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Abstract: Cytochrome P450 (CYP) is a critical drug-metabolizing enzyme superfamily. Modulation of
CYP enzyme activities has the potential to cause drug–drug/herb interactions. Drug–drug/herb
interactions can lead to serious adverse drug reactions (ADRs) or drug failures. Therefore, there
is a need to examine the modulatory effects of new drug entities or herbal preparations on a wide
range of CYP isoforms. The classic method of quantifying CYP enzyme activities is based on
high-performance liquid chromatography (HPLC), which is time- and reagent-consuming. In the past
two decades, high-throughput screening methods including fluorescence-based, luminescence-based,
and mass-spectrometry-based assays have been developed and widely applied to estimate CYP
enzyme activities. In general, these methods are faster and use lower volume of reagents than HPLC.
However, each high-throughput method has its own limitations. Investigators may make a selection
of these methods based on the available equipment in the laboratory, budget, and enzyme sources
supplied. Furthermore, the current high-throughput systems should look into developing a reliable
automation mechanism to accomplish ultra-high-throughput screening in the near future.
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1. Introduction

Cytochrome P450 (CYP) is a superfamily of enzymes, and in this superfamily, enzymes
belonging to the families 1, 2, and 3 play a major role in metabolizing a wide spectrum of
xenobiotics [1]. Drugs such as one type of xenobiotics undergo processes of absorption, distribution,
metabolism, and elimination throughout the human body [2]. The major CYP isoforms involved
in drug metabolism include CYP3A4/5, CYP2D6, CYP2C9, CYP1A2, CYP2B6, CYP2C19, CYP2C8,
CYP2A6, CYP2E1, and CYP2J2 [3]. The metabolism of xenobiotics including drugs is the key path
of detoxification by adding hydrophilic groups to the molecular structures of parent compounds [4].
Drug–drug interactions may occur if one of the drugs inhibits CYP enzyme activity involved in
metabolizing the coadministered drug. Alternatively, drug–drug interactions may also occur when
coadministered drugs are metabolized by the same CYP enzyme but one drug has a lower specificity.
These situations will lead to an elevation in plasma concentration of the coadministered drug (or drug
with lower specificity) and potentially may result in adverse drug reactions (ADRs). ADRs are generally
unwanted or harmful reactions following the administration of medications [5]. Various factors are
responsible for ADRs, and drug–drug interactions contribute to up to 15% of hospitalized geriatric
patients experiencing ADRs [6]. Since they are associated with morbidity and mortality, ADRs are
one of the most serious clinical issues in relation to the use of drugs [7]. On the other hand, many
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prodrugs require bioactivation via CYPs to gain pharmacological activities. Nowadays, efforts have
been made to generate prodrugs to improve the bioavailability of drugs, to reduce drug toxicities,
and to deliver drugs to specific cells or tissues [8]. Under such circumstances, the inhibition of CYP
activity by one drug will lead to the prevention of the activation of the coadministered drug (prodrug).
Consequently, the patients consuming the two drugs may experience treatment failure [9].

Drug interactions have been considered with reference to the guidelines during the initial stage of
drug discovery. High-throughput screening approaches have been indispensable in routine assays
using a commercial kit. Patients are given drugs under the supervision of a medical doctor or
pharmacist. Nevertheless, even patients who take a prescribed drug can purchase herbs or herbal
preparations, including health food, every time without harm and toxicity information. In addition,
drug–herb interactions are tolerated by self-imposed responsibilities of the herb (health food) maker.
The use of herbal products as alternative medical therapies has been documented extensively globally,
and there is an increasing trend of this practice. People believe that herbs are natural and thus have
fewer side effects as compared to modern medicines [10]. Nevertheless, herbs contain numerous active
constituents, which have the potential to affect CYP enzyme activities. Hence, taking herbal products
and modern medicines concurrently may lead to drug–herb interactions. Similarly, a handful of clinical
ADRs are reported due to drug–herb interactions [11]. Therefore, it is important to investigate the
modulatory effect of drugs, new chemical entities, and herbal products on CYPs in order to reduce
ADRs, to improve the treatment efficacy, and to minimize the number of drugs being withdrawn.

The traditional approaches to the study of CYP enzyme activity are mainly chromatographic-based
assays such as high-performance liquid chromatography (HPLC) [12–16]. Briefly, after the assay
mixture containing the CYP enzyme, buffer, probe substrate, as well as cofactors is incubated for a
certain period of time, the formation of the metabolite is quantified by the HPLC system. The more
the metabolite is formed, the more CYP enzyme activity is expected. Although useful, HPLC-based
assays normally require elaborate extraction procedures to remove protein and other big molecules,
which may block the HPLC system. These assays also require large assay volumes and high enzyme
concentrations to reach the limit of detection. Moreover, HPLC-based assays employ relatively long
run times for each sample. Since the late 1990s, high-throughput CYP assay approaches have gained
great attention. These assays employ a smaller assay volume (<300 µL), and they are able to carry
out multiple assays in a 96-well microtiter plate format [17]. As a result, high-throughput detection
of enzyme activities is achieved since a higher number of samples can be screened in one sitting
within a couple of seconds. For these reasons, both drug and herb (health food) researchers should
innovate high-throughput screening. The purpose of this paper is to review the current available
high-throughput methods used to study CYP activities.

2. Fluorescence-Based Assay

In order to establish fluorimetric methods to quantify CYP enzyme activities, the fluorogenic
probes should have good aqueous solubility, well metabolite formation, low background fluorescence,
high signal-to-noise ratio, or an appropriate excitation wavelength in the UV range for measuring
CYP activities. It was proposed that various O-alkyl derivatives of resorufin [18], fluorescein [19],
7-hydroxycoumarins [20], 6-hydroxyquinolines [19], as well as 4-methylsulfonyphenyl furanones [21]
could be suitable for this purpose. Since most of the fluorogenic probes are not selective, it is advisable
to use heterologously expressed individual recombinant CYP enzymes instead of employing liver
microsomes or hepatocytes, which contain several CYPs. Alternatively, a selective fluorescent probe
such as (3,4-difluorobenzyloxy)-5,5-dimethyl-4-(4-methylsulfonylphenyl)-(5H)-furan-2-one) (DFB) for
the CYP3A enzyme should be applied [22]. Table 1 listed the common fluorogenic substrates of CYPs
and their respective metabolites as well as excitation/emission (Ex/Em) wavelengths for the detection.
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Table 1. Common fluorogenic substrates of cytochrome P450 (CYPs).

Substrate CYP Metabolite Ex/Em (nm)

CEC CYP1A1/CYP1A2/CYP2C19 CHC 408/455
Coumarin CYP2A6 7-HC 355/460

BFC CYP3A4 HFC 410/510
EFC CYP2B6 HFC 410/510
MFC CYP2C9/CYP2E1/CYP2C19 HFC 410/510
DBF CYP2C8/CYP3A4/CYP2C9/CYP2C19 Fluorescein 485/538

AMMC CYP2D6 AHMC 390/460
MAMC CYP2D6 HAMC 390/460

DFB CYP3A4 DFH 360/440
EOMCC CYP1A2/CYP2C19/CYP2D6 CHC 408/455
BOMCC CYP2C9/CYP3A4 CHC 408/455
BOMF CYP2C9 Fluorescein 485/538

BQ CYP3A4 7-hydroxyquinoline 358/505
BzRes CYP3A4 Fluorescein 485/538

DBOMF CYP3A4 Fluorescein 485/538

CEC: 3-cyano-7-ethoxycoumarin; BFC: 7-benzyloxy-4-(trifluoromethyl) coumarin; EFC: 7-ethoxytrif
luoromethyl coumarin; MFC: 7-methoxy-4-(trifluoromethyl) coumarin; DBF: dibenzylfluorescein; AMMC:
3-[2-(N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4-methylcoumarin; MAMC: 7-methoxy-4-(aminomethyl)
coumarin; DFB: (3,4-difluorobenzyloxy)-5,5-dimethyl-4-(4-methylsulfonylphenyl)-(5H)-furan-2-one);
BOMCC: 7-benzyloxymethyloxy-3-cyanocoumarin; DBOMF: dibenzyloxymethylfluore scein; EOMCC:
ethoxymethyloxy-3-cyanocoumarin; BOMF: benzyloxy-methyl-fluorescein; BQ: 7-benzyloxyquinoline; BzRes:
benzylresorufin; CHC: 3-cyano-hydroxycoumarin; 7-HC: 7-hydroxycoumarin; HFC: 7-hydroxy-4-(trifluoromethyl)
coumarin; AHMC: 3-[2-N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4-methylcoumarin; HAMC:
7-hydroxy-4-(aminomethyl)-coumarin; DFH: (hydroxy)-4-(4-methylsulfonylphenyl)-5,5-dimethyl-(5H) furan-2-one).

In general, fluorescence-based assays carried out in a 96-well plate are performed to screen
the inhibitory potencies of a wide range of drugs and herbal constituents. Figure 1 illustrates the
general work flow of a fluorescence-based assay performed in a single well. Human recombinant
cDNA-expressed CYP3A4 with its nonfluorescent probe substrate 7-benzyloxy-4-(trifluoromethyl)
coumarin (BFC) were incubated to investigate the simultaneous inhibition by 11 different compounds
(erythromycin, verapamil, ethynilestradiol, miconazole, bromoergocriptine, nicardipine, clotrimazole,
roxythromycin, cimetidine, nifedipine, and ketoconazole) [23]. Similarly, IC50 values were obtained
using recombinant microsomes from baculovirus-infected insect cells, liver CYPs (CYP1A1, CYP1A2,
CYP2A6, and CYP3A4) and testing compounds (vorozole and letrozole) employing coumarin,
7-methoxy-4-(trifluoromethyl) coumarin (MFC), 3-cyano-7-ethoxycoumarin (CEC), and BFC as the
substrates to screen the inhibitory capability of inhibitors [24]. Moreover, baculovirus/insect
cells, cDNA-expressed CYP3A4 using benzyloxyresorufin (BzRes), BFC, 7-benzyloxyquinoline (BQ),
and dibenzylfluorescein (DBF) as the fluorometric probe substrates were used to test 27 compounds
in inhibition assays [19]. Twenty-nine antiparasitic drugs and positive inhibitors (naphthoflavone,
sulfaphenazole, ticlopidine, quinidine, and ketoconazole) were determined by their inhibition of
recombinant human CYPs (1A2, 2C9, 2C19, 2D6, and 3A4) expressed from yeast employing CEC, MFC,
7-methoxy-4-(aminomethyl)-coumarin (MAMC), and BFC as substrates [25]. The mechanism-based
inhibition of recombinant human c-DNA-expressed CYP2B6 by bergamottin was accessed by using
7-ethoxytrifluoromethyl coumarin (EFC) as the substrate [26]. Nowadays, commercial kits consisting
of recombinant CYP, CYP reductase, cofactors, buffer, and fluorogenic substrates (such as BOMCC
and EOMCC) have been developed to investigate the inhibitory potencies of compounds on CYP
activities. Vivid® CYP450 Screening Kits supplied by ThermoFisher Scientific (Waltham, MA, USA)
were widely applied. Inhibitory potentials of standardized extracts of Tinospora cordifolia and its
bioactive compound on CYP3A4, CYP2D6, CYP2C9, and CYP1A2 were determined using Vivid®

CYP450 Screening Kits [27]. Likewise, this kit was also employed to screen the inhibitory effects
of Trigonella foenum-graecum (TFG) and trigonelline (TG) on several CYP isoforms [28]. Figure 2
demonstrates the scheme of the metabolism of the Vivid® substrate to a fluorescent metabolite. It shows
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that the substrate is nonfluorescent as its fluorophores are blocked by R1 and R2. The fluorescence
signal was triggered after R1 and/or R2 were removed by CYPs.
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This fluorescence-based approach has been attached to other systems to achieve ultra-high-throughput,
which further accelerated the screening process. Human liver microsomes (CYP1A2, CYP2A6,
CYP2B6, CYP2D6, CYP2E1, CYP2C8, CYP2C9, CYP2C19, CYP3A4, and CYP3A5) using DFB as
a probe substrate and ketoconazole, miconazole, nicardipine, and nifedipine as the inhibitors
for enzyme inhibition assays were carried out through an automated, fluorescent-based, 96-well
assay. It was found that DFB was a selective substrate for CYP3A enzymes [21]. An automated,
fluorometric, 384-well microplate assay was used to investigate the inhibitory effects of the test
compound, leishmania, on human CYP3A4 and CYP2D6 from liver microsomes with BFC and
3-[2-(N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4-methylcoumarin (AMMC) as substrates [29].
On the other hand, BFC, MFC, 7-methoxy-4-(aminomethyl)coumarin (MAMC), and CEC were employed
as substrates for CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 to determine the inhibitory effects
of sulfaphenazole, ketoconazole, quinidine, troleandomycin, caffeine, and cimetidine on CYPs to reveal
potential drug–herb interactions through a high-throughput, fluorescent, 96-well plate screening assay
and a parallel artificial membrane permeability assay (PAMPA) [30]. Recently, CYP3A4 baculosomes
were employed in inhibition assays to examine 49 herbal species through high-throughput, fluorometric
screening together with Herbochip [31]. Vivid® CYP450 enzyme screening kits and Vivid blue (EOMCC)
and green substrates (DBOMF, BOMF) for CYP450 baculosomes (CYP3A4, CYP2C9 and CYP2D6) were
used for mechanism-based inhibition by ketoconazole, sulfaphenazole, and quinidine through a fluorescent
assay combining enzyme encapsulation techniques, the microarray method, and wide-field imaging [32].

The fluorescence-based, high-throughput approach for the screening of the inhibitory effects
of xenobiotic compounds on CYP activities demonstrates numerous advantages as compared to
traditional, HPLC-based enzyme assays. It is faster as a shorter period of time is required for
sequential data acquisition; it also costs less as costs for reagents are minimized with little loss
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in data quality. Additionally, it is also particular useful for enzymes with low expression such
as polymorphic variants and mechanism-based assays carried out through the dilution method.
Nevertheless, caution need to be exercised when applying the fluorescence-based assays. At first,
the test compounds should not exhibit fluorescence properties that interfere with the fluorometric
measurement of metabolite. Excess NADPH may interfere with fluorometric detection of metabolites
such as 3-hydroxy-5,5-dimethyl-4-(4-methylsulfonylphenyl)-(5H)-furan-2-one) (DFH), which requires
further experimental steps to remove excess NADPH at the end of the incubation [21]. Some of these
disadvantages have been resolved by structurally modifying common fluorogenic substrates supplied
by Vivid® CYP450 Screening Kits.

3. Luminescence-Based Assay

An alternative assay configured in multi-well plates is to measure luminescent readings to quantify
CYP enzyme activities. Luminescence-based CYP assays employ derivatives of luciferin as CYP probe
substrates, which are luminogenic [33]. In essence, the luminogenic probe substrates are metabolized
by CYP to luciferin, which subsequently reacts with luciferase and produces luminescent light (See
Figure 3). Most of the luminescence-based CYP assays available in literature utilized P450-GloTM assay
kits supplied by Promaga Corporation (Madison, WI, USA).
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P450-GloTM assay kits are able to investigate the effects of test compounds on the enzyme
activity of a CYP of interest. Furthermore, since the P450-GloTM substrates and metabolites are
permeable to cells, numerous cell-based assays employed these kits to examine CYP activities.
Mesalazine and mosapride were screened for the induction of CYPs (1A2, 2B6, 2C9, and 3A4) using
cryopreserved human hepatocytes [34]. Moreover, CYPs (1A1, 1A2, 1B1 and 3A4) from liver cells
employ a tryptophan derivative, 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE), as the substrate to test the metabolic function of 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic
acid methyl ester (ITE) in Huh7 and C3A cells [35]. HepG2 cell lines expressing CYP enzymes
(CYP2C9, CYP2C19, CYP2D6, and CYP3A4) were tested with inhibitors (ethinylestradiol, ritonavir,
mifepristone, erythromycin, clarithromycin, roxithromycin, tienillic acid, ticlopidine, and paroxetine)
to evaluate hepatic drug metabolism, hepatotoxicity (drug–drug interaction), and mechanism-based
inhibition through the assay mentioned above [36]. This approach was also used to test the inductive
effects on CYP1A2, CYP2C9, CYP3A4, and CYP1A1 from mesenchymal stem cells (MSC), HepG2,
and hepatocyte-like cells by rifampicin and omeprazole employing luciferin CYPspecific substrates [37].
Recently, a newly introduced method, magnetic 3D cell culture with a luminescent assay in 384-well
plate (P450-Glo and CellTiter-Glo), was used to examine primary human hepatocytes (CYP3A4,
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CYP2B6, and CYP1A2) employing luciferin pro-substrates (Promega) for CYP induction and inhibition
by verapamil, ticlopidine, and α-napthoflavone [38].

Using a luminescence-based, high-throughput assay was an effective, cheap, and highly sensitive
method for enzyme screening and was suitable for CYP screening during early drug discovery, especially
for pharmacokinetics and toxicity studies. It is highly flexible in the types of tissue used, sample quantity,
isozyme specificity, as well as the method of preparation. This method was rapid and safe as compared to
Quantitative Reverse Transcription- Polymerase Chain Reaction (qRT-PCR) methods, and it was also able
to reduce the interference between the optical properties of the test compound and CYP substrates [34].
However, the fluorescent assay tends to show readings with higher activity compared to a luminescent
assay due to lower concentrations of luminescent substrate used in order to obtain a better luminescent
signal-to-noise ratio reading, and this method alone should not be relied on.

4. Mass Spectrometry-Based Assay

Mass spectrometry (MS) analyzes gaseous ions via their mass-to-charge ratio (m/z) [39].
MS systems are usually attached to gas chromatography (GC) or liquid chromatography (LC). Once the
individual components in a mixture are ionized, they are separated based on their m/z by GC or LC.
Refer to Figure 4 for the general work flow of MS-based assay.
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4.1. GC-MS-Based Assay

GC-MS has been applied extensively to quantify and to identify metabolites formed in
CYP-catalyzed reactions. It was used to screen baculovirus-infected insect cell microsomes
and supersomes containing human cDNA-expressed CYP1A2, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A4, or CYP3A5, as well as pooled human liver
microsomes employing new cathinone-derived designer drugs, 3-bromomethcathinone (3-BMC)
and 3-fluoromethcathinone (3-FMC, fluphedrone, flephedrone) to study metabolism activities [40].
GC-MS coupled with the cocktail approach (add multiple substrates in one sitting) was used to screen
multiple herb–drug interactions by inhibitors (α-naphthoflavone, 8-methoxypsoralen, sulfaphenazole,
S-benzylnirvanol, quinidine, diethyldithiocarbamate, and ketoconazole) and the herb, Socheongryong
Tang (SCRT), using human liver microsomes CYP2C9, CYP2C19, CYP3A4, CYP1A2, CYP2A6,
CYP2D6, and CYP2E1 and employing substrates such as phenacetin, coumarin, cotinine, diclofenac,
S-mephenytoin, dextromethorphan, chlorzoxazone, and testosterone [41].

Nevertheless, the analyte derivatization process prior to GC-MS is laborious, thus limiting its
utility for metabolite identification. On the other hand, LC-MS or LC-MS/MS (liquid chromatography
tandem mass spectrometry) has been evidenced to be a more powerful, analytical approach to
characterize structures and to quantify drug metabolites in CYP reactions.
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4.2. LC-MS or LC-MS/MS-Based Assay

CYP1A2 and CYP3A4 from human C3A and HepaRG cells, together with phenacetin and
testosterone as the substrates were screened for their phenotypic and metabolic parameters through
LC-MS/MS by prototypical inducers (omeprazole and rifampicin) and CYP isoform-specific inhibitors
(fluvoxamine and ketoconazole) [42]. Additionally, LC-MS/MS was used to perform metabolic studies
using human liver microsomes with a range of substrates (cefotaxime, gemifloxacin, ciprofloxacin,
fluconazole, gentamicin, clindamycin, linezolid, and metronidazole) [43]. Similarly, pharmacokinetics
analysis targeting CYP1A2, CYP2A, CYP2C19, CYP2D6, CYP2E1, and CYP3A from rat liver
microsomes involved the use of the substrates phenacetin, coumarin, omeprazole, dextromethorphan,
and chlorzoxazone with the test compound, chrysosplenetin, through the LC-MS/MS method [44].

LC-MS/MS system has been further equipped with 96-well microplates to
strengthen high-throughput. It was used for functional screening of 14 steroid
substrates (testosterone, 17-methyltestosterone, progesterone, pregnenolone, estrone, cortisol,
19-norandrostenedione, dehydroepiandrosterone (DHEA), cortexolone, corticosterone, 17-hydroxy- and
21-hydroxyprogesterone, cis-androsterone (3α-hydroxy-5α-androstan-17-one), and trans-androsterone
(3β-hydroxy-5α-androstan-17-one) with yeast-expressed, recombinant, mammalian CYP1A enzymes
(human CYP1A1 and CYP1A2, mouse CYP1A1 and rabbit CYP1A2) [45]. Moreover, high-throughput
was also improved by coupling LC-MS/MS with the cocktail approach, which is also known
as n-in-one assays and tested for the inhibitory effects of several CYP isoforms simultaneously.
Ultra-performance liquid chromatography (UPLC-MS/MS) with the cocktail method was used
to screen CYP2B1, CYP1A2, CYP2C11, CYP2D6, CYP3A4, and CYP2C9 from rats employing
bupropion, phenacetin, tolbutamide, metoprolol, testosterone, and omeprazole as the substrates with
MGCD0103 in the metabolic study [46]. Another study employed fast gradient LC-MS/MS to examine
the inhibition of CYP inhibitors (ketoconazole, quinidine, sulfaphenazole, tranylcypromine, quercetin,
furafylline, and 8-methoxypsoralen) on human CYP3A4, CYP2D6, CYP2C9, CYP1A2, CYP2C19,
CYP2A6, and CYP2C8 using a cocktail of probe substrates (midazolam, bufuralol, diclofenac,
ethoxyresorufin, S-mephenytoin, coumarin, and paclitaxel) [47]. Likewise, a high-throughput
inhibition screening of human liver microsomes and recombinant CYP2A6, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4 involved the use of probe substrates (coumarin, tolbutamide, S-mephenytoin,
metoprolol, and midazolam) by inhibitors (tranylcypromin, sulfaphenazole, ticlopidine, quinidine,
and ketoconazole) through in vitro cocktail and LC-MS/MS [48]. A combination of LC-MS/MS, 96-well
plates, as well as the cocktail approach has provided a faster and more effective screening option.
It was employed to screen inhibitory potencies of inhibitors (sulfaphenazole, nootkatone, quinidine,
quercetin, α-naphthoflavone, ketoconazole) on CYP (1A2, 2C8, 2C9, 2C19, 2D6, and 3A4) from
human liver microsomes using the substrates phenacetin, amodiaquine, diclofenac, S-mephenytoin,
dextromethorphan, and midazolam [49]. It was also seen that LC-MS/MS with a 96-well plate
coupled with cocktail substrates (phenacetin, coumarin, bupropion, amodiaquine, diclofenac,
S-mephenytoin, bufuralol, midazolam, and testosterone) was applied to screen direct inhibition
(DI) and time-dependent inhibition (TDI) by test compounds including itraconazole, fluvoxamine,
and fluconazole for DI, while furafylline, tienilic acid, ticlopidine, paroxetine, and erythromycin
were used for TDI on CYPs from liver microsomes (CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, and CYP3A4/5) [50].

LC-MS/MS is considered to be a fast and highly sensitive analytical approach for the
quantification of metabolites. It is able to produce large sets of experimental data and also has
the ability to produce data with high accuracy. Furthermore, LC-MS/MS can be coupled with
the cocktail method, which allows the determination of multiple CYP activities simultaneously.
LC-MS/MS with a cocktail assay is adaptable for automation and small volumes. On the contrary,
LC-MS/MS requires electrospray ionization prior to screening, and the equipment is relatively
expensive. Additionally, some metabolites are not sensitive enough to be detected by this method.
Stable-isotope compounds were required for CYP-specific probe substrate metabolites as an internal
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standard to avoid interference by ion suppression in LC-MS/MS quantification, and this method
was not suitable for initial drug discovery as compared to fluorescent and luminescent assays, which
provided the highest throughput [50]. A cocktail assay should be used with concern as interactions
might occur among the probe substrates, and the use of high microsomal protein concentration levels
might complicate the data interpretation due to the nonspecific binding of inhibitors or substrates to
the microsomal protein.

5. Conclusions

CYP family of enzymes are important phase I enzymes responsible for drug clearance or
the bioactivation of prodrugs. At the early stage of drug discovery and development, in vitro
investigations of modulatory effects of new drug entities or herbal preparations on CYP activities
play key roles in selecting suitable therapeutic candidates for subsequent in vivo and clinical trials.
A high-throughput screening approach optimizes the chance of identifying lead compounds from a
large number of agents. Currently, several high-throughput methods including fluorescence-based,
luminescence-based, and MS-based assays have been developed and widely applied to quantify CYP
activities. Despite fast screening processes, each approach is has certain advantages and disadvantages
(see Table 2). It is advised to consider multiple factors such as available equipment in the laboratory,
budget, and enzyme sources supplied before making a choice from these methods. It would be ideal to
apply more than one approach for the screening of modulatory effects of compounds on CYP activities
if possible. In the future, ultra-high-throughput screening methods with an automated system should
be further developed and validated to meet the requirement of drug discovery and development in
the new era.

Table 2. Major advantages and disadvantages of various high-throughput approaches.

Advantages/Disadvantages Fluorescence-Based Assay Luminescence-Based Assay MS-Based Assay

Advantages X Fast and cheap
X Minimized reagent consumption

X Fast and cheap
X Minimized reagent consumption
X Flexible in the types of

tissues used

X Highly sensitive
X Accurate

Disadvantages

• Probe substrates may be
nonselective, thus heterologous-
expressed individual CYP should
be used

• Possible fluorescence interference
with metabolite by
test compounds

• Lower activity reading as
compared to
fluorescence-based assay

• Equipment is relatively expensive
• Need to use internal standard
• Less high-throughput than

fluorescence/luminescence-based assay

Author Contributions: Conceptualization, Y.P. and C.E.O.; Writing—Original Draft Preparation, Y.T.U.;
Writing—Review & Editing, Y.P. and C.E.O.; Supervision, Y.P.; Authorship must be limited to those who have
contributed substantially to the work reported.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Anzenbacher, P.; Anzenbacherová, E. Cytochromes P450 and metabolism of xenobiotics. Cell. Mol. Life Sci.
2001, 58, 737–747. [CrossRef] [PubMed]

2. Doogue, M.P.; Polasek, T.M. The ABCD of clinical pharmacokinetics. Ther. Adv. Drug Saf. 2013, 4, 5–7.
[CrossRef] [PubMed]

3. Zanger, U.M.; Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expression,
enzyme activities, and impact of genetic variation. Pharmacol. Ther. 2013, 138, 103–141. [CrossRef] [PubMed]

4. Testa, B.; Pedretti, A.; Vistoli, G. Reactions and enzymes in the metabolism of drugs and other xenobiotics.
Drug Discov. Today 2012, 17, 549–560. [CrossRef] [PubMed]

5. Edwards, I.R.; Aronson, J.K. Adverse drug reactions: Definitions, diagnosis, and management. Lancet 2000,
356, 1255–1259. [CrossRef]

http://dx.doi.org/10.1007/PL00000897
http://www.ncbi.nlm.nih.gov/pubmed/11437235
http://dx.doi.org/10.1177/2042098612469335
http://www.ncbi.nlm.nih.gov/pubmed/25083246
http://dx.doi.org/10.1016/j.pharmthera.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23333322
http://dx.doi.org/10.1016/j.drudis.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/22305937
http://dx.doi.org/10.1016/S0140-6736(00)02799-9


High-Throughput 2018, 7, 29 9 of 11

6. Danton, A.C.; Montastruc, F.; Sommet, A.; Durrieu, G.; Bagheri, H.; Bondon-Guitton, E.; Lapeyre-Mestre, M.;
Montastruc, J.L. Importance of cytochrome P450 (CYP450) in adverse drug reactions due to drug–drug
interactions: A PharmacoVigilance study in France. Eur. J. Clin. Pharmacol. 2013, 69, 885–888. [CrossRef]
[PubMed]

7. Coleman, J.J.; Pontefract, S.K. Adverse drug reactions. Clin. Med. 2016, 16, 481–485. [CrossRef] [PubMed]
8. Rautio, J.; Kumpulainen, H.; Heimbach, T.; Oliyai, R.; Oh, D.; Järvinen, T.; Savolainen, J. Prodrugs: Design

and clinical applications. Nat. Rev. Drug Discov. 2008, 7, 255–270. [CrossRef] [PubMed]
9. Mannheimer, B.; Eliasson, E. Drug-drug interactions that reduce the formation of pharmacologically active

metabolites: A poorly understood problem in clinical practice. J. Intern. Med. 2000, 268, 540–548. [CrossRef]
[PubMed]

10. Mukherjee, P.K.; Ponnusankar, S.; Pandit, S.; Hazam, P.K.; Ahmmed, M.; Mukherjee, K. Botanicals as
medicinal food and their effects on drug metabolizing enzymes. Food Chem. Toxicol. 2011, 49, 3142–3153.
[CrossRef] [PubMed]

11. Awortwe, C.; Makiwane, M.; Reuter, H.; Muller, C.; Louw, J.; Rosenkranz, B. Critical evaluation of causality
assessment of herb-drug interactions in patients. Br. J. Clin. Pharmacol. 2018, 84, 679–693. [CrossRef]
[PubMed]

12. Tan, B.H.; Ahemad, N.; Pan, Y.; Palanisamy, U.D.; Othman, I.; Yiap, B.C.; Ong, C.E. Cytochrome P450
2C9-natural antiarthritic interactions: Evaluation of inhibition magnitude and prediction from in vitro data.
Biopharm. Drug Dispos. 2018, 39, 205–217. [CrossRef] [PubMed]

13. Pan, Y.; Mak, J.W.; Ong, C.E. Heterologous expression of human cytochrome P450 (CYP) 2C19 in Escherichia
coli and establishment of RP-HPLC method to serve as activity marker. Biomed. Chromatogr. 2013, 27, 859–865.
[CrossRef] [PubMed]

14. Pan, Y.; Abd-Rashid, B.A.; Ismail, Z.; Ismail, R.; Mak, J.W.; Pook, P.C.K.; Er, H.M.; Ong, C.E. In vitro
determination of the effect of Andrographis paniculata extracts and andrographolide on human hepatic
cytochrome P450 activities. J. Nat. Med. 2011, 65, 440–447. [CrossRef] [PubMed]

15. Pan, Y.; Abd-Rashid, B.A.; Ismail, Z.; Ismail, R.; Mak, J.W.; Pook, P.C.K.; Er, H.M.; Ong, C.E. In vitro
effects of active constituents and extracts of Orthosiphon stamineus on the activities of three major human
cDNA-expressed cytochrome P450 enzymes. Chem. Biol. Interact. 2011, 190, 1–8. [CrossRef] [PubMed]

16. Pan, Y.; Abd-Rashid, B.A.; Ismail, Z.; Ismail, R.; Mak, J.W.; Pook, P.C.K.; Er, H.M.; Ong, C.E. In vitro
modulatory effects of Andrographis paniculata, Centella asiatica and Orthosiphon stamineus on cytochrome
P450 2C19 (CYP2C19). J. Ethnopharmacol. 2011, 133, 881–887. [CrossRef] [PubMed]

17. Rodrigues, A.D.; Lin, J.H. Screening of drug candidates for their drug–drug interaction potential. Curr. Opin.
Chem. Biol. 2001, 5, 396–401. [CrossRef]

18. Burke, M.D.; Thompson, S.; Elcombe, C.R.; Halpert, J.; Haaparanta, T.; Mayer, R.T. Ethoxy-, pentoxy- and
benzyloxyphenoxazones and homologues: A series of substrates to distinguish between different induced
cytochromes P-450. Biochem. Pharmacol. 1985, 34, 3337–3345. [CrossRef]

19. Stresser, D.M.; Blanchard, A.P.; Turner, S.D.; Erve, J.C.; Dandeneau, A.A.; Miller, V.P.; Crespi, C.L.
Substrate-dependent modulation of CYP3A4 catalytic activity: Analysis of 27 test compounds with four
fluorometric substrates. Drug Metab. Dispos. 2000, 28, 1440–1448. [PubMed]

20. White, I.N. A continuous fluorometric assay for cytochrome P-450-dependent mixed function oxidases using
3-cyano-7-ethoxycoumarin. Anal. Biochem. 1988, 172, 304–310. [CrossRef]

21. Donato, M.T.; Jiménez, N.; Castell, J.V.; Gómez-Lechón, M.J. Fluorescence-based assays for screening
nine cytochrome P450 (P450) activities in intact cells expressing individual human P450 enzymes.
Drug Metab. Dispos. 2004, 32, 699–706. [CrossRef] [PubMed]

22. Chauret, N.; Tremblay, N.; Lackman, R.L.; Gauthier, J.-Y.; Silva, J.M.; Marois, J.; Yergey, J.A.; Nicoll-Griffith, D.A.
Description of a 96-well plate assay to measure cytochrome P4503A inhibition in human liver microsomes using
a selective fluorescent probe. Anal. Biochem. 1999, 276, 215–226. [CrossRef] [PubMed]

23. Pérez, J.; Díaz, C.; Asensio, F.; Palafox, A.; Genilloud, O.; Vicente, F. A novel in vitro approach for
simultaneous evaluation of CYP3A4 inhibition and kinetic aqueous solubility. J. Biomol. Screen. 2015,
20, 254–264. [CrossRef] [PubMed]

24. Raymond, L.; Rayani, N.; Polson, G.; Sikorski, K.; Lian, A.; VanAlstine-Parris, M.A. Determining the IC
50 values for vorozole and letrozole, on a series of human liver cytochrome P450s, to help determine the
binding site of vorozole in the liver. Enzyme Res. 2015, 2015, 321820. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00228-012-1394-3
http://www.ncbi.nlm.nih.gov/pubmed/22996074
http://dx.doi.org/10.7861/clinmedicine.16-5-481
http://www.ncbi.nlm.nih.gov/pubmed/27697815
http://dx.doi.org/10.1038/nrd2468
http://www.ncbi.nlm.nih.gov/pubmed/18219308
http://dx.doi.org/10.1111/j.1365-2796.2010.02303.x
http://www.ncbi.nlm.nih.gov/pubmed/21091806
http://dx.doi.org/10.1016/j.fct.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21959528
http://dx.doi.org/10.1111/bcp.13490
http://www.ncbi.nlm.nih.gov/pubmed/29363155
http://dx.doi.org/10.1002/bdd.2127
http://www.ncbi.nlm.nih.gov/pubmed/29488228
http://dx.doi.org/10.1002/bmc.2872
http://www.ncbi.nlm.nih.gov/pubmed/23386533
http://dx.doi.org/10.1007/s11418-011-0516-z
http://www.ncbi.nlm.nih.gov/pubmed/21365364
http://dx.doi.org/10.1016/j.cbi.2011.01.022
http://www.ncbi.nlm.nih.gov/pubmed/21276781
http://dx.doi.org/10.1016/j.jep.2010.11.026
http://www.ncbi.nlm.nih.gov/pubmed/21093571
http://dx.doi.org/10.1016/S1367-5931(00)00220-9
http://dx.doi.org/10.1016/0006-2952(85)90355-7
http://www.ncbi.nlm.nih.gov/pubmed/11095581
http://dx.doi.org/10.1016/0003-2697(88)90449-6
http://dx.doi.org/10.1124/dmd.32.7.699
http://www.ncbi.nlm.nih.gov/pubmed/15205384
http://dx.doi.org/10.1006/abio.1999.4348
http://www.ncbi.nlm.nih.gov/pubmed/10603245
http://dx.doi.org/10.1177/1087057114552796
http://www.ncbi.nlm.nih.gov/pubmed/25296659
http://dx.doi.org/10.1155/2015/321820
http://www.ncbi.nlm.nih.gov/pubmed/26635974


High-Throughput 2018, 7, 29 10 of 11

25. Bapiro, T.E.; Egnell, A.C.; Hasler, J.A.; Masimirembwa, C.M. Application of higher throughput screening
(HTS) inhibition assays to evaluate the interaction of antiparasitic drugs with cytochrome P450s.
Drug Metab. Dispos. 2001, 29, 30–35. [PubMed]

26. Kenaan, C.; Zhang, H.; Hollenberg, P.F. A quantitative high-throughput 96-well plate fluorescence assay
for mechanism-based inactivators of cytochromes P450 exemplified using CYP2B6. Nat. Protoc. 2010, 5,
1652–1658. [CrossRef] [PubMed]

27. Bahadur, S.; Mukherjee, P.; Milan Ahmmed, S.; Kar, A.; Harwansh, R.; Pandit, S. Metabolism-mediated
interaction potential of standardized extract of Tinospora cordifolia through rat and human liver microsomes.
Indian J. Pharmacol. 2016, 48, 576–581. [CrossRef] [PubMed]

28. Ahmmed, S.; Mukherjee, P.; Bahadur, S.; Kar, A.; Mukherjee, K.; Karmakar, S.; Bandyopadhyay, A.
Interaction potential of Trigonella foenum graceum through cytochrome P450 mediated inhibition.
Indian J. Pharmacol. 2015, 47, 530–534. [CrossRef] [PubMed]

29. Siqueira-Neto, J.L.; Song, O.-R.; Oh, H.; Sohn, J.-H.; Yang, G.; Nam, J.; Jang, J.; Cechetto, J.; Lee, C.B.;
Moon, S.; et al. Antileishmanial high-throughput drug screening reveals drug candidates with new scaffolds.
PLoS Negl. Trop. Dis. 2010, 4, e675. [CrossRef] [PubMed]

30. Awortwe, C.; Bouic, P.J.; Masimirembwa, C.M.; Rosenkranz, B. Inhibition of major drug metabolizing CYPs
by common herbal medicines used by HIV/AIDS patients in Africa—Implications for herb-drug interactions.
Drug Metab. Lett. 2014, 7, 83–95. [CrossRef] [PubMed]

31. Lee, S.S.; Zhang, B.; He, M.L.; Chang, V.S.C.; Kung, H.F. Screening of active ingredients of herbal medicine
for interaction with CYP450 3A4. Phytother. Res. 2007, 21, 1096–1099. [CrossRef] [PubMed]

32. Sukumaran, S.M.; Potsaid, B.; Lee, M.-Y.; Clark, D.S.; Dordick, J.S. Development of a fluorescence-based,
ultra high-throughput screening platform for nanoliter-scale cytochrome p450 microarrays. J. Biomol. Screen.
2009, 14, 668–678. [CrossRef] [PubMed]

33. Auld, D.S.; Veith, H.; Cali, J.J. Bioluminescent Assays for Cytochrome P450 Enzymes. Methods Mol. Biol.
2013, 987, 1–9. [CrossRef] [PubMed]

34. Kim, Y.H.; Bae, Y.J.; Kim, H.S.; Cha, H.J.; Yun, J.S.; Shin, J.S.; Seong, W.K.; Lee, Y.M.; Han, K.M.
Measurement of Human Cytochrome P450 Enzyme Induction Based on Mesalazine and Mosapride Citrate
Treatments Using a Luminescent Assay. Biomol. Ther. 2015, 23, 486–492. [CrossRef] [PubMed]

35. Zhang, X.; Lu, J.; He, B.; Tang, L.; Liu, X.; Zhu, D.; Cao, H.; Wang, Y.; Li, L. A tryptophan derivative, ITE,
enhances liver cell metabolic functions in vitro. Int. J. Mol. Med. 2017, 39, 101–112. [CrossRef] [PubMed]

36. Satoh, D.; Iwado, S.; Abe, S.; Kazuki, K.; Wakuri, S.; Oshimura, M.; Kazuki, Y. Establishment of a novel
hepatocyte model that expresses four cytochrome P450 genes stably via mammalian-derived artificial
chromosome for pharmacokinetics and toxicity studies. PLoS ONE 2017, 12, e0187072. [CrossRef] [PubMed]

37. Sa-ngiamsuntorn, K.; Wongkajornsilp, A.; Kasetsinsombat, K.; Duangsa-ard, S.; Nuntakarn, L.;
Borwornpinyo, S.; Akarasereenont, P.; Limsrichamrern, S.; Hongeng, S. Upregulation of CYP 450s
expression of immortalized hepatocyte-like cells derived from mesenchymal stem cells by enzyme inducers.
BMC Biotechnol. 2011, 11, 89. [CrossRef] [PubMed]

38. Desai, P.; Tseng, H.; Souza, G. Assembly of hepatocyte spheroids using magnetic 3D cell culture for
CYP450 inhibition/induction. Int. J. Mol. Sci. 2017, 18, 1085. [CrossRef] [PubMed]

39. Kostiainen, R.; Kotiaho, T.; Kuuranne, T.; Auriola, S. Liquid chromatography/atmospheric pressure
ionization-mass spectrometry in drug metabolism studies. J. Mass Spectrom. 2003, 38, 357–372. [CrossRef]
[PubMed]

40. Meyer, M.R.; Vollmar, C.; Schwaninger, A.E.; Wolf, E.U.; Maurer, H.H. New cathinone-derived designer drugs
3-bromomethcathinone and 3-fluoromethcathinone: Studies on their metabolism in rat urine and human
liver microsomes using GC-MS and LC-high-resolution MS and their detectability in urine. J. Mass Spectrom.
2012, 47, 253–262. [CrossRef] [PubMed]

41. Oh, H.-A.; Lee, H.; Kim, D.; Jung, B.H. Development of GC-MS based cytochrome P450 assay for the
investigation of multi-herb interaction. Anal. Biochem. 2017, 519, 71–83. [CrossRef] [PubMed]

42. Nelson, L.J.; Morgan, K.; Treskes, P.; Samuel, K.; Henderson, C.J.; LeBled, C.; Homer, N.; Grant, M.H.;
Hayes, P.C.; Plevris, J.N. Human hepatic HepaRG cells maintain an organotypic phenotype with high intrinsic
CYP450 activity/metabolism and significantly outperform standard HepG2/C3A cells for pharmaceutical
and therapeutic applications. Basic Clin. Pharmacol. Toxicol. 2017, 120, 30–37. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/11124226
http://dx.doi.org/10.1038/nprot.2010.125
http://www.ncbi.nlm.nih.gov/pubmed/20885377
http://dx.doi.org/10.4103/0253-7613.190758
http://www.ncbi.nlm.nih.gov/pubmed/27721546
http://dx.doi.org/10.4103/0253-7613.165179
http://www.ncbi.nlm.nih.gov/pubmed/26600643
http://dx.doi.org/10.1371/journal.pntd.0000675
http://www.ncbi.nlm.nih.gov/pubmed/20454559
http://dx.doi.org/10.2174/1872312808666140129123210
http://www.ncbi.nlm.nih.gov/pubmed/24475926
http://dx.doi.org/10.1002/ptr.2149
http://www.ncbi.nlm.nih.gov/pubmed/17622974
http://dx.doi.org/10.1177/1087057109336592
http://www.ncbi.nlm.nih.gov/pubmed/19525490
http://dx.doi.org/10.1007/978-1-62703-321-3_1
http://www.ncbi.nlm.nih.gov/pubmed/23475663
http://dx.doi.org/10.4062/biomolther.2015.041
http://www.ncbi.nlm.nih.gov/pubmed/26336590
http://dx.doi.org/10.3892/ijmm.2016.2825
http://www.ncbi.nlm.nih.gov/pubmed/27959388
http://dx.doi.org/10.1371/journal.pone.0187072
http://www.ncbi.nlm.nih.gov/pubmed/29065189
http://dx.doi.org/10.1186/1472-6750-11-89
http://www.ncbi.nlm.nih.gov/pubmed/21961524
http://dx.doi.org/10.3390/ijms18051085
http://www.ncbi.nlm.nih.gov/pubmed/28524079
http://dx.doi.org/10.1002/jms.481
http://www.ncbi.nlm.nih.gov/pubmed/12717747
http://dx.doi.org/10.1002/jms.2960
http://www.ncbi.nlm.nih.gov/pubmed/22359337
http://dx.doi.org/10.1016/j.ab.2016.12.015
http://www.ncbi.nlm.nih.gov/pubmed/28007398
http://dx.doi.org/10.1111/bcpt.12631
http://www.ncbi.nlm.nih.gov/pubmed/27285124


High-Throughput 2018, 7, 29 11 of 11

43. Szultka-Mlynska, M.; Buszewski, B. Study of in-vitro metabolism of selected antibiotic drugs in human liver
microsomes by liquid chromatography coupled with tandem mass spectrometry. Anal. Bioanal. Chem. 2016,
408, 8273–8287. [CrossRef] [PubMed]

44. Wei, S.; Ji, H.; Yang, B.; Ma, L.; Bei, Z.; Li, X.; Dang, H.; Yang, X.; Liu, C.; Wu, X.; et al. Impact of chrysosplenetin
on the pharmacokinetics and anti-malarial efficacy of artemisinin against Plasmodium berghei as well as in vitro
CYP450 enzymatic activities in rat liver microsome. Malar. J. 2015, 14, 432. [CrossRef] [PubMed]

45. Urban, P.; Truan, G.; Pompon, D. High-throughput functional screening of steroid substrates with wild-type
and chimeric P450 enzymes. BioMed Res. Int. 2014, 2014, 764102. [CrossRef] [PubMed]

46. Cai, J.; Zhang, Q.; Lin, K.; Hu, L.; Zheng, Y. The effect of MGCD0103 on CYP450 isoforms activity of rats by
cocktail method. BioMed Res. Int. 2015, 2015, 517295. [CrossRef] [PubMed]

47. Dierks, E.A.; Stams, K.R.; Lim, H.K.; Cornelius, G.; Zhang, H.; Ball, S.E. A method for the simultaneous
evaluation of the activities of seven major human drug-metabolizing cytochrome P450s using an
in vitro cocktail of probe substrates and fast gradient liquid chromatography tandem mass spectrometry.
Drug Metab. Dispos. 2001, 29, 23–29. [PubMed]

48. Qin, C.Z.; Ren, X.; Tan, Z.R.; Chen, Y.; Yin, J.Y.; Yu, J.; Qu, J.; Zhou, H.H.; Liu, Z.Q. A high-throughput
inhibition screening of major human cytochrome P450 enzymes using an in vitro cocktail and liquid
chromatography-tandem mass spectrometry. Biomed. Chromatogr. 2014, 28, 197–203. [CrossRef] [PubMed]

49. Wang, J.J.; Guo, J.J.; Zhan, J.; Bu, H.Z.; Lin, J.H. An in-vitro cocktail assay for assessing compound-mediated
inhibition of six major cytochrome P450 enzymes. J. Pharm. Anal. 2014, 4, 270–278. [CrossRef] [PubMed]

50. Kozakai, K.; Yamada, Y.; Oshikata, M.; Kawase, T.; Suzuki, E.; Haramaki, Y.; Taniguchi, H.
Cocktail-substrate approach-based high-throughput assay for evaluation of direct and time-dependent inhibition
of multiple cytochrome P450 isoforms. Drug Metab. Pharmacokinet. 2014, 29, 198–207. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00216-016-9929-6
http://www.ncbi.nlm.nih.gov/pubmed/27704178
http://dx.doi.org/10.1186/s12936-015-0929-3
http://www.ncbi.nlm.nih.gov/pubmed/26537009
http://dx.doi.org/10.1155/2014/764102
http://www.ncbi.nlm.nih.gov/pubmed/25243177
http://dx.doi.org/10.1155/2015/517295
http://www.ncbi.nlm.nih.gov/pubmed/26357656
http://www.ncbi.nlm.nih.gov/pubmed/11124225
http://dx.doi.org/10.1002/bmc.3003
http://www.ncbi.nlm.nih.gov/pubmed/23946123
http://dx.doi.org/10.1016/j.jpha.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29403890
http://dx.doi.org/10.2133/dmpk.DMPK-13-RG-093
http://www.ncbi.nlm.nih.gov/pubmed/24172718
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fluorescence-Based Assay 
	Luminescence-Based Assay 
	Mass Spectrometry-Based Assay 
	GC-MS-Based Assay 
	LC-MS or LC-MS/MS-Based Assay 

	Conclusions 
	References

