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Abstract. Reaction phenotyping studies to identify specific enzymes involved in the metabolism of drug
candidates are increasingly important in drug discovery efforts. Experimental approaches used for CYP
reaction phenotyping include incubations with cDNA expressed CYP enzyme systems and incubations
containing specific CYP enzyme inhibitors. Since both types of experiments present specific advantages
as well as known drawbacks, these studies are generally viewed as complementary approaches. Although
glucuronidation pathways are also known to present potential drug–drug interaction issues as well as
challenges related to their polymorphic expression, reaction phenotyping approaches for glucuronidation
are generally limited to cDNA expressed systems due to lack of availability of specific UGT inhibitors.
This article presents a limited review of current approaches to reaction phenotyping studies used within
the pharmaceutical industry.
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INTRODUCTION

Several of the cytochrome P450 (CYP) enzymes involved
in drug metabolism are known to exhibit polymorphic
expression in human populations (most notably CYP2D6,
CYP2C9 and CYP2C19), contributing to variable exposure
levels for drugs metabolized by those enzymes (1–5). In
addition, induction of metabolism may increase the clearance
of therapeutic agents leading to sub-therapeutic exposures
and lack of pharmacological effect. Alternatively, inhibition
of metabolism may reduce clearance and lead to supra-
therapeutic exposures resulting in undesired side-effects or
toxicity. Such drug–drug interactions (DDI) in which one agent
alters the exposure of a concomitantly administered drug through
effects on CYPmediated metabolism are well documented (6, 7).
While such interactions generally tend to be viewed as potential
liabilities, it has also been recognized that these interactions may
present opportunities as well: witness the now-widespread
practice of including a potent CYP3A4 inhibitor in the anti-
HIV drug cocktails in order to increase exposures to the
concomitant drugs, the so-called “ritonavir boost” (8, 9).

In addition to CYP mediated metabolism, several other
enzymes, the most significant of which are the flavin-containing
monooxygenases (FMO), can mediate the oxidative metabo-
lism of various drugs and xenobiotics. The metabolites
generated by FMO enzymes are frequently the same as those
generated by CYP enzymes; hence there is the need to clearly
understand the underlying enzymology and biotransformation
mechanisms. FMO1 has the broadest substrate acceptance,
typically metabolizing large lipophilic compounds such as
imipramine or orphenadrine, typically used as marker sub-
strates (10).

In contrast to FMO1, FMO3 has the ability to selectively
metabolize small amine-containing compounds such as tri-
methyl-amine (TMA), which is a useful probe substrate.
Inclusion of FMO3 in a reaction phenotyping assessment is
currently viewed as being of greater importance due to the
causative relationship between a defective FMO3 gene
(P153L mutation) and a condition known as Trimethylami-
nuria (fish-odor syndrome). This genetic disorder results from
an inability to metabolize pungent smelling TMA via FMO3
to the odorless TMA N-oxide (11).

Less extensively studied, but potentially just as signifi-
cant are polymorphisms and DDI involving other drug
metabolism routes, such as UDP-glucuronosyltransferase
(UGT) mediated glucuronidation pathways (12–14). In addi-
tion to the variability and DDI concerns outlined above for
CYP enzymes, an additional concern with UGT is the
potential for inhibition of UGT1A1, the isoform responsible
for conjugation of bilirubin, since inhibition of that pathway
could lead to reduction of bilirubin clearance, resulting in
hyperbilirubinemia.
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Whether viewed as a potential liability or a potential tool
for exposure enhancement, prediction of possible metabo-
lism-related DDI requires an understanding of the specific
enzymes involved in metabolism of the drug in question.
Furthermore, growing efforts to tailor therapies to specific
genotypes, coupled with expanding knowledge of phenotypic
variations in drug metabolizing enzymes combine to make
understanding the molecular basis of metabolism critical
information for evaluating potential drug candidates.

To address these issues, a number of approaches have
been devised to perform such “reaction phenotyping” studies
(15–18). Since reaction phenotyping studies, in particular
those involving CYP enzymes, have been extensively
reviewed by others, we propose to limit the discussion below
to a more practical discussion of current screening methods
used within the pharmaceutical industry.

EXPRESSED ENZYME STUDIES

Perhaps the most common approach to reaction pheno-
typing is the use of cDNA expressed enzyme systems to
evaluate metabolism of lead compounds. This approach relies
on transfection of a non-metabolizing cell line with cDNA
coding for a specific drug metabolizing enzyme (CYP, UGT,
etc). Incubations of the lead compound with a battery of cell
lines, each expressing a different enzyme are conducted. The
rate of disappearance of parent or the rate of appearance of
the metabolite(s), if known, is then monitored by appropriate
analytical tools, frequently LC/MS/MS. By comparing the rates
of metabolism across cell lines, one can then identify which
enzymes are capable of metabolizing the lead compound.

CYP Oxidation

For oxidative studies, the test compound is incubated
with a panel of individually-expressed recombinant human
CYP enzymes (CYP1A2, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4, and
CYP3A5 in a typical panel) expressed in baculovirus-infected
insect cell membranes. The incubation mixture typically
contains the test compound at a final concentration of 1 μM
or 10 μM, expressed CYP enzyme (20 nM), phosphate buffer
(100 mM, pH 7.4), magnesium chloride (6.7 mM) and
NADPH (1 mM) in a total volume of 1 ml. The reaction,
conducted in triplicate, is initiated by the addition of NADPH
followed by incubation at 37°C. Aliquots (0.1 ml) are taken at
0, 5, 10, 20, 30 and 60 min, and the reaction quenched by the
addition of three volumes of acetonitrile. The samples are
centrifuged at 10,000×g at room temperature for 2 min to
pellet precipitated proteins. Supernatants are then transferred
to clean vials and stored at −20°C until analysis. Incubations
without NADPH and/or incubations with insect microsomes
without human CYP cDNA are used as negative controls.

If no more than 20% of the parent is metabolized and the
curve obtained by plotting the concentration of parent remain-
ing (Ct) vs time (t) appears linear (Fig. 1), the initial rate of
metabolism by recombinant human enzymes can be estimated
by applying linear regression fitting of the following equation:

Ct ¼ C0 �mt ð1Þ

where C0 is the initial concentration of the test compound
(1 μM or 10 μM under the above conditions) and m is the
initial rate of metabolism.

The turnover rate constant, k (min−1) can then be
estimated from the initial rate according to the following
equation:

k ¼ m=C0 ð2Þ

Alternatively, if more than 20% of the parent is metabolized
and the curve obtained by plottingCt vs t curve can be reliably fit
with an exponential curve (Fig. 2), the turnover rate constant (k)
can be determined directly by non-linear regression fitting of a
first-order equation to the Ct vs t curve:

Ct ¼ C0e
�kt ð3Þ

Ideally, pilot studies should be conducted to establish the
concentration range for the test compound to ensure that
substrate concentrations are in the linear range (well below
the Km of the targeted enzyme). In practice, however, the
evaluations are more commonly conducted in a screening
format with two or three initial starting concentrations of test
compound. Turnover rate constants are estimated as described
above and if the estimates appear to be in reasonable
agreement, the concentrations are assumed to be sufficiently
below the Km to be non-saturating.

Various methods for scaling the results to predict in vivo
drug clearance have been described, but for screening
purposes, the usual approach is to use the following equation
to calculate intrinsic clearances (CLint) for each of the
individually expressed enzymes based on the estimated
turnover rate constants:

CLintx ¼ k=CYPxð Þ x pmol of CYPx per mg microsomal protein

ð4Þ

where CYPx is the concentration of recombinant CYP
enzyme in the incubation (20 nM=20 pmol/ml under the

Fig. 1. Concentration vs time curve for disappearance of parent from
initial concentrations of 10 and 1 μM. Linear regression fit was used
to estimate initial slopes from first three data points (no more than
20% metabolism). Dividing slope by initial concentration yields an
estimate of the rate constant (0.011 and 0.014 min−1 for 10 and 1 μM
starting concentrations, respectively)
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above conditions) (18–22). Estimated concentrations (pmol/mg
microsomal protein) of the various CYP enzymes in human
liver are listed in Table I below.

The contribution of an individual CYP enzyme to the
overall oxidative metabolism of a drug candidate can be
estimated by Eq. 5 as follows (15).

% Contribution by enzymex

¼ CLintx �l=min=pmolrCYPxð Þ � Abundancex pmol=mgproteinð Þ
P

CLinti �l=min=pmolrCYPið Þ � Abundancei pmol=mgproteinð Þ
ð5Þ

In the illustration shown in Table II, turnover of the drug
candidate is observed in incubations with expressed CYP3A4
and CYP1A2, but not with any other enzymes.

Non-linear regression fitting was used to estimate the
rate constants for metabolism by CYP3A4 and CYP1A2
(Fig. 3).

Assuming microsomal CYP450 content of 52 pmol of
CYP1A2/mg microsomal protein and 111 pmol of CYP3A4/
mg microsomal protein (Table I), the intrinsic clearance
predictions with the above observations were predicted to be:
0.5 μl/min/mg microsomal protein for CYP1A2 and36 μl/min/kg
for CYP3A4.

Applying Eq. 5, CYP3A4 is predicted to mediate >98%
of the overall oxidative microsomal metabolism for this
compound. Based on this finding, it is recommended that a
DDI study to evaluate the effects of known CYP3A4
inhibitors on the human PK of this compound be conducted
early in development (Fig. 4).

FMO Oxidation

For FMO oxidative studies, the test compound is
incubated with individually expressed recombinant human
FMO enzymes (FMO1 and FMO3) expressed in baculovirus-
infected insect cell membranes. The incubation mixture
typically contains the test compound at a final concentration
of either 1 or 10 μM, expressed FMO enzyme (20–50 nM),
phosphate buffer (100 mM, pH 7.4), magnesium chloride
(6.7 mM) and NADPH (1 mM) in a total volume of 1 ml. The

reaction, conducted in triplicate, is initiated by the addition of
NADPH followed by incubation at 37°C. Aliquots (0.1 ml)
are taken at 0, 5, 10, 20, 30 and 60 min, and the reaction
quenched by the addition of three volumes of acetonitrile.
The samples are centrifuged at 10,000×g at room temperature
for 2 min to pellet precipitated proteins. Supernatants are
then transferred to clean vials and stored at −20°C until
analysis. Incubations without NADPH and/or incubations
with insect microsomes without human CYP cDNA are used
as negative controls.

Rates of metabolism by the FMO enzymes can be
calculated from the observed loss of parent by methods
directly analogous to those described above for CYP
enzymes. However, since the relative abundances of the
various FMO enzyme activities in human liver are not well
established, it is not yet possible to use the method described
above for microsomal CYP oxidation to estimate the relative
contributions of the individual FMO enzymes to the overall
metabolic rate. Nevertheless, in the absence of observed CYP
mediated metabolism, FMO mediated clearance may provide
useful information on the metabolic fate of the drug
candidate. Furthermore, identification of a compound that is
predominately metabolized by FMO3 can highlight a risk of
Trimethylaminuria in populations with polymorphic expres-
sion of FMO3 (Fig. 4).

UGT Conjugation

For glucuronidation studies, the test compound is
incubated with a panel of individually-expressed recombinant
human UGT enzymes (typically UGT1A1, UGT1A6,
UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, and
UGT2B15) expressed in baculovirus-infected insect cell
membranes. The incubation mixture typically contains the
test compound at a final concentration of 5 μM, expressed
UGT (0.1 mg protein/ml), Tris–HCl buffer (pH 7.5), magne-
sium chloride (10 mM), alamethicin (25 μg/ml) and UDPGA
(2.5 mM). The mixture (without the UDPGA cofactor) is pre-
incubated at 37°C for 5 min, after which the reaction is started
by the addition of UDPGA.

Incubations are performed at 37°C. Aliquots (200 μl) are
collected at 0, 10, 20, 30 and 60 min and quenched with two
volumes of ice-cold acetonitrile. The samples are centrifuged
at 10,000×g at room temperature for 2 min to pellet
precipitated proteins. The supernatants are then transferred

Fig. 2. Concentration vs time curve for disappearance of parent from
initial concentrations of 10 μM and 1 μM. Nonlinear regression fitting
was used to estimate the rate constant (0.012 and 0.015 min−1 for 10
and 1 μM starting concentrations, respectively)

Table I. Average CYP450 Content in Human Liver (15, 26)

Enzyme Microsomal protein (pmol/mg)

CYP1A2 45 to 52
CYP2A6 36 to 68
CYP2B6 11 to 39
CYP2C8 24 to 64
CYP2C9 73 to 96
CYP2C19 14 to 19
CYP2D6 8 to 10
CYP2E1 49 to 61
CYP3A4 108 to 111

202 Harper and Brassil



to clean vials and stored at −20°C until analysis. Incubations
without UDPGA are used as negative controls.

Rates of glucuronidation by the various UGT isoforms
can be calculated from the observed loss of parent by methods
directly analogous to those described above for CYPs.
However, since the relative abundances of the various UGT
enzyme activities in human liver have not been well estab-
lished, it is not yet possible to use the method described above
for microsomal oxidation to estimate the relative contributions
of the individual UGT enzymes to the overall glucuronidation
rate, although alternative methods using multiple regression
analyses of human liver microsomal incubations have been
described (23–25). Instead, reaction phenotyping studies for
glucuronidation are generally used as an alert for compounds
that may be metabolized by UGT1A1 and thus present a risk
for potential competition with bilirubin glucuronidation, or to
provide an overall alert for compounds that may be metabo-
lized by only one isoform and, thus, present a higher risk for
drug–drug interactions than a compound that may have more
balanced elimination by multiple pathways. More detailed
studies to estimate Vmax and Km may be conducted to
provide additional estimates of the risk level, but these types of
evaluations are not generally considered a routine reaction
phenotyping screen (Fig. 4).

Expressed Enzyme Study Caveats

The expressed enzyme approach is straightforward,
relatively simple, and is commonly used. However, there are
a number of drawbacks to this approach.

The various enzymes involved in drug metabolism are
not expressed to the same level in normal drug-metabolizing
cells. For example, the average level of CYP3A4 in micro-
somes prepared from human liver is reported to be around
111 pmol/mg protein whereas levels of CYP2D6 are reported
to be around 8 pmol/mg protein. As a result, rates of
metabolism in expressed systems must be normalized for
expression levels as described above. However, significant
variability in CYP enzyme levels has been observed in human
liver microsomal preparations from different donors (23, 26).
Consequently, the CYP enzyme activity of a “typical” human
liver donor may not provide an adequate indication of the
range of activities likely to be encountered clinically.

Different enzymes will likely exhibit different kinetic
behaviors (Km and Vmax values). As a result, a compound
that is a substrate for both CYP3A4 and CYP2C9, for
example, may exhibit a more rapid turnover with CYP2C9
than with CYP3A4 at low concentrations if the CYP2C9 Km
is lower than the CYP3A4 Km. If, however, the Vmax for
CYP2C9 is lower than the Vmax for CYP3A4, then high
(saturating) drug concentrations would exhibit more rapid
turnover with CYP3A4 than with CYP2C9 leading to the
opposite conclusion. Although full kinetic evaluations of
discovery compounds are not practical in a screening
environment, it behooves the discovery scientist to remain
aware of these potential issues.

As discussed above, extrapolation of glucuronidation
rates to predict the relative contributions of the various
UGT’s to overall turnover is challenging due to limited
information regarding the relative activities of the various
UGTs in human liver. In addition, there appears to be
significant inter-individual variability in UGT enzyme activi-
ties (27, 28). Furthermore, UGT activity in extrahepatic
tissues, such as small intestine, may contribute to the overall
metabolism of drugs in humans (28, 29).

Since the UGT active site is on the interior of the
microsomal vesicles, most glucuronidation screening prepa-
rations include a detergent or pore-forming antibiotic, such as
alamethicin, to disrupt the membrane barrier and enhance
access of both substrate and cofactor to the UGT active site
(30–33). Detergents have been shown to alter intrinsic UGT
activity and, while alamethicin appears to have less of an
impact on intrinsic enzyme activity than detergent-based

Fig. 3. Concentration vs time curve for disappearance of parent from
expressed CYP enzyme incubations with initial substrate concen-
trations of 1 μM. No turnover was observed in incubations containing
CYP2B6, CYP2C9, CYP2C19 or CP2C8. Nonlinear regression fitting
was used to estimate the rate constants for CYP1A2 (0.0002 min−1)
and CYP3A4 (0.0065 min−1)

Table II. Concentration (μM) of Parent Remaining after Incubating with Expressed CYP Enzymes

Time (min) CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4 CYP2B6 CYP2C8

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00
5 1.00 1.00 1.00 1.00 0.97 1.00 1.00
10 1.00 1.00 1.00 1.00 0.94 1.00 1.00
20 1.00 1.00 1.00 1.00 0.88 1.00 1.00
30 1.00 1.00 1.00 1.00 0.82 1.00 1.00
60 0.99 1.00 1.00 0.68 1.00 1.00
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enhancers, there is still some concern that in vitro glucur-
onidation rates determined in the presence of activity
enhancers may not reflect in vivo activity (34, 35). In addition,
since UGT substrates must be delivered to the luminal side of
the endoplasmic reticulum (ER) to access the active site of
UGT, uptake into the ER may be a limiting factor for in vivo
glucuronidation. Unfortunately, screening methods to model
uptake into the ER are not yet available. As a consequence of
these considerations, the extrapolation of in vitro UGT-
mediated metabolic rates to in vivo clearance predictions is
generally believed to be less robust than the corresponding
extrapolation of in vitro CYP-mediated metabolic rates.

SELECTIVE INHIBITION STUDIES

A second approach to reaction phenotyping involves
conducting incubations in hepatocytes, microsomes, or some
other in vitro preparation using normal tissues as the enzyme
source, but including selective chemical or immuno-inhibitors
of specific enzymatic pathways. Again, by performing a
battery of incubations with various inhibitors, and comparing
the relative rates of metabolism, one can identify which
inhibitor reduces the overall metabolism to the greatest
extent and thereby uncover the metabolic pathway that
contributes the most to the clearance of a compound.

CYP Inhibitors

Since this approach generally uses a “normal” tissue as
the source of the in vitro preparation, the relative expression
levels of the various enzymes reflect the normal in vivo
expression levels. As a result, this approach is generally
favored for experiments intended to deconvolute the contri-
butions from various enzymes when multiple pathways are
involved in metabolism of a compound.

For oxidative studies, the test compound is incubated
with human liver microsomes. The incubation mixture
typically contains the test compound at a concentration of
3 μM, microsomal protein (1 mg/ml), phosphate buffer
(100 mM, pH 7.4), magnesium chloride (6.7 mM), NADPH
(1 mM) and a specific CYP inhibitor. A list of typical
inhibitors and the final incubation concentrations used are
summarized in Table III.

For incubations involving time-dependent CYP inhibi-
tors, CYP1A1/2 (furafylline) and CYP3A4 (troleandomycin),
incubation mixtures containing microsomes, inhibitor and
NADPH are preincubated for 15 min and the reaction is
initiated by adding the test compound. For all other CYP
inhibitors, the inhibitor is added concurrently with the test
compound for a 5-min preincubation and the reaction is
initiated by adding NADPH. Incubations are conducted in

Fig. 4. Flowchart for typical reaction phenotyping evaluation of a lead drug candidate. In all cases where results indicate a heightened risk of
untoward effects, a decision to advance or terminate a compound must be made in the context of the risk–benefit balance and include
consideration of anticipated in vivo drug concentrations at efficacious doses, nature of the untoward effect, alternatives to the lead compound
and nature of the disease target
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triplicate at 37°C. Aliquots of samples (0.1 ml) are taken at 0,
5, 10, 20, 30 and 60 min, and the reaction quenched by the
addition of three volumes of acetonitrile. The samples are
centrifuged at 10,000×g at room temperature for 2 min to
pellet precipitated proteins. The supernatants are then
transferred to clean vials and stored at −20°C until analysis.
Incubations with acetonitrile but without inhibitor are used as
positive controls.

The extent of inhibition is determined by comparing the
extent of metabolism observed at 60 min in the presence of
inhibitors with the extent of metabolism observed in compa-
rable incubations without inhibitors.

An example is shown below in Table IV for results of a
typical microsomal study performed with specific CYP
inhibitors.

The data in Table IV indicate that CYP3A4 and CYP1A1/
2 are the primary enzymes responsible for metabolism of this
compound. In a subsequent confirmatory study, incubations
conducted in the presence of both furafylline and troleando-
mycin exhibited no detectable metabolism of the substrate.
Had metabolism been observed in the presence of both
inhibitors, further investigation would have been needed to
investigate additional routes of metabolism.

FMO Inhibitors

Although selective substrates of FMO enzymes are
currently available, selective inhibitors of FMO have yet to
be identified. Consequently, studies analogous to those
described above for CYP enzymes cannot be conducted at
present. However, it is possible to thermally inactivate FMO
enzymes by pre-incubating microsomes for 2 min at 50°C in
the absence of NADPH. Incubations can then proceed with
addition of NADPH and incubation at 37°C as described
above. By comparing the percent of parent compound
remaining in incubations with and without the 50°C inactiva-
tion pretreatment, it is possible to discern the FMO contri-
bution to overall metabolism.

UGT Inhibitors

Currently available inhibitors (and substrates) of UGT
enzymes do not have the needed specificity to allow studies
analogous to those described above for CYP enzymes.

Immuno-inhibitors

Although not widely used, monoclonal antibody (MAb)
inhibitors of CYP enzymes can provide clear advantages over
the more commonly used chemical inhibitors. These advantages
include excellent specificity (>90%) and individualMAbs to all of
the major CYP enzymes involved in drugmetabolism. Gelboin et
al. (36) have reviewed the use of MAbs in depth. Metabolic
incubations involving MAbs are generally conducted as follows:
0.57 to 30 μl (1.2–1,000 μg) of ascites protein containing MAb
are preincubated with 30 to 50 pmol of expressed CYP enzyme
or 150 to 300 pmol of CYP in human liver microsomes in 0.5 ml
of buffer (100 mM Tris, pH 7.5) at 37°C for 5 min (37).
Incubations typically contain the test compound at a concentra-
tion of 1 to 10 μM. Control incubations contain a MAb against
hen egg white lysozyme to assess non-specific reactions

Aliquots of samples (0.1 ml) are taken at 0, 5, 10, 20, 30
and 60 min, and the reaction quenched by the addition of
three volumes of acetonitrile. The samples are centrifuged at
10,000×g at room temperature for 2 min to pellet precipitated
proteins. The supernatants are then transferred to clean vials
and stored at −20°C until analysis.

Percent inhibition is calculated based on activity in the
presence of the specific MAb relative to the activity with the
control MAb.

Caveats for Selective Inhibition Studies

As with the expressed enzyme approach, the interplay
between enzyme kinetics and drug concentration can provide
misleading conclusions unless studies are conducted at
multiple concentrations.

Table III. Inhibitors Used for Microsomal Reaction Phenotyping Incubations

CYP Inhibitor Stock Solution
Final concentration
(μM)

CYP1A1/2 Furafylline (38, 39, 40) 5 mM in acetonitrile 20
CYP2C9 Sulfaphenazole (40, 41) 5 mM in acetonitrile 20
CYP2C19 3-Benzylnirvanol (42, 43) 1.25 mM in acetonitrile 5
CYP2D6 Quinidine(40, 44, 45) 1.25 mM in acetonitrile 5
CYP3A4 Ketoconazole(40) 250 μM acetonitrile 1

Troleandomycin (44, 46, 47) 12.5 mM in acetonitrile 100

Final concentration of organic solvent in the incubation mixture is 0.4% (v/v) except for troleandomycin (0.8%).

Table IV. Percent Inhibition of Metabolism of a Drug Candidate in Human Liver Microsomes by Chemical Inhibitors of CYPs

Inhibitor
Furafylline
(CYP1A1/2)

Sulfaphenazole
(CYP2C9)

Benzylnirvanol
(CYP2C19)

Quinidine
(CYP2D6)

Troleandomycin
(CYP3A4)

Inhibition (%) 30 11 4 13 72
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For compounds exhibiting low turnover, the use of specific
inhibitors presents an additional challenge since it may be very
difficult to detect a decrease in an already very low metabolic
rate. In such cases, monitoring for appearance of metabolite(s)
is an option if the metabolic products are known.

In addition, various CYP enzymes, most notably CYP2D6,
exhibit polymorphic expression in the general population. As a
result, the relative levels of expression of the various CYP
enzymes in any single donor may not reflect the “average”
human liver expression levels. Generally this is dealt with by
combiningmicrosomes frommultiple human donors to generate
a pool to represent the “average” human. Even with this
approach, full characterization of the expression levels of the
various CYP enzymes in the pooled microsomal preparation is
needed to ensure appropriate interpretation of the results.

GENERAL CONSIDERATIONS

Although all of the approaches described above can be
utilized with analytical methods to assess either disappearance
of parent or appearance of metabolites, the general trend in
drug discovery is tomonitor disappearance of parent. This is due
to the fact that the metabolic fate of discovery compounds is
usually incompletely understood. In addition, even in cases
where the metabolism has been relatively well characterized,
metabolite standards are often not readily available. As a
consequence, discovery compounds with low overall metabolic
turnover present a special challenge for reaction phenotyping
since the investigator is attempting to discern changes in a low
overall rate of metabolism. For those compounds, it may be
necessary to first elucidate the metabolic products formed and
then prepare standards of those metabolites in order to conduct
more rigorous reaction phenotyping studies by monitoring their
rate of formation. In such cases, the investigator’s ability to
detect metabolism is limited by the sensitivity of the analytical
assay to detect the metabolite. Unfortunately, this approach is
highly resource-intensive and usually is limited to those
compounds already selected for advancement.

CONCLUSIONS

Reaction phenotyping assays have become an integral
part of drug discovery screening as tools to minimize drug–
drug interaction potential and to avoid complications due to
polymorphic expression of drug metabolizing enzymes. cDNA
expressed enzyme systems are the most widely used approach
and are available for both CYP and FMO enzymes as well as
UGT and other enzymes. The complementary approach of
using specific inhibitors is also widely used for CYP oxidation,
but the dearth of specific UGT and FMO inhibitors has
impeded the application of this approach to glucuronidation,
FMO mediated oxidation and other metabolic pathways.

Since full kinetic characterization is generally not practical in
drug discovery screening, assumptions regarding relative Km and
Vmax of the enzymes involved, as well as variations in enzyme
activities across tissues and individuals must be considered for
interpretation of screening results. While reaction phenotyping
results for CYP oxidation are generally viewed as moderately
robust, significant opportunities remain for additional improve-
ments, especially for UGT-mediated metabolic pathways.
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