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Drug transporters and drug-metabolizing enzymes participate in the processes of absorption, disposition,
metabolism and elimination, which influence the pharmacokinetics and pharmacodynamics of a new chemical en-
tity (NCE). Therefore, understanding an NCE’s potential as a substrate, inhibitor or inducer of a drug-metabolizing
enzyme or transporter has become an essential element of risk assessment during drug discovery, development and
regulatory review [1–7].

Drug metabolism
Drugs are metabolized by Phase I and/or II enzymes in several organs, especially the liver, intestine and kidneys. The
aim of drug metabolism is to increase the polarity and solubility of the molecule to enable its elimination. Phase I
metabolic reactions introduce reactive and polar groups into the substrate NCE. Cytochrome P450 (CYP) enzymes
integrate an oxygen atom into nonactivated hydrocarbons, resulting in either the introduction of hydroxyl groups or
the N-, O- and S-dealkylation of substrates. Other Phase I enzymes include the flavin monooxygenases, monoamine
oxidases and xanthine oxidase/aldehyde oxidase. Outcomes of Phase I metabolism include inactivation of the drug
by production of pharmacologically inactive metabolites or generation of active metabolite(s). Phase II metabolic
reactions include glucuronidation, sulfonation, methylation, acetylation and glutathione conjugation. Phase II
enzymes include uridine-5′-diphospho-glucuronosyltransferases, sulfotransferases, glutathione S-transferases and
N-acetyltransferases. Metabolites formed during Phase II reactions are not likely to be pharmacologically active.

Drug transport
Uptake and efflux transporters determine plasma and tissue concentrations of both endogenous and exogenous
substances. The transporters are found in the small intestines, liver and kidneys, which are critical for drug absorption
and elimination. They are also located in vital blood–tissue barriers such as the blood–brain and blood–placenta
barriers. Solute carrier transporters facilitate the uptake of compounds into cells through facilitated diffusion or via
cotransport with intracellular and/or extracellular ions. ATP-binding cassette transporters efflux compounds out
of cells against a concentration gradient driven by the hydrolysis of ATP as an energy source.

Drug interactions
Drug–drug interactions occur when one drug (‘perpetrator’) interacts with another drug (‘victim’) by altering its
metabolism and/or transport following coadministration. Drug–drug interactions can have serious clinical effects
by decreasing the therapeutic efficacy or increasing the toxicity of a victim drug. Polypharmacy, the simultaneous
use of multiple drugs in a patient for one or more conditions, increases the risk for drug interactions.Evaluation
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of drug transporters and enzymes in the discovery and development may lead to a better understanding of how
they affect a new drug’s oral bioavailability, systemic exposure, toxicity, efficacy, tissue distribution and drug–drug
interactions [8,9].

In vitro assays
During drug discovery and development phases, in vitro assays are important tools to identify substrates, inducers
and inhibitors of transporters and drug-metabolizing enzymes. Regulatory guidances offer an outline for evaluating
metabolism- and transporter-based interactions to establish the need for clinical interaction studies and inform
drug product labeling [6–7,10]. Drug interaction evaluations are designed to identify the principal route of a drug’s
elimination, estimate the contribution of transporters and drug-metabolizing enzymes to a drug’s disposition,
and characterize a drug’s effect(s) on transporters and drug-metabolizing enzymes [6]. The in vitro assays assess the
potential for clinically significant drug interactions by determining whether the NCE may alter the pharmacokinetics
of another drug, if other drugs can alter the pharmacokinetics of the NCE, and/or the extent of these modifications
on a victim drug’s pharmacokinetic parameters.

Based on the results of the in vitro assays to determine whether an NCE is a substrate or inhibition of drug-
metabolizing enzymes or transporter, a clinical study may be needed to further delineate drug interaction(s) with
the NCE [7,10]. The results of the clinical interaction studies are communicated in the drug product label [10].

For CYP-based interactions, the initial step is to ascertain the CYP isoform(s) responsible for the metabolism
of the NCE. These reaction-phenotyping experiments identify which enzymes, and their proportion to overall
metabolism, for the NCE and its potential ‘victim’ in drug interactions [5]. There are complementary methods
using human liver microsomes (HLM), recombinant (r) CYP enzymes, S9 fractions and human hepatocytes
in conjunction with isoform-specific chemical inhibitors or inhibitory antibodies to examine a drug’s enzyme-
mediated elimination pathways. These reaction-phenotyping experiments measure substrate depletion and/or
metabolite generation.

CYP inhibition assays similarly utilize HLM, rCYP and human hepatocytes to analyze reduction of metabolism
with determination of IC50 (concentration at 50% inhibition), Ki (equilibrium dissociation constant), kinact

(maximum rate of inactivation) and KI (inhibitor concentration at half-maximal inactivation rate) values [11].
Probe substrates used in the inhibition experiments should be selective (i.e., predominantly metabolized by a single
CYP enzyme) and have simple a metabolic scheme (i.e., does not undergo sequential metabolism) [6]. Reversible
inhibition encompasses the rapid association and dissociation of drugs and their enzymes and the interactions are
often classified as competitive, noncompetitive or uncompetitive. In contrast, time-dependent inhibition (TDI)
interactions display a delayed onset as a result of the time dependence in their inhibitory effects. These effects can
persist even after the inhibitor has been eliminated since enzymatic activity is only restored by new protein synthesis
of the affected enzyme.

For reversible inhibition assays, the reaction mixture includes the enzyme source (e.g., HLM, rCYP), a probe
substrate at its Km (concentration at half-maximal enzyme velocity), a NADPH-regenerating system (NRS) and the
NCE or control inhibitor at multiple concentrations [12]. After the reaction is stopped, the metabolite is measured
followed by calculation of IC50 and/or Ki values. To increase the throughput in enzyme inhibition experiments,
several substrates may be included in the reaction mixture to assess multiple CYP activities simultaneously within
a single experiment (the cocktail approach) [13,14]. This approach takes advantage of the selectivity and specificity
of LC–MS analysis to accurately monitor the various CYP activities in the experiment.

An IC50 shift assay is first used as an indicator for TDI potential at multiple concentrations of the NCE [15]. For
these experiments, the NCE are preincubated with HLM or rCYP in the presence or absence of the NRS. At the
end of the incubation, aliquots of the preincubation mixture are diluted into secondary incubations containing the
probe CYP substrate at its Km concentration and NRS. The resultant data are used to determine IC50 values with
and without NRS. Compounds that exhibit an IC50 shift undergo further analysis for TDI. HLM or rCYP are
preincubated with the NCE and NRS and at multiple time points, aliquots are removed from the preincubation
mixture and diluted into secondary incubations containing the probe substrate at five-times its Km concentration,
and NRS. Results from these experiments are used to calculate KI and kinact values for the NCE [16].

Primary human hepatocytes are the most acceptable assay system to assess the extent of induction of CYP
enzymes by an NCE [3,6–7]. Induction of CYPs usually occurs through activation of nuclear receptors that regulate
gene transcription. The standard method for measuring enzyme induction is to incubate the NCE with plated
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human hepatocytes for 2–3 days. Following incubation, changes in mRNA expression and/or CYP enzyme activity
with a probe substrate are quantified with comparison to a known inducer.

Drug-transporter assays can be classified as membrane- or cell-based [1,4]. The membrane-based assays take
advantage of the location of efflux transporters in the membrane for drug interaction. The membranes are
prepared from cells expressing the transporter to identify efflux substrates and inhibitors. The cell-based systems
assess the passage of drugs across cell membranes expressing efflux or uptake transporters. Given their intact cell
structures, these assays may impart more complete information about the interaction between the tested drugs and
transporters [4].

Inside-out vesicles are generated from plasma membranes isolated from transporter-expressing cells, so that
substrates are effluxed into the vesicle in the presence of ATP. Employing a rapid filtration method, the membrane
vesicles are maintained on a filter membrane and the compounds collected in the vesicles are then measured. Efflux-
transporter inhibitors may be characterized via the intracellular retention of a probe substrate in the presence of a
test compound. In accumulation assays, the ability to inhibit the efflux transporter is evaluated by the accumulation
of a probe substrate marker in cells expressing high levels of the transporter relative to wild-type or nontransfected
cells. Enhanced accumulation of a probe substrate in the presence of the NCE demonstrates inhibition of the efflux
transporter.

Bidirectional assays are the most direct and accepted models for determining whether an NCE is a substrate or
inhibitor of an efflux transporter [1,4]. Cell lines (e.g., Caco-2, MDCK) or transfected cells are cultured in a dual
chamber apparatus to form confluent and polarized monolayers on a semiporous filter that separates the apical
and basolateral chambers. An efflux ratio is calculated comparing permeability of the NCE or probe substrate in
basolateral-to-apical to apical-to-basolateral directions. An NCE is deemed to be an inhibitor if it decreases the
efflux ratio of a probe substrate across the cell monolayer.

Uptake assays for solute carrier transporters may be performed with suspended or plated transfected cells or
hepatocytes. To determine if an NCE is a transporter substrate, it is incubated with the cells for a brief time period
followed by measurement of the drug’s intracellular concentration. This concentration is then normalized to cell
number or protein content of the cell lysate. Alternatively, an NCE is considered to be an inhibitor if it decreases
the uptake of a probe substrate into the cells.

It is important to optimize and validate the in vitro transporter and metabolism assays to predict an NCE’s
interaction potential. This is accomplished by: use of negative and positive control substrates and inhibitors,
understanding of how experimental variability affects assay outcome, and establishing acceptance criteria for
experimental results with the negative and positive controls [4]. This also includes the analytical assays utilized
to measure the NCE, probe substrate or metabolite resulting from the transporter and metabolism experiments.
An important aspect of using LC–MS methods in transporter and metabolism assays is that they be reliable and
reproducible for their intended use. This is achieved via validation of the analytical procedures by demonstrating:
selectivity; accuracy, precision and recovery; linearity (calibration curve); sensitivity; reproducibility; and analyte
stability [17].

Analytical assays
MS assays are generally used to measure substrates and metabolites in drug transporter and metabolism in vitro
assays [1,11,18]. MS assays provide selectivity and sensitivity for analyte detection and are readily automated for the
experiments to improve throughput.

LC–MS/MS is a valuable tool for early metabolism investigations, when information of an NCE’s major
metabolites are limited making chromatographic separation impractical. Through monitoring of commonly ex-
pected biotransformation products of the CYP enzymes (e.g., monooxygenation, dealkylation, carboxylation, etc.)
of parent mass and possible fragmentation products provides an initial indication of potential metabolic pathways
of an NCE. While LC–MS remains the standard for analytical methodology, its throughput is limited by the
long elution time in the chromatography phase [19]. A newer technique, RapidFire™ mass spectroscopy, combines
microscale solid-phase extraction with rapid column switching that is directly coupled to a triple-quadrupole mass
spectrometer. RapidFire™ MS is fully automated and completes integrated sample purification and MS analysis
with reduced sample cycle times [2,19]. In reaction-phenotyping experiments, high-resolution mass spectrometry is
able to follow the disappearance of the parent compound and concurrently identify and monitor the formation of
metabolites in each enzymatic system being evaluated for the NCE [20].
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Conclusion
Understanding transporter and metabolism drug–drug interactions is essential to the risk/benefit assessment of
an NCE. The objectives of in vitro transporter and metabolism assays in drug discovery and development are to
identify an NCE as a substrate and/or inhibitor of metabolic enzymes and/or transporters, model and predict
potential drug interactions, design essential clinical interaction studies and inform drug product labels [4,6,10]. The
optimal utilization of these in vitro drug interaction assays is a powerful tool in the research and development
continuum and can contribute in both the drug discovery stage (i.e., selection of the right compound) as well as
the development stage (i.e., devising the right strategy for assessing and managing the drug interaction effects).
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