
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
An automated cocktail method for in vitro assessment of direct and time-dependent inhibition
of nine major cytochrome P450 enzymes – application to establishing CYP2C8 inhibitor
selectivity
Kahma, Helinä; Aurinsalo, Laura; Neuvonen, Mikko; Katajamäki, Jani; Paludetto, Marie-
Noëlle; Viinamäki, Jenni; Launiainen, Terhi; Filppula, Anne M.; Tornio, Aleksi; Niemi, Mikko;
Backman, Janne T.
Published in:
European Journal of Pharmaceutical Sciences

DOI:
10.1016/j.ejps.2021.105810

Published: 01/07/2021

Document Version
Final published version

Document License
CC BY-NC-ND

Link to publication

Please cite the original version:
Kahma, H., Aurinsalo, L., Neuvonen, M., Katajamäki, J., Paludetto, M-N., Viinamäki, J., Launiainen, T., Filppula,
A. M., Tornio, A., Niemi, M., & Backman, J. T. (2021). An automated cocktail method for in vitro assessment of
direct and time-dependent inhibition of nine major cytochrome P450 enzymes – application to establishing
CYP2C8 inhibitor selectivity. European Journal of Pharmaceutical Sciences, 162, [105810].
https://doi.org/10.1016/j.ejps.2021.105810

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1016/j.ejps.2021.105810
https://research.abo.fi/en/publications/3408133c-cacb-44c0-9862-98e77ca9d51c
https://doi.org/10.1016/j.ejps.2021.105810


European Journal of Pharmaceutical Sciences 162 (2021) 105810

Available online 19 March 2021
0928-0987/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

An automated cocktail method for in vitro assessment of direct and 
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A B S T R A C T   

We developed an in vitro high-throughput cocktail assay with nine major drug-metabolizing CYP enzymes, 
optimized for screening of time-dependent inhibition. The method was applied to determine the selectivity of the 
time-dependent CYP2C8 inhibitors gemfibrozil 1-O-β-glucuronide and clopidogrel acyl-β-D-glucuronide. In vitro 
incubations with CYP selective probe substrates and pooled human liver microsomes were conducted in 96-well 
plates with automated liquid handler techniques and metabolite concentrations were measured with quantitative 
UHPLC-MS/MS analysis. After determination of inter-substrate interactions and Km values for each reaction, 
probe substrates were divided into cocktails I (tacrine/CYP1A2, bupropion/CYP2B6, amodiaquine/CYP2C8, 
tolbutamide/CYP2C9 and midazolam/CYP3A4/5) and II (coumarin/CYP2A6, S-mephenytoin/CYP2C19, dex-
tromethorphan/CYP2D6 and astemizole/CYP2J2). Time-dependent inhibitors (furafylline/CYP1A2, selegiline/ 
CYP2A6, clopidogrel/CYP2B6, gemfibrozil 1-O-β-glucuronide/CYP2C8, tienilic acid/CYP2C9, ticlopidine/ 
CYP2C19, paroxetine/CYP2D6 and ritonavir/CYP3A) and direct inhibitor (terfenadine/CYP2J2) showed similar 
inhibition with single substrate and cocktail methods. Established time-dependent inhibitors caused IC50 fold 
shifts ranging from 2.2 to 30 with the cocktail method. Under time-dependent inhibition conditions, gemfibrozil 
1-O-β-glucuronide was a strong (>90% inhibition) and selective (<< 20% inhibition of other CYPs) inhibitor of 
CYP2C8 at concentrations ranging from 60 to 300 μM, while the selectivity of clopidogrel acyl-β-D-glucuronide 
was limited at concentrations above its IC80 for CYP2C8. The time-dependent IC50 values of these glucuronides 
for CYP2C8 were 8.1 and 38 µM, respectively. In conclusion, a reliable cocktail method including the nine most 
important drug-metabolizing CYP enzymes was developed, optimized and validated for detecting time- 
dependent inhibition. Moreover, gemfibrozil 1-O-β-glucuronide was established as a selective inhibitor of 
CYP2C8 for use as a diagnostic inhibitor in in vitro studies.   

1. Introduction 

Drug-drug interactions caused by inhibition of cytochrome P450 
(CYP) enzymes are a common cause of adverse effects. One of the most 
hazardous and often overlooked mechanisms of CYP enzyme inhibition 
is time-dependent inhibition (TDI). TDI may be caused by several 

different mechanisms, including formation of reactive electrophiles, 
which inactivate enzymes by forming covalent bonds, or generation of 
tight bonds between the heme component of cytochrome P450 enzymes 
and drug metabolites (Silverman, 1995; Guengerich, 2003; Kalgutkar 
et al., 2007). After stopping treatment with this kind of inhibitors in vivo, 
synthesis of new enzymes gradually recovers enzyme function during 
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the following days or weeks (Tornio et al., 2008; Juřica and Žourková, 
2013; Kaartinen et al., 2020). Compared to reversible direct inhibition, 
the effect of TDI thus has a substantially longer timescale. A demon-
strative example of such a time-dependent inhibitor is the lipid lowering 
fibrate gemfibrozil. Initially, its drug interactions obtained worldwide 
attention, as it drastically increased the risk of rhabdomyolysis during 
cerivastatin treatment, which led to withdrawal of cerivastatin in 2001 
(World Health Organization, 2001; Backman et al., 2002; Roca et al., 
2002; Thompson et al., 2003; Tornio et al., 2017). The mechanism of 
this potentially fatal interaction was later found to be strong 
mechanism-based inhibition of CYP2C8 caused by its major glucuronide 
metabolite (Ogilvie et al., 2006). Consequently, gemfibrozil causes a 
time- and dose-dependent CYP2C8 inhibition that lasts a few days after 
gemfibrozil has been eliminated (Backman et al., 2009; Honkalammi 
et al., 2011a; Honkalammi et al., 2011b; Honkalammi et al., 2012). 

Assessment of drug-drug interactions is essential in the development 
of a new drug. If potentially hazardous interactions are not detected in 
the preclinical phase, they can cause even life-threatening adverse ef-
fects to patients during clinical treatment. Investigating both direct and 
time-dependent inhibition of at least CYP1A2, CYP2B6, CYP2C8, 
CYP2C9, CYP2C19, CYP2D6 and CYP3A4 in vitro is recommended before 
proceeding to clinical trials (European Medicines Agency, 2012; U.S. 
Food and Drug Administration, 2020). Direct inhibition is studied 
through a short co-incubation of the investigated drug with HLM, 
NADPH and a marker substrate, whereas TDI assays require an addi-
tional preincubation step. Preincubating a test compound for 30 minutes 
with HLM and NADPH prior to addition of the probe substrate is a 
well-established method to investigate TDI, which is evidenced by a 
preincubation time- and NADPH-dependent increase of inhibitory po-
tency (i.e. by a shift to a lower IC50 value upon preincubation). To 
improve the throughput of often time-consuming CYP inhibition 
screening during drug development, fluorescence, luminescence and 
radioactive assays using recombinant CYP enzymes have been widely 
used for evaluating inhibition of major CYP enzymes. However, these 
assays have several drawbacks, including lack of specific probes, poor in 
vitro - in vivo correlation and discrepancies between TDI data obtained 
using recombinant CYPs and human liver microsomes (HLMs) (Cohen 
et al., 2003; Parkinson et al., 2010; Kahma et al., 2019). An LC-MS-based 
substrate cocktail approach, in which multiple CYP activities are 
assessed in a single experiment in HLMs, provides more reliable results 
and can offer high throughput, especially when automated liquid 
handling is used. Various in vitro cocktail methods have been developed 
for assessment of drug-drug interactions (Spaggiari et al., 2014). Yet, a 
majority of them have been designed for detecting direct inhibition and 
only few methods have been validated and optimized for screening of 
TDI, usually lacking automation and often including only a limited se-
lection of CYP enzymes (Atkinson et al., 2005; Mori et al., 2009; Spag-
giari et al., 2014; Lee and Kim, 2013; Kozakai et al., 2014; Dahlinger 
et al., 2016; Chen et al., 2016). 

Our aim was to establish an in vitro high-throughput cocktail method 
utilizing liquid-handling robotics, with optimized incubation conditions 
for detection of TDI of drug metabolizing CYP enzymes, including all 
seven enzymes recommended by FDA and EMA, and additionally 
CYP2A6 and CYP2J2, which are involved in the metabolism of a number 
of important drugs (Spracklin et al., 1996; Sadeque et al., 1997; 
Hashizume et al., 2002; Lee,  et al., 2010; Karkhanis et al., 2017). 
Additionally, as there is only very limited knowledge on the inhibitory 
effects of clopidogrel acyl-β-D-glucuronide and gemfibrozil 
1-O-β-glucuronide on CYP enzyme activities, apart from their 
time-dependent CYP2C8 inhibitory effect (Ogilvie et al., 2006; Floyd 
et al., 2012; Tornio et al., 2014), we used the method to assess their 
potential to cause direct or time-dependent inhibitory effects on all the 
nine CYP enzymes. Accordingly, we wanted to comprehensively docu-
ment their usefulness as diagnostic CYP2C8 inhibitors. 

2. Materials and methods 

2.1. Materials 

Pooled HLMs from 200 donors (XTreme 200 Mixed Gender) were 
purchased from XenoTech (Kansas City, KS, USA). Human recombinant 
CYP2C19 expressed in baculovirus infected insect cells with human 
cytochrome b5 (Supersomes) were purchased from Corning (Corning, 
NY, USA). Bovine serum albumin (BSA) was from Biowest (Nuaillé, 
France). Amodiaquine dihydrochloride, coumarin, dextromethorphan 
hydrobromide, (±)-omeprazole, 1-hydroxymidazolam, 1-hydrox-
ymidazolam-d4, 6β-hydroxytestosterone, 6β-hydroxytestosterone-d3 
and β-NADPH were from Sigma-Aldrich (St. Louis, MO, USA). Astemi-
zole, astemizole-d3, bupropion hydrochloride, chlorzoxazone, dextro-
rphan tartrate, dextrorphan-d3 tartrate, diclofenac sodium, furafylline, 
hydroxybupropion, hydroxybupropion-d6, hydroxytolbutamide, 
hydroxytolbutamide-d9, N-desethylamodiaquine hydrochloride, N- 
desethylamodiaquine-d5, O-desmethylastemizole, ritonavir, R-omepra-
zole, selegiline hydrochloride, S-mephenytoin, S-(+)-clopidogrel 
hydrogen sulfate, tacrine hydrochloride, terfenadine, ticlopidine hy-
drochloride, tienilic acid, tolbutamide, 1-hydroxytacrine-d3, 4-hydrox-
ydiclofenac, 4-hydroxydiclofenac-d4, 5-hydroxyomeprazole sodium, 5- 
hydroxyomeprazole-d3 sodium, 6-hydroxychlorzoxazone, 6-hydroxy-
chlorzoxazone-d2, 7-hydroxycoumarin and 7-hydroxycoumarin-d5 
were purchased from Toronto Research Chemicals (Toronto, ON, Can-
ada). Gemfibrozil 1-O-β-glucuronide and 1-hydroxytacrine maleate 
were obtained from Santa Cruz Biotechnology (Dallas, TX, USA), clo-
pidogrel acyl-β-D-glucuronide (contains 8.5% clopidogrel carboxylic 
acid, no clopidogrel detected) from Acanthus Research (Mississauga, 
ON, Canada), midazolam from Hoffmann-La Roche (Basel, Switzerland), 
O-desmethylastemizole-d4 from Medical Isotopes (Pelham, NH, USA), 
paroxetine hydrochloride from SynFine Research (Richmond Hill, ON, 
Canada), and testosterone from Fluka (Morris Plains, NJ, USA). Other 
solvents and reagents were of analytical grade. 

2.2. Preliminary substrate testing 

Probe substrate candidates for each CYP enzyme were chosen based 
on selectivity of the CYP-reaction, enzymatic turnover of the substrates 
and the risk of interactions with other CYPs in the cocktail incubation 
system. The following substrates were selected for preliminary testing: 5 
µM tacrine (CYP1A2), 1 µM coumarin (CYP2A6), 100 µM bupropion 
(CYP2B6), 2 µM amodiaquine (CYP2C8), 10 µM paclitaxel (CYP2C8), 5 
µM diclofenac (CYP2C9), 100 µM tolbutamide (CYP2C9), 20 µM racemic 
omeprazole (CYP2C19), 20 µM R-omeprazole (CYP2C19), 40 µM S- 
mephenytoin (CYP2C19), 5 µM dextromethorphan (CYP2D6), 50 µM 
chlorzoxazone (CYP2E1), 0.3 µM astemizole (CYP2J2), 2 µM midazolam 
(CYP3A4/5) and 40 µM testosterone (CYP3A4). The initial probe sub-
strate concentrations were similar to their published Km values. 

Secondary selection of the substrates was based on solubility of the 
compounds in working solutions and aqueous buffer. Furthermore, the 
selectivity of CYP2C19-mediated omeprazole metabolism was tested 
using a preliminary cocktail consisting of racemic omeprazole or R- 
omeprazole, coumarin, dextromethorphan and astemizole. The IC50 of 
the CYP2C19-inhibitor ticlopidine was determined with and without a 
30-minute preincubation of the inhibitor with HLMs (protein concen-
tration 0.05 mg/mL) and NADPH (1 mM) followed by a 5-minute in-
cubation with 20 µM racemic omeprazole/R-omeprazole alone or in 
cocktail. The experiments were otherwise conducted following the IC50 
shift protocol described in section 2.6, with the exception that no BSA 
was added to the incubations. For R-omeprazole, IC50 values were also 
determined using human recombinant CYP2C19 (protein concentration 
0.05 mg/mL) instead of HLMs. 

Lastly, selected probe substrates were divided into two cocktails 
based on previously reported interactions between the substrates (Ren 
et al., 2013; Spaggiari et al., 2014; Dahlinger et al., 2016). Cocktail I 
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included 5 µM tacrine, 100 µM bupropion, 2 µM amodiaquine, 100 µM 
tolbutamide and 2 µM midazolam. Cocktail II included 1 µM coumarin, 
40 µM S-mephenytoin, 5 µM dextromethorphan, 50 µM chlorzoxazone, 
0.3 µM astemizole and 40 µM testosterone. Inter-substrate interactions 
in the cocktails were then evaluated by incubating each substrate with 
all other substrates from the same cocktail in a pairwise manner using 
incubation conditions described in section 2.3. 

2.3. Final incubation conditions 

After preliminary testing, the following substrates were selected for 
each CYP in the final cocktails: 5 µM tacrine for CYP1A2, 50 µM 
bupropion for CYP2B6, 2 µM amodiaquine for CYP2C8, 100 µM tolbu-
tamide for CYP2C9 and 2 µM midazolam for CYP3A4/5 in cocktail I, and 
1 µM coumarin for CYP2A6, 40 µM S-mephenytoin for CYP2C19, 5 µM 
dextromethorphan for CYP2D6 and 0.3 µM astemizole for CYP2J2 in 
cocktail II (Table 1). Incubations were carried out in at least triplicates in 
96-well plates. The stock solutions of substrates were prepared in water 
or methanol. The substrates were diluted in 0.1 M sodium phosphate 
buffer (pH 7.4) with HLMs (0.05 mg/mL for cocktail I and 0.1 mg/mL for 
cocktail II). A small amount of bovine serum albumin (BSA) (0.5% w/v) 
was added to cocktail II incubation mixture to enhance CYP2C19 ac-
tivity, as previously demonstrated by Peng et al. (2015), and the incu-
bation mixture was prewarmed on a heated shaker (350 rpm, 37◦C; 
Eppendorf ThermoMixer, Hamburg, Germany) for 3 minutes. A 5-min-
ute incubation was initiated by the addition of NADPH (1 mM). In-
cubations were terminated by mixing one part sample with three parts 
ice cold methanol containing internal standards for each quantified 
metabolite (Table 2). To precipitate the proteins, the samples were kept 
at 4◦C for at least 30 minutes before centrifugal filtration (1800 g, 15 
minutes) through Strata Impact protein precipitation filter plates (Phe-
nomenex, Torrance, CA, USA). The filtered samples were evaporated to 
dryness using a GeneVac centrifugal evaporator (Thermo Fisher Scien-
tific, Waltham, MA, USA) and resuspended in 40 µL of 20% methanol for 
UHPLC-MS/MS analysis. 

2.4. Linearity of metabolite formation 

The linear range of metabolite formation was evaluated by incu-
bating each substrate cocktail (Table 1) for 2.5, 5, 10, 15 or 30 minutes 
using a protein concentration of 0.05 mg/mL for cocktail I and 0.1 mg/ 
mL for cocktail II. The effect of protein concentration was evaluated by 
incubating the substrate cocktails with three different protein concen-
trations (0.025 mg/mL, 0.05 mg/mL and 0.1 mg/mL for cocktail I and 
0.05 mg/mL, 0.1 mg/mL and 0.2 mg/mL for cocktail II) for 5 minutes as 
described in section 2.3. For cocktail II, linearity was studied with and 

without BSA (0.5% w/v). 

2.5. Determination of kinetic constants 

Kinetic analysis of the final probe reactions was conducted by 
incubating each CYP substrate separately using 8-10 different substrate 
concentrations. The incubations followed the protocol described in 
section 2.3, with the exception of a shorter 2-minute incubation time 
used for amodiaquine, astemizole, coumarin and midazolam to avoid 
extensive depletion with the lowest concentrations of these high- 
turnover substrates. The kinetic data were analyzed with the following 
models using SigmaPlot (version 14.0; Systat Software, San Jose, CA, 
USA): 

Michaelis-Menten 

v =
Vmax [S]

Km + [S]
(1)  

where v is the initial velocity of the reaction, Vmax is the maximal re-
action velocity, [S] is the substrate concentration, and Km is the 
Michaelis-Menten constant. 

Substrate inhibition 

v =
Vmax

1 + Km
[S] +

[S]
Ki

(2)  

where Ki is the dissociation constant for the inhibitory substrate- 
enzyme-substrate complex. 

Allosteric sigmoidal (Hill) 

v =
Vmax[S]n

Kn
m + [S]n

(3)  

where n is the Hill coefficient. 
Two enzymes 

v =
Vmax1[S]

Km1 + [S]
+

Vmax2[S]
Km2 + [S]

(4) 

The selection of the best model for each probe reaction was based on 
the Akaike information criterion, R2 values, 95% confidence intervals 
(CI), and a visual examination of Michaelis-Menten and Eadie-Hofstee 
plots. 

2.6. Automated IC50 shift assay 

The final substrate cocktails were validated with a fully automated 
IC50 shift assay using well-characterized time-dependent or direct 

Table 1 
Probe substrates, CYP-specific model reactions, incubation concentrations of the substrates and Km and Vmax values expressed as mean (± standard error) of a single 
experiment run in triplicate.   

CYP Substrate Probe reaction Incubation concentration  
(µM) 

Km 

(µM) 
Vmax 

(pmol/min/mg) 
Km, Literature 
(µM) 

Cocktail I         
1A2 Tacrine 1-Hydroxylation 5 7.1 (±2.1) (Km1) 

380 (±360) (Km2) 
82 (±16) (Vmax1)  
360 (±210) (Vmax2) 

16  

2B6 Bupropion Hydroxylation 50 115 (±3.2) 145 (±1.3) 21-150  
2C8 Amodiaquine N-Deethylation 2 2.2 (±0.14) 1380 (±26) 1.6-3.0  
2C9 Tolbutamide 4-Hydroxylation 100 241 (±18) 194 (±5.4) 93-440  
3A4 Midazolam 1’-Hydroxylation 2 2.6 (±0.22) 1250 (±31) 0.89-8.8 

Cocktail II         
2A6 Coumarin 7-Hydroxylation 1 0.8 (±0.066) 512 (±11) 0.84-5.6  
2C19 S-mephenytoin 4’-Hydroxylation 40 12 (±0.75) 41 (±0.66) 20-86  
2D6 Dextromethorphan O-Demethylation 5 3.2 (±0.17) 206 (±3.0) 3.2-19.9  
2J2 Astemizole O-Demethylation 0.3 0.8 (±0.044) 364 (±6.3) 0.1-26* 

Literature Km values were obtained from the University Washington Drug Interaction Database (DIDB; https://www.druginteractionsolutions.org [Accessed: 03-18- 
2020]), and are based on studies with pooled HLMs, except for those with *, which are from studies with recombinant enzymes. Literature Km values reported in the 
table are determined without BSA. 
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inhibitors for each CYP enzyme (Figure 1). Time dependence of the in-
hibition was assessed using both the single substrates and the substrate 
cocktails. All dilutions and experiments were performed using a Tecan 
Freedom EVO 150 automated liquid handler, controlled using Freedom 
EVOware software (Tecan Group, Männedorf, Switzerland). The assay 
was designed for an IC50 shift experiment for 1-2 inhibitors at seven 
different concentrations with solvent controls. The reference inhibitor 
concentrations were chosen so that the highest concentrations would 
exceed the expected direct inhibition IC50 by at least an order of 
magnitude. The Tecan platform layout included racks for reagent res-
ervoirs, a Tecan Te-Shake heated orbital shaker with a rack for a 96-well 
incubation plate, and an EcoTherm chilling dry bath (Torrey Pines Sci-
entific, Carlsbad, CA, USA) with two 96-well plate racks, one for a re-
agent plate and one for a sample plate. Sample plates were covered with 
pierceable films (4titude, Wotton, UK) to prevent solvent evaporation 
during incubations. The working solutions of single substrates and the 
substrate cocktails were prepared in 80% methanol. The working solu-
tions of the inhibitors were prepared in methanol, water or DMSO: 
methanol 2:3 (v/v), depending on inhibitor solubility. The final meth-
anol and DMSO concentrations in the incubations were no more than 
0.9% or 0.2%, respectively. 

The direct inhibition and TDI incubations were performed simulta-
neously on a 96-well plate by timed pipetting of the reagents one column 
at a time. In TDI incubations, aliquots (1 µL) of the inhibitor or solvent 
control solutions were added in wells containing 0.1 M sodium phos-
phate buffer (pH 7.4). The plate was then moved onto the heated shaker 
and HLMs (10 µL, 0.05 or 0.1 mg/mL in final cocktail I and II in-
cubations, respectively) were added in the wells. Thereafter, a 30-min-
ute preincubation at 37 C̊ (550 rpm) was initiated by the addition of 
NADPH (10 µL, 1 mM in the final incubation). For cocktail II, a low 
concentration of BSA (10 µL, 0.5% w/v in the final incubation) was 
added to the incubation mixture 27 minutes after the start of the pre-
incubation to increase enzyme activities in the final incubations (Peng 
et al., 2015). The final incubations to measure CYP activities were 
initiated by adding an aliquot (1 µL) of the substrate cocktails or single 
substrate solutions to give a final volume of 200 µL. After a 5-minute 
incubation on the heated shaker, 30 µL-samples were transferred to 
quenching wells in a cold (4◦C) dry bath containing 90 µL of internal 
standard solution in methanol. The direct inhibition incubations fol-
lowed the protocol described in section 2.3 with a 3-minute warm-up of 
HLMs, substrates and the inhibitor in buffer and a 5-minute incubation 

using the same pipetting volumes as in TDI incubations. The setup and 
other details of the automated assay will be made freely available and 
kept updated on the Zenodo open-access data repository (DOI: 
10.5281/zenodo.4554651). 

2.7. Determination of IC50 values 

The enzyme activities with inhibitors were compared with identical 
control samples without inhibitors (solvent controls) and the IC50 values 
for the model inhibitors were calculated by nonlinear regression analysis 
using GraphPad Prism (version 7.04; GraphPad Software, La Jolla, CA, 
USA). The difference between IC50 values from direct and time- 
dependent inhibition experiments was compared, and the fold shift 
value was calculated by dividing the IC50 value obtained without pre-
incubation by the IC50 value with preincubation. 

2.8. Selectivity of TDI by clopidogrel acyl-β-D-glucuronide and 
gemfibrozil 1-O-β-glucuronide 

The selectivity of time-dependent inhibition of CYP2C8 caused by 
the acyl glucuronides of clopidogrel and gemfibrozil was studied by 
conducting IC50 shift experiments with both substrate cocktails sepa-
rately as described in sections 2.3 and 2.6. The inhibitor concentrations 
ranged from 96 nM to 1.5 mM in order to comprehensively evaluate 
their usefulness as in vitro diagnostic inhibitors. 

2.9. UHPLC-MS/MS analysis 

The quantitative analysis of the probe metabolites from 9 CYP- 
catalyzed reactions was performed using a Shimadzu Nexera X2 ultra- 
high-performance liquid chromatography system coupled to a Shi-
madzu LCMS-8050 triple quadrupole mass spectrometer (UHPLC-MS/ 
MS) (Shimadzu, Kyoto, Japan). Analyte separation was performed with 
a Luna Omega Polar C18 column (100 × 2.1 mm internal diameter (i.d.), 
1.6 µm particle size) (Phenomenex, Torrance, CA, USA) at a flow rate of 
0.3 mL/min and column temperature of 40 ◦C. The autosampler tem-
perature was set at 6 ◦C. The mobile phases consisted of 0.05% formic 
acid in water (A) and 0.05% formic acid in acetonitrile (B). The 
following gradient was used for Cocktail I samples: 0-1 min, B 10%; 1- 
3.5 min, B 10-27%; 3.5-5.5 min, B 27-90%; 5.5-7 min, B 90%; 7-7.1 
min, B 90-10%; 7.1-15 min, B 10%. Cocktail II samples were 

Table 2 
Mass spectrometry parameters for the quantified analytes in the UHPLC-MS/MS methods.   

CYP CYP-specific metabolite 
Internal standard 

MRM transition  
(m/z) 

ESI 
+/- 

Q1  
Pre-bias 
(V) 

CE 
(eV) 

Q3  
Pre-bias 
(V) 

Dwell time 
(ms) 

LLOQ 
(nM) 

Standard curve range  
(R2 > 0.99)  
(nM) 

Cocktail I           
1A2 1-hydroxytacrine 215.2 > 171.1 + -24 -17 -21 10 1.0 1.0 – 100.0   

1-hydroxytacrine-d3 218.2 > 200.0 + -24 -17 -21 10    
2B6 Hydroxybupropion 256.2 > 238.0 + -28 -13 -26 10 0.3 0.3 – 50.0   

Hydroxybupropion-d6 262.2 > 244.0 + -28 -13 -26 10    
2C8 N-desethylamodiaquine 328.3 > 283.1 + -16 -20 -20 10 10.0 10.0 – 1000.0   

N-desethylamodiaquine-d5 333.3 > 283.1 + -16 -20 -20 10    
2C9 4-hydroxytolbutamide 285.3 > 186.1 - 27 18 18 10 1.0 1.0 – 100.0   

4-hydroxytolbutamide-d9 294.2 > 186.0 - 27 18 18 10    
3A4 1’-hydroxymidazolam 342.1 > 323.9 + -17 -20 -16 10 2.0 2.0 – 1000.0   

1’-hydroxymidazolam-d4 346.1 > 327.9 + -17 -20 -16 10   
Cocktail II           

2A6 7-hydroxycoumarin 161.3 > 76.9 - 15 27 29 20 7.5 7.5 – 750.0   
7-hydroxycoumarin-d5 166.1 > 109.9 - 15 27 29 20    

2C19 S-4’-hydroxymephenytoin 235.2 > 150.1 + -22 -17 -28 20 0.75 0.75 – 75.0   
4’-hydroxymephenytoin-d3 238.2 > 150.1 + -22 -17 -28 20    

2D6 Dextrorphan 258.1 > 157.0 + -13 -41 -16 20 0.5 0.5 – 250.0   
Dextrorphan-d3 261.1 > 157.0 + -13 -41 -16 20    

2J2 O-desmethylastemizole 445.3 > 121.2 + -21 -37 -25 20 1.5 1.5 – 250.0   
O-desmethylastemizole-d4 449.3 > 125.2 + -21 -37 -25 20   

CE, collision energy; ESI, electrospray ionization; MRM, multiple reaction monitoring; Q1, quadrupole 1; Q3, quadrupole 3 
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separated using the following gradient: 0-0.5 min, B 10%; 0.5-5 min, B 
10-30%; 5-6 min, B 30-70%; 6-6.1 min, B 70-95%; 6.1-8 min, B 95%; 8- 
8.1 min, B 95-10%; 8.1-15 min, B 10%. The injection volumes were 3 µL 
and 5 µL for Cocktail I and II samples, respectively. Mass spectra were 
acquired using electrospray ionization in both positive and negative ion 
mode. The following source-dependent parameter values were used: 
interface temperature 300 ◦C, desolvation line temperature 250 ◦C, heat 
block temperature 400 ◦C, nebulizing gas flow 3 L/min, heating gas flow 

15 L/min and drying gas flow 10 L/min. The selected reaction moni-
toring transitions for each analyte, along with other analyte-related MS- 
parameters, standard curve ranges and lower limits of quantitation 
(LLOQ) are listed in Table 2. Data acquisition and treatment was per-
formed using LabSolutions LCMS software (version 5.91; Shimadzu, 
Kyoto, Japan). 

Fig. 1. Chemical structures of the probe substrates and their CYP-selective reactions. Reference inhibitors used in the validation process are indicated above 
each arrow. 
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3. Results 

3.1. Analytical method development 

The optimal LC/MS precursor-product ion pairs were acquired using 
the pure reference compounds of each metabolite and their respective 
internal standards (Table 2). The negative ionization mode was selected 
for 4-hydroxytolbutamide, 7-hydroxycoumarin and their internal stan-
dards due to high intensity and low background noise, while the positive 
ionization mode was optimal for all other analytes. Chromatographic 
separation of the cocktail compounds was tested on three different 
analytical columns: Kinetex XB-C18 (50 × 2.1 mm i.d., 2.6 µm particle 
size, Phenomenex), Kinetex Hilic (50 × 2.1 mm i.d., 2.6 µm particle size, 
Phenomenex), and Luna Polar C18 (Phenomenex). Of these, the Luna 
Polar C18 column produced the best peak shape and resolution for the 
early eluting metabolites together with a complete separation of more 
lipophilic parent drugs. To avoid analytical interferences caused by 
metabolite-metabolite, metabolite-substrate and substrate-substrate co- 
elutions, baseline chromatographic separation of the analytes was 
optimized by using acetonitrile and 0.05% formic acid using different 
gradients for each cocktail as described in section 2.9. 

The performance of the analytical methods was assessed, and cali-
bration curves with at least six points (R2 > 0.99) were constructed for 
the metabolites with a linear fit, except for 7-hydroxycoumarin and 
dextrorphan, which required a quadratic fit (Table 2 and Supplementary 
Table S1). The relative standard deviation (RSD) of the lower limits of 

quantitation (LLOQs) was below 20% for all analytes. No interference 
was observed for any of the analytes in blank samples (incubation matrix 
without metabolites, inhibitors or internal standards) or zero samples 
(blank sample including each inhibitor individually and internal stan-
dards). The intra- and inter-day accuracy and precision were within 15% 
for all analytes (Supplementary Table S1). 

3.2. Selection of probe substrates and inter-substrate interactions 

A number of probe substrates were rejected from the final cocktails 
based on the following reasons: poor solubility in aqueous solutions 
(paclitaxel), interactions with other substrates (chlorzoxazone and 
testosterone), precipitation when mixed with amodiaquine in working 
solutions (diclofenac) and lack of selectivity (racemic omeprazole and R- 
omeprazole). In preliminary TDI experiments, only 44% and 43% inhi-
bition of CYP2C19 activity could be reached after a 30-minute pre-
incubation with the potent CYP2C19 inhibitor ticlopidine (500 µM) 
using racemic omeprazole and R-omeprazole as the CYP2C19 substrate, 
respectively (Supplementary Figure S1). When using human recombi-
nant CYP2C19 and R-omeprazole as the substrate, CYP2C19 activity was 
inhibited by 98% after a 30-minute preincubation with 500 µM 
ticlopidine. 

In pairwise incubations of each substrate with all other substrates 
from the same cocktail, chlorzoxazone significantly inhibited CYP2A6- 
mediated coumarin 7-hydroxylation (38% inhibition), which was 
included in cocktail II (Figure 2). In further tests with cocktail I 

Fig. 2. One-to-one interactions between the probe substrates for CYP1A2 (5 µM tacrine), CYP2A6 (1 µM coumarin), CYP2B6 (50 µM bupropion), CYP2C8 (2 µM 
amodiaquine), CYP2C9 (100 µM tolbutamide), CYP2C19 (40 µM S-mephenytoin), CYP2D6 (5 µM dextromethorphan), CYP2E1 (50 µM chlorzoxazone), CYP2J2 (0.3 
µM astemizole) and CYP3A4 (2 µM midazolam and 40 µM testosterone). CYP inhibition and activation are expressed as the percentage of CYP activity inhibited or 
activated compared to solvent controls without inhibitor (mean ± S.D. of a single experiment run in triplicate). Each of the probe substrates was tested as a pre-
cipitant (horizontal rows) to investigate their influence on the metabolism of the other probe substrates (objects, vertical columns). The degree of inhibition/ 
activation is shown with the different colors. The final two cocktails are indicated with the black line around the respective rows and columns. L, Literature data 
obtained from the University of Washington Drug Interaction Database (DIDB; https://www.druginteractionsolutions.org [Accessed 5-15-2020]) is presented in cases 
where no in-house data was produced. #, Data obtained with recombinant enzymes. 
*, Chlorzoxazone and testosterone were rejected from the final cocktails. 
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substrates, chlorzoxazone markedly inhibited CYP1A2-mediated tacrine 
1-hydroxylation (50% inhibition) (Figure 2). Testosterone caused 
several interactions involving both cocktails, including significant acti-
vation of CYP1A2 (85% activation) and CYP2E1 (65% activation), and 
inhibition of CYP2B6 (26% inhibition), CYP2C8 (39% inhibition), 
CYP2C9 (44% inhibition) and the CYP3A4/5-mediated midazolam 1’- 
hydroxylation (43% inhibition) and slight inhibition of the low-turnover 
CYP2C19 substrate S-mephenytoin (12% inhibition). Based on the 
interaction potential in both cocktails, chlorzoxazone and testosterone 
were rejected from the methods. Of the other substrates, 100 µM 
bupropion inhibited CYP3A4/5-mediated midazolam 1’-hydroxylation 
by about 30%. Therefore, bupropion concentration was decreased to 50 
µM, which did not significantly inhibit CYP3A4/5 activity (Figure 2). As 
the one-to-one interactions between the remaining substrates were 
minimal, no other modifications were made. In the final two cocktails, 
the CYP activities of the probe reactions were similar in the cocktail and 
single substrate experiments (Table 3), and the inhibitory effect of the 
full cocktail did not exceed 25% for any CYP. 

3.3. Optimization of incubation conditions 

Metabolite production was linear for more than five minutes for all 
probe reactions in final incubation conditions, except for midazolam, 
where the reaction rate started to decline from five minutes onwards 
(Supplementary Figure S2). Therefore, five minutes was chosen as the 
final incubation time. All reactions showed linear metabolism in a 
protein concentration range of 0.025-0.1 mg/mL for cocktail I and 0.05- 
0.2 mg/mL for cocktail II (data not shown). To produce enough 4’- 
hydroxymephenytoin for its reliable quantitation in case of strong 
CYP2C19 inhibition, a 0.1 mg/mL protein concentration was chosen for 
cocktail II, while 0.05 mg/mL was used in cocktail I. With the addition of 
0.5% (w/v) BSA, the rate of S-mephenytoin 4’-hydroxylation was suf-
ficiently accelerated to ensure reliable analytics and yet remained linear 
(Supplementary Figures S2 and S3). 

3.4. Enzyme kinetic study 

Because of the wide range of published Km values and lack of enzyme 
kinetic data in pooled HLMs, we determined the Km and Vmax values for 
all the substrates (Table 1). With the exception of tacrine metabolism, all 
other CYP-specific reactions followed hyperbolic Michaelis-Menten ki-
netics (Figure 3). Tacrine 1-hydroxylation displayed biphasic kinetics, 
and the best fit for the reaction was obtained with the two-enzyme 
model. 

3.5. Validation of the experimental system 

Reference inhibitors were used to assess our methods’ ability to 
detect TDI (Table 4). As there is no well-established time-dependent 
inhibitor for CYP2J2, we used terfenadine as a direct CYP2J2 inhibitor. 
Expected results were obtained with all inhibitors, including terfena-
dine, and the IC50 values for each target CYP enzyme were almost 
identical with the single substrate method and the cocktail method 
(Table 4, Figure 4). Additionally, substantial IC50 shifts were observed 
for each time-dependent CYP inhibitor, proving that our cocktails 
sensitively detected TDI (Table 4). 

As all reference inhibitors were tested with the cocktail setup, we 
also obtained data on both direct and time-dependent effects of the 
reference inhibitors on other CYP enzymes in the tested cocktail. Fur-
afylline (50 μM) and clopidogrel (1 μM) did not cause more than 20% 
inhibition of any enzyme other than CYP1A2 and CYP2B6, respectively, 
in cocktail I (Figure 5). With the CYP2C9 inhibitor tienilic acid (600 
μM), 68% direct inhibition of CYP2C8 was observed, while the IC50 was 
not reached for CYP1A2, CYP2B6 and CYP3A4/5. Ritonavir was a highly 
selective CYP3A4/5 inhibitor with concentrations up to 0.1 μM, as all 
other reactions were inhibited by less than 15%. In cocktail II, the 
CYP2A6 inhibitor selegiline (500 μM) inhibited CYP2C19, CYP2D6 and 
CYP2J2 by 96%, 89% and 55%, respectively. The CYP2C19 inhibitor 
ticlopidine (250 µM) showed weak TDI of CYP2A6, reaching 54% and 
37% inhibition with and without preincubation, respectively. Addi-
tionally, 91% direct inhibition of CYP2D6 was detected. A moderate 15 
μM concentration of the CYP2D6 inhibitor paroxetine caused 66% in-
hibition of CYP2J2 with preincubation and 50% inhibition without 
preincubation, suggesting TDI of CYP2J2. CYP2A6 and CYP2C19 were 
inhibited by less than 35%. The CYP2J2 inhibitor terfenadine (200 μM) 
inhibited CYP2A6, CYP2C19 and CYP2D6 by 57%, 90% and 99%, 
respectively. A more comprehensive assessment of the selectivity of the 
inhibition caused by clopidogrel and gemfibrozil glucuronides was 
performed in both cocktails. 

3.6. Selectivity of TDI of CYP2C8 by clopidogrel acyl-β-D-glucuronide 
and gemfibrozil 1-O-β-glucuronide 

Clopidogrel acyl-β-D-glucuronide inhibited CYP2C8 with almost 
identical IC50 values (37-38 μM) after preincubation with single sub-
strate and cocktail methods (Table 4), and the IC50-shift with the 
cocktail was 2.4-fold. The IC50 values for all other CYP enzymes were at 
least 10 times higher, i.e., above 300 μM (Figure 6). With 1500 μM 
clopidogrel acyl-β-D-glucuronide, only 20% of CYP2B6 and CYP2C9 
activities and 30% of CYP2C19 activity remained with and without 
preincubation, while at least 50% of control activity was remaining for 
all other CYP enzymes. Gemfibrozil 1-O-β-glucuronide inhibited 
CYP2C8 with an IC50 of 8-10 μM after preincubation (Table 4), and the 
IC50-shift was 15-fold in the cocktail. For all other CYP enzymes, only 
minimal inhibition was observed at 300 μM gemfibrozil 1-O-β-glucuro-
nide (Figure 6). At the highest 1500 μM concentration, CYP2B6 was 
inhibited by approximately 70%, while other inhibitory effects were 
below 50%. 

4. Discussion 

To date, only few cocktail methods have been published for 
screening TDI of CYP enzymes, and most of them do not cover the rec-
ommended minimum of enzymes to test for CYP inhibition nor have 
optimal preincubation and incubation conditions for detection of TDI 
(Atkinson et al., 2005; Mori et al., 2009; Lee,  and Kim, 2013; Kozakai 
et al., 2014; Dahlinger et al., 2016; Chen et al., 2016). Substrate inter-
action data is lacking in most of the previous TDI cocktail methods 
although there is a high risk for interactions particularly when more 
than five substrates are included in the same cocktail. In addition, none 
of the published cocktail methods can be used to evaluate TDI of the 

Table 3 
Metabolite formation rates in single substrate incubations compared to the 
cocktails and the respective CYP activities in the cocktails compared to control 
samples. All values are expressed as means of single experiments run in 
quadruplicates.   

CYP Metabolite formation 
rate ± SD (pmol/min/mg) 

CYP activity in cocktail as % of 
single substrate activity   

Single 
substrate 

Cocktail  

Cocktail I   
1A2 49 ± 1 48 ± 1 98%  
2B6 47 ± 1 46 ± 1 97%  
2C8 669 ± 12 563 ± 8 84%  
2C9 43 ± 7 39 ± 3 92%  
3A4 1196 ± 50 910 ±

21 
76% 

Cocktail 
II   

2A6 314 ± 4 284 ± 9 90%  
2C19 33 ± 2 31 ± 0 93%  
2D6 110 ± 1 120 ± 2 110%  
2J2 100 ± 9 107 ± 5 108%  
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Fig. 3. Enzyme kinetics of tacrine 1-hydroxylation (A), coumarin 7-hydroxylation (B), bupropion hydroxylation (C), amodiaquine N-deethylation (D), tolbutamide 4- 
hydroxylation (E), S-mephenytoin 4’-hydroxylation (F), dextromethorphan O-demethylation (G), astemizole O-demethylation (H) and midazolam 1’-hydroxylation 
(I) in HLMs. Eadie–Hofstee plots are shown as insets. Each point represents the mean ± S.D. of a single experiment run in triplicate. 

Table 4 
IC50 values for the reference inhibitors with and without preincubation and the respective IC50 fold shifts. All values are expressed as means of single experiments run in 
triplicates.  

Inhibitor CYP Substrate IC50  

Time-dependent inhibition 
IC50  

Direct inhibition 
IC50 fold shift    

Single substrate (µM) Cocktail (µM) Cocktail (µM) Cocktail 

Furafylline 1A2 Tacrine 0.18 0.20 5.9 30 
Selegiline 2A6 Coumarin 22 25 370 15 
Clopidogrel 2B6 Bupropion 0.0047 0.0056 0.021 3.8 
Clopidogrel acyl-β-D-glucuronide 2C8 Amodiaquine 38 37 89 2.4 
Gemfibrozil 1-O-β -glucuronide 2C8 Amodiaquine 8.1 9.6 140 15 
Tienilic acid 2C9 Tolbutamide 0.97 0.63 4.1 6.6 
Ticlopidine 2C19 S-mephenytoin 0.64 1.0 3.3 3.2 
Paroxetine 2D6 Dextromethorphan 0.027 0.029 0.71 24 
Terfenadine 2J2 Astemizole 5.3 7.2 6.1 0.8 
Ritonavir 3A4 Midazolam 0.0046 0.0040 0.0086 2.2  
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less-studied CYP2J2. In the present study, we developed and validated a 
system comprising two fully-automated substrate cocktail methods that 
can be used to screen TDI of all major drug-metabolizing CYP enzymes, 
including CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, 
CYP2D6, CYP2J2 and CYP3A4/5. The primary criteria considered when 
designing the method for TDI screening were: (1) the substrates should 
be selective for the chosen CYPs and the enzymatic turnover should be 
high enough to ensure sufficient metabolite formation; (2) 
inter-substrate interactions should be avoided; (3) the substrate con-
centrations should be near the Km values; (4) the protein concentration 
should be low to avoid non-specific binding and inhibitor depletion; (5) 
the incubation time should be kept as short as possible to minimize 
time-dependent inhibition during the incubation phase and (6) the 
UHPLC-MS/MS sensitivity for the quantified metabolites should be good 
enough to detect 90% inhibition of the probe reactions. We were able to 
meet these requirements after several adjustments to the incubation 
conditions, substrate compositions and the UHPLC-MS/MS methods. 

Inter-substrate interactions pose a major challenge when developing 
substrate cocktail methods because of the simultaneous presence of 
multiple substrates and metabolites and the possibility for additive ef-
fects. In particular, such interactions should be avoided when screening 
for mechanism-based inhibition, because competitive inhibition can 

hinder the inactivation process (Silverman, 1995; Ghanbari et al., 2006). 
Accordingly, due to multiple published interactions between the sub-
strates (Ren et al., 2013; Spaggiari et al., 2014; Dahlinger et al., 2016), 
we decided to develop two separate substrate cocktails and to thor-
oughly scrutinize substrate-substrate interactions in the preliminary 
cocktails. In these experiments, the CYP2E1 substrate chlorzoxazone 
proved to be problematic, as it significantly inhibited both 
CYP1A2-mediated tacrine 1-hydroxylation and CYP2A6-mediated 
coumarin 7-hydroxylation. Therefore, chlorzoxazone was omitted 
from the cocktails. No interactions between chlorzoxazone and tacrine 
or coumarin have been previously reported, but these effects are 
consistent with the interactions of chlorzoxazone with 
CYP1A2-mediated caffeine metabolism and CYP2A6-mediated cotinine 
metabolism (Berthou et al., 1995; Nakajima et al., 1996). 

Testosterone caused several interactions in cocktail I, and signifi-
cantly activated CYP2E1 and had a weak inhibitory effect on CYP2C19 
in cocktail II. Accordingly, to ensure sufficient CYP2C19-mediated S-4’- 
hydroxymephenytoin formation, testosterone was rejected from the 
cocktails. Its interactions with tolbutamide, midazolam and S-meph-
enytoin are in line with previous in vitro studies (Moreno-Farre et al., 
2007; Zientek et al., 2008; Foti et al., 2010). Additionally, testosterone 
caused weak to moderate inhibition of bupropion and amodiaquine 

Fig. 4. The IC50 curves of direct inhibition (DI) and time-dependent inhibition (TDI) obtained using single substrates or the respective cocktail for each substrate in 
HLMs. The CYP activities are expressed as the percentage of remaining activity compared to control samples without inhibitor. Each point represents the mean ± S.D. 
of a single experiment run in triplicate. 
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metabolism, which is in line with the contributions of CYP2B6 and 
CYP2C8 in testosterone metabolism (Zielinski and Mevissen, 2015). 
Activation of tacrine and chlorzoxazone metabolism by testosterone, on 
the other hand, may implicate the involvement of CYP3A4 in the 

metabolism of these drugs, as testosterone is known to be an allosteric 
effector for CYP3A4 (Gorski et al., 1997; Ueng et al., 1997; Kenworthy 
et al., 2001; Patki et al., 2003). Collectively, these results indicate that 
testosterone is not a suitable CYP3A4 substrate in cocktail systems. 

Fig. 5. Maximal inhibitory values of the reference inhibitors in 
IC50 experiments using cocktails I and II. CYP inhibition is 
expressed as the percentage of CYP activity inhibited without 
preincubation compared to solvent controls. 
*, In cases where stronger inhibition was observed after a 30-min-
ute preincubation (TDI) than without preincubation, CYP inhibi-
tion is expressed as percent inhibition with preincubation. Here, 
the criterion was a shift towards stronger inhibition in at least two 
consecutive concentration points, the shift reaching ≥15%. 
All values represent the mean ± S.D. of a single experiment run in 
triplicate. 100% inhibition indicates that metabolite concentration 
was below the lower limit of quantitation.   

Fig. 6. The IC50 curves after a 30-minute preincubation with clopidogrel acyl-β–D-glucuronide (A) and gemfibrozil 1-O-β-glucuronide (B) in HLMs. The CYP activities 
are expressed as the percentage of remaining activity compared to a control sample without inhibitor. Each point represents the mean ± S.D. of a single experiment 
run in triplicate. 
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Additionally, in line with previous observations (Spaggiari et al., 2014), 
100 µM bupropion markedly inhibited midazolam metabolism, and 
bupropion concentration was thus decreased to 50 µM in the final 
cocktail. 

Km values for probe substrates have been rarely reported when 
validating substrate cocktail methods, although experimental condi-
tions, such as the enzyme source and buffer composition, can affect 
enzyme kinetics (Mäenpää et al., 1998; Zhang et al., 2004; Kumar et al., 
2006). The Km values of cocktail II reactions were in the lower end of the 
published range of Km values determined without BSA (Table 1). 
Addition of BSA in cocktail II incubations increased the rate of all probe 
reactions in cocktail II incubations (Supplementary Figure S3), which 
may have affected the Km values. There is evidence that a small amount 
of BSA increases the activity of many CYP enzymes, including CYP2C19, 
with a decrease in Km (Rowland et al., 2008; Peng et al., 2015; Pal-
acharla et al., 2017). It has been suggested that the BSA effect is based on 
binding of free fatty acids present in microsomes, which are capable of 
causing competitive inhibition of CYP enzymes (Palacharla et al., 2017). 
Overall, the Km values were in good accordance with previously pub-
lished values, with the exception of tacrine, which exhibited biphasic 
kinetics (Table 1, Figure 3). The two-enzyme model gave the best fit for 
1-hydroxytacrine formation, suggesting that CYP1A2 is responsible for 
the high affinity pathway, while another enzyme may be responsible for 
a low affinity, low turnover pathway. Comprehensive evaluation of the 
enzymes involved in tacrine metabolism is still lacking and beyond the 
scope of the present study, although the primary involvement of 
CYP1A2 in 1-hydroxytacrine formation has been well established in 
inhibition studies (Madden et al., 1993; Spaldin et al., 1994; Spaldin 
et al., 1995). Nevertheless, our results showed that 50 µM furafylline 
selectively and strongly (by 86%) inhibited tacrine hydroxylation, 
demonstrating that tacrine hydroxylation is a sensitive CYP1A2 marker 
reaction in the conditions used. 

Omeprazole is employed sometimes as a higher turnover alternative 
to the CYP2C19 probe S-mephenytoin (Spaggiari et al., 2014). In some 
cocktails, it is also used as an additional CYP3A4 probe together with 
midazolam and testosterone (Turpeinen et al., 2005; Peng et al., 2015). 
However, our IC50 experiments using racemic omeprazole and 
R-omeprazole indicated that at 20 µM omeprazole concentration, 
omeprazole 5-hydroxylation is not sufficiently selective and sensitive as 
a CYP2C19 probe reaction in vitro (Supplementary Figure S1). Although 
CYP2C19 is the primary enzyme involved in this reaction, also other 
CYPs, most notably CYP3A4, are involved (Andersson et al., 1993; 
Karam et al., 1996; Äbelö et al., 2000). 

Our final methods contain only a single probe substrate for CYP3A4, 
although it is often recommended that two structurally different probe 
substrates are used for CYP3A4 in order to take into account its multiple 
binding sites. Initially, testosterone and omeprazole were considered as 
additional CYP3A4 probes, but they were rejected from the final cock-
tails based on substrate interactions caused by testosterone and poor 
selectivity of the CYP2C19-mediated reactions of (±)-omeprazole/R- 
omeprazole described above. Substrate-dependent differences have 
been reported for inhibition of CYP3A4 (Galetin et al., 2005; Obach 
et al., 2006). However, these differences have not been prominent 
enough to result in false negatives when screening CYP3A4 inhibition 
using only midazolam, although midazolam is also a substrate of 
CYP3A5 (Patki et al., 2003; Galetin et al., 2005; Obach et al., 2006; 
Tseng et al., 2014). Moreover, the choice of the CYP3A4 probe substrate 
may be even less important when studying mechanism-based inhibition. 

To reliably detect time-dependent inhibition, the incubation phase 
should be considerably shorter than the preincubation phase so that the 
influence of TDI taking place during the incubation could be minimized. 
By using sensitive UHPLC-MS/MS methods, we were able to keep the 
incubation time as short as 5 minutes, while keeping the protein con-
centration lower than in previous TDI cocktails (Atkinson et al., 2005; 
Mori et al., 2009; Lee, and Kim, 2013; Kozakai et al., 2014; Dahlinger 
et al., 2016; Chen et al., 2016). Low microsomal protein concentration 

minimizes the degree of non-specific binding and rapid depletion of 
inhibitors and substrates. A dilution method, in which preincubation of 
inhibitors and HLMs is conducted using 10 to 20-fold higher inhibitor 
and protein concentrations than those in the following incubation phase, 
is widely used to reduce inhibition in the incubation phase (Ghanbari 
et al., 2006). Yet, a high protein concentration in the preincubation 
phase can lead to a several-fold decrease in the extent of CYP inactiva-
tion because of non-specific binding and inhibitor depletion, as shown 
previously for CYP inactivation by paroxetine, ticlopidine and tienilic 
acid (Parkinson et al., 2011). Therefore, we chose the non-dilution 
method for the inhibitor screening and IC50 experiments, as opposed 
to most previously published TDI cocktail methods. However, our aim is 
that after identifying a time-dependent inhibitor in IC50 experiments, we 
will use an automated liquid-handling protocol to evaluate the inacti-
vation parameters with a single substrate incubation and the dilution 
method. 

We tested our system with well-established time-dependent in-
hibitors for each CYP enzyme to demonstrate its sensitivity and speci-
ficity to detect TDI in comparison to single substrate experiments 
(Kunze and Trager, 1993; López-Garcia et al., 1994; Koudriakova et al., 
1998; Ha-Duong et al., 2001; Bertelsen et al., 2003; Richter et al., 2004; 
Obach et al., 2007; Siu and Tyndale, 2008; Greenblatt and Harmatz, 
2015). There are no well-established time-dependent inhibitors for 
CYP2J2, and therefore we opted for terfenadine, which is a direct in-
hibitor of CYP2J2 (Matsumoto et al., 2003). As TDI was reliably detected 
with all time-dependent inhibitors with IC50 values in accordance with 
literature (Table 4, Figure 4) and as terfenadine caused an expected 
degree of direct inhibition of CYP2J2, there is no reason to doubt that 
TDI of CYP2J2 would not be sensitively detected with our cocktail. In 
addition to demonstrating the reliability of the methods, IC50 experi-
ments with the reference inhibitors provided interesting insights into the 
CYP selectivity of the reference inhibitors. Furafylline, clopidogrel and 
ritonavir were highly selective inhibitors of CYP1A2, CYP2B6 and 
CYP3A, respectively (Figure 5). As expected, selegiline and terfenadine 
both inhibited CYP2C19 and CYP2D6 (Kishimoto et al., 1997; Jones 
et al., 1998; Nicolas et al., 1999; Taavitsainen et al., 2000; Salonen et al., 
2003; Erve et al., 2013) and ticlopidine inhibited CYP2D6 in addition to 
their TDI target enzymes (Masimirembwa et al., 1999; Ko et al., 2000; 
Donato et al., 2004; Hagihara et al., 2008), providing further proof that 
our cocktail is suited also for detection of direct inhibition. Novel find-
ings included TDI of CYP2A6 by ticlopidine (54% with 250 μM) and 
direct CYP2A6 inhibition by terfenadine (57% with 200 μM), CYP2C8 
inhibition by tienilic acid (68% with 600 μM), and CYP2J2 inhibition by 
selegiline (55% with 500 μM). The apparent IC50 values were high and 
these inhibitory effects have therefore not been previously reported 
(Jean et al., 1996; Bohets et al., 2000; Flora and Tracy, 2012; Nirogi 
et al., 2015). However, 15 μM paroxetine inhibited CYP2J2 by 66% with 
preincubation and 50% without preincubation, suggesting that parox-
etine is a time-dependent CYP2J2 inhibitor. This finding warrants 
further in vitro experiments. 

The selectivity of CYP2C8 inhibition caused by gemfibrozil and 
clopidogrel glucuronides has not been studied previously in a compre-
hensive manner (Ogilvie et al., 2006; Tornio et al., 2014). In our ex-
periments, it was evident that both gemfibrozil 1-O-β-glucuronide and 
clopidogrel acyl-β-D-glucuronide are CYP2C8-selective (Figure 6). The 
IC50 values of gemfibrozil 1-O-β-glucuronide and clopidogrel 
acyl-β-D-glucuronide were at least 100 and 10 times higher, respec-
tively, for all other enzymes than those for CYP2C8 (9.6 and 37 μM, 
respectively). Particularly the CYP2C8 selectivity of gemfibrozil 
1-O-β-glucuronide was excellent, and 50% inhibition was reached only 
for CYP2B6 with its highest 1500 μM concentration. Accordingly, at 
concentrations between 60 to 300 μM, gemfibrozil 1-O-β-glucuronide 
caused strong >90% inhibition of CYP2C8, while its inhibitory effect on 
other CYPs remained << 20%. Clopidogrel acyl-β-D-glucuronide, 
however, lost its selectivity earlier, as over 70% direct inhibition of 
CYP2B6, CYP2C9 and CYP2C19 was observed at 300 μM. Based on these 
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findings, gemfibrozil 1-O-β-glucuronide can be recommended as a 
diagnostic CYP2C8 inhibitor with 60-300 μM concentrations and a 30 
min preincubation, as near complete inhibition of CYP2C8 is reached 
without significant effects on other CYP enzymes. Accordingly, it is 
clearly superior to the CYP2C8-inhibitor quercetin, which markedly 
inhibits also e.g. CYP1A2, CYP2C9, and CYP3A4 (Walsky et al., 2005; 
Rastogi and Jana, 2014; Backman et al., 2016), and better than mon-
telukast, which slightly inhibits CYP2C9 and CYP3A4 at high concen-
trations and whose inhibitory effect is strongly dependent on the 
microsomal protein concentration used (Walsky et al., 2005). From a 
clinical viewpoint, it is important to note that neither gemfibrozil 
1-O-β-glucuronide nor clopidogrel acyl-β-D-glucuronide caused 
time-dependent inhibition of any other CYP than CYP2C8, and their 
direct inhibitory effects on other CYP enzymes were weak. This indicates 
that these major metabolites have a low potential to cause drug in-
teractions by inhibiting CYP enzymes, apart from CYP2C8 (Backman 
et al., 2016; Itkonen et al., 2019). 

The automated incubation method provides many advantages over 
manual experiments, which are particularly useful in screening experi-
ments requiring high throughput. In addition to increasing the efficiency 
of the whole process, beginning from the automated incubations in 96- 
well plates and ending to concentration measurements, automated 
liquid handling methods reduce the possibility of errors and provide a 
high level of reproducibility, as demonstrated by the low variability 
observed in our experiments. Automation also considerably reduces the 
amount of manual work requiring precision, attentiveness and repetitive 
movements, thus mitigating ergonomical concerns. A disadvantage of 
automation is the laborious planning of the experimental process and 
creation of programming scripts, including intricate timings and adap-
tation of liquid classes to ensure precise pipetting volumes for different 
matrices and liquids. Therefore, automation cannot be recommended for 
simple and infrequently repeated protocols. However, if large-scale 
screening or complex experiments requiring frequent pipetting and 
precision are planned, automation has significant advantages over 
manual work. To enable easier implementation of automation, we will 
share detailed instructions concerning our system and its updates on a 
data repository (DOI: 10.5281/zenodo.4554651). 

In conclusion, we optimized and validated two substrate cocktail 
methods for fully automated screening of both direct and time- 
dependent inhibition of nine major CYP enzymes, including the less 
studied CYP2J2. Improvements compared to previous TDI cocktail 
methods include automation, a short incubation time, a low protein 
concentration in both preincubation and incubation phases and a thor-
ough validation, including assessment of possible substrate interactions. 
No significant interactions between the substrates in the final cocktails 
were observed and the IC50 values of the reference inhibitors in cocktails 
were comparable to those obtained using single substrates. The cocktail 
methods not only enhance the throughput of TDI screening but also 
allow simultaneous investigation of the selectivity of time-dependent 
CYP inhibition. Gemfibrozil 1-O-β-glucuronide was found to be a se-
lective time-dependent inhibitor of CYP2C8, with no significant inhib-
itory effect on other major CYP enzymes at concentrations up to 300 µM. 
The findings imply that gemfibrozil 1-O-β-glucuronide can be used as a 
strong and selective inhibitor of CYP2C8 in in vitro studies aimed to 
estimate the roles of individual CYPs in the metabolism of an investi-
gational drug. 
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