of sensitive and versatile data dependent experiments
(4,23,50Y52) but is slow at positive/negative switching (4).

The quadrupole time of flight offers the big advantage of
accurate mass analysis. Its major disadvantage is an inability
to perform positive/negative switching in one run. The
quadrupole time of flight is often used solely for the purpose
of obtaining accurate mass information on precursor and
product ions first determined on an ion trap. A quadrupole
time of flight experiment is described (53) which uses full
scan MS in quadrupole one, collision activation in quadru-
pole two at alternating high and low energies, followed by
accurate mass product ion data acquisition. The low energy
spectra of treated and untreated samples are compared using
many of the software tools described below. But where a
metabolite can be identified in the full scan, low energy, data,
it is quite likely that the MS/MS spectrum for this compound
can be mined from the high energy full scan data. It remains
to be seen if this technique is generally applicable; the high
energy spectra may be convoluted by the presence of
background and/or overlapped metabolite product ions.
Another quadrupole time of flight paper (54) describes the
use of a multiplexed spray front end. This adaptation allowed
for a 4� increase in sample throughput with a minimal loss of
sensitivity but may suffer from making an already complex
instrument even more so. Fourier transform and electrostatic
ion trap mass analyzers have recently been introduced as
competitive approaches to accurate mass analysis.

Of increasing importance is the need to address identi-
fication of circulating metabolites in human or animal
plasma. Concentrations of metabolites in plasma are often
quite low. When dealing with radioactivity studies, these low
levels can be measured using stopflow or fraction collection

techniques (55). LC/UV/MS approaches include column
switching (56) to increase sample injection size for these
relatively clean samples, Bon the fly^ dynamic background
correction on a quadrupole linear ion trap to greatly lower
detection limits for metabolites (51) or fraction collection
followed by nanospray infusion (57,58).

Data Processing Developments

Given the desire to do more early drug metabolite
identification, it is increasingly important to automate the
processing of LC/UV/MS data (59). To this end all of the
major MS vendors are developing automation tools. These
tools are all based on the comparison of treated and control
samples to extract novel mass spectra. Comparable software
is being developed for the related activity of profiling
endogeneous metabolites and biomarkers (60). The Metab-
oLynx (16,61) approach has been best described in the
literature and will illustrate the general principles. In the
first step full scan data is queried with a sophisticated
software package for comparison of control and treated
samples. The software includes component detection algo-
rithms (62) and data filters which can contain retention time
windows (63) and accurate mass windows (53). The detected
components can be declared Bexpected metabolites^ if their
mass change relative to parent corresponds to a predicted
metabolic transformation. Alternatively the metabolites are
declared Bunexpected^ if they do not fit a simple prediction.
The software then prepares a list of MS/MS experiments to be
conducted in a second injection to confirm the metabolites.

Another software trick is to identify unusual isotopic
distributions such as present in chlorine or bromine contain-
ing drugs or sometimes artificially prepared by admixing
natural and isotopic versions of a drug (49,64).

STRUCTURE HYPOTHESES GENERATION

Putting together all of the spectral and chemical data
and comparing these to predictions of metabolites is still
largely a manual process. Additional chemical experiments
such as H/D exchange (7,48,65,66), chemical derivatization
(7,25) and enzymatic cleavage of conjugates (40) are older
but still widely used techniques. As an example of the type of
special chemical studies one can perform, at Roche, a
piperazine drug 1 (Fig. 2) was converted in an incubation
with rat microsomes to a +14 amu metabolite. This metab-
olite was hypothesized, based on MS/MS data and the fact
that the metabolite was no longer basic, to be either the
lactam 2) or the nitrone 3). The octadeutero analog 4 had
been synthesized as an internal standard to use in bioanalyt-
ical studies. When this analog was treated with rat micro-
somes, the B+14 amu^ metabolite was shown to retain seven
of the eight deuterium atoms. This data is only consistent
with structure 3 (L. Alexandrova, personal communication).

The fragmentation of drug metabolites during collision
induced dissociation with subsequent mass analysis is the
fundamental experiment for determining the location of
metabolic transformations. As described above, there are
many new sophisticated techniques for obtaining this data.
But up to now the interpretation of this data has been highly
manual, requiring the intervention of an expert. An increas-
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ing emphasis on computer assisted spectral interpretation
(67,68) can now be seen. The software products Mass
Frontier (38) and ACD (61) are bringing some of these tools
to the market.

In the earliest stages of drug discovery the generic
structures obtained from LC/UV/MS studies may be adequate
for medicinal chemistry to proceed. For example (Fig. 3), the
metabolism of compound 5 was recently described (44). At
least two distinct oxidative pathways were seen which
involved adding an oxygen to positions on the phenyl-
benzofuran moiety as depicted with the generic structure 6.
Without identifying the exact structure, the medicinal
chemists were able to switch to the fluorinated analog 7 and
both oxidative pathways were essentially eliminated. But at
the later stages of preclinical drug development, it may be
necessary to exactly identify the structure by synthesis or
NMR. Typically chemical synthesis is undertaken by the
same medicinal chemistry team that made the initial drug
molecule. But increasingly, biosynthetic tools and fermenta-
tion are used to scale up synthesis of metabolites for structure
confirmation by NMR (69).

NMR AND STRUCTURE CONFIRMATION

LC/NMR has not lived up to its promise to simplify the
structure determination of drug metabolites. In classic NMR
studies, the metabolite must be purified to homogeneity by
multiple chromatographic steps. Physical and adsorptive
losses in this process can be limiting after a point. It was
hoped that online LC/NMR especially when interfaced with a
mass spectrometer for M + H detection and concomitant
stopYflow NMR, would allow online sample concentration
and make this process simpler. In the practical world
chromatographic systems are often limited by the bulk
concentration of matrix contaminants in the sample which
limit injection volume on narrowbore or capillary columns.
Analytical (4.6 mm) columns can support larger injections
but also dilute the eluted sample as presented to the NMR
detection region. The combination of HPLC and online SPE
(70,71) for concentration of dilute samples prior to introduc-
tion to a capillary or cryogenic (72) probe NMR appears the
best current alternative to full (73) or partial (74) offline
isolation. In a very rare case, X-ray crystallography (75) can
be used to exactly define metabolite stereochemistry in
systems where even NMR fails to define all atom positions.

QUANTIFICATION OF METABOLITES

Quantification of metabolites in drug development is
classically done in two ways. By chemical or biochemical
synthesis of the metabolite, quantities can be obtained for
calibration curve preparation and standard LC/MS/MS
quantification. Alternatively all metabolites are quantified
by incorporation of a 14C or 3H label into the structure
followed by radiochemical detection of HPLC separated
metabolites. StopYflow and microplate scintillation counting
are recently developed improvements in low-level radio-
metabolite quantification (55). In many early metabolism
studies neither of these classical approaches is practical.
Comparison of MS responses or UV responses may be used
for relative quantification between a parent drug and its
metabolites; but neither of these approaches is foolproof. The
chemiluminescent nitrogen detector has been used for
quantification of metabolites (6). The evaporative light
scattering detector is useful in chemical purity assessment
but too sensitive to biological matrix for ready use in
metabolite quantification. Fluorine NMR can be a useful
tool for quantitification of fluorine containing metabolites
(76,77); while 1H NMR may sometimes be useful (78). An
interesting but preliminary approach is the hypothesis that
mass spectral relative ionization efficiencies are more
comparable in the nanoliter per minute spray range (58,79).
This approach could be of potential interest for quantification
in special situations (e.g., glutathione conjugates).

IDENTIFICATION OF REACTIVE METABOLITES

Metabolism of drugs can lead to unstable intermediates
which can covalently modify tissue macromolecules and lead
to undesired side effects. In recent years, it has become
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increasingly evident that covalent binding of reactive metab-
olites to tissue macromolecules may mediate various adverse
drug reactions, including hepatotoxicity, hypersensitivity
reactions, carcinogenesis and mutagenesis (1,80). It is in-
creasingly important to identify these situations early in the
drug discovery process and avoid them through structural
modification if possible (27). Prediction of whether a given
drug candidate will lead to a reactive metabolite issue is
problematic. Medicinal chemists have learned to avoid the
worst actors but many of the subtle reactive metabolite issues
are still only discovered after a drug has been on the market.
This area is being actively reviewed (81,82).

Direct detection of reactive intermediates is often
difficult (83). These intermediates are often formed in trace
amounts; other times they have extremely short lifetimes in
biological matrix. The method of trapping electrophilic
reactive intermediates in situ has been well established.
Reactive metabolites produced in vitro in liver microsomes
can be trapped by exogenously added nucleophiles, such as
glutathione (GSH). Indeed, in vivo, one of the roles of
glutathione is to prevent damage to tissues by trapping any
electrophilic substances which arise in the liver through diet
or metabolism. Many types of known reactive metabolites
can be trapped by GSH (82). The commonly used GSH-
adduct screen in microsomes is relatively simple and rapid,
and has proven successful in identification of reactive
metabolites. All of the previously described MS techniques
have been used for GSH adduct screening (84,85). Detection
of the adducts by MS is aided by the tendency of their MS/
MS spectra to be dominated in the positive mode by the
common neutral loss of pyroglutamic acid (129 amu) and in
the negative mode by formation of the m/z 272 product ion
(86). Several groups are working on chemical analogs of
glutathione which might offer advantages in terms of
detectability (64,87,88). Although the assay may not be as
simple or reproducible, the use of hepatocytes (27,89) instead
of microsomes offers a broader spectrum of bioactivation
mechanisms. Hepatocytes contain the full complement of
cofactors for conjugation reactions including the important
glutathione-S-transferase catalysis of glutathione trapping of
reactive metabolites. Thorough determination of the struc-
ture of the glutathione adduct from a reactive metabolite
should in most cases reveal the structure of the reactive
metabolite itself (90).

Some reactive intermediates preferentially form adduct
with lysine and histidine (e.g., aldehyde and ketones) or
cyanide (91) (e.g., iminium ions). The conversion of carbox-
ylic acid containing drugs to reactive acyl coenzyme-A
thioesters or acyl glucuronides is a special case. Their
identification is often straightforward as they are formed in
high yield. The difficult part is assessing their relative
reactivity; this is the focus of many publications in our review
period (45,92Y97).

The simple identification of reactive metabolites is not
enough to understand potential danger; it is critical to
quantify this tendency somehow. The gold standard for this
step is measurement of the 14C covalent binding to macro-
molecules using radiolabelled drug (98). For quantification of
trace unlabelled reactive metabolites, all of the options in the
previous section apply, but none is simple to practice. A
recent development is to test fluorescently labeled analogs of

GSH (99,100). If these maintain the reactivity of GSH and
can be measured by fluorescence it could be useful. Similar
approaches with radiolabelled GSH have failed in the past
due to the difficulty in measuring the radioactivity in an
incubation due to the adduct (at 0.1Y1 mM) in the presence of
the required excess of trapping agent (5Y10 mM; D. Moore,
personal communication).
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