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A Phenotyping Tool for Seven Cytochrome 
P450 Enzymes and Two Transporters: 
Application to Examine the Effects of 
Clopidogrel and Gemfibrozil
Laura Aurinsalo1,2,3 , Outi Lapatto-Reiniluoto1,2,3,4 , Mika Kurkela1,2 , Mikko Neuvonen1,2 ,  
Johanna I. Kiiski1,2 , Mikko Niemi1,2,3 , Aleksi Tornio5,6,†  and Janne T. Backman1,2,3,*,†

Clinical cocktails for cytochrome P450 (CYP) phenotyping lack a marker for CYP2C8. We aimed to combine the 
CYP2C8 index drug repaglinide with the Geneva cocktail (caffeine/CYP1A2, bupropion/CYP2B6, flurbiprofen/CYP2C9, 
omeprazole/CYP2C19, dextromethorphan/CYP2D6, and midazolam/CYP3A4). We also included endogenous organic 
anion transporting polypeptide (OATP) 1B1 and 1B3 biomarkers glycochenodeoxycholate 3-O-glucuronide and 
glycochenodeoxycholate 3-sulfate, and investigated the CYP2C8 inhibition selectivity of clopidogrel and gemfibrozil 
with the full cocktail. In a five-phase randomized cross-over study, the following drugs were administered to 16 
healthy volunteers: (i) repaglinide, (ii) the Geneva cocktail, (iii) repaglinide with the Geneva cocktail (full cocktail), 
(iv) clopidogrel followed by the full cocktail, and (v) gemfibrozil followed by the full cocktail. The Geneva cocktail 
increased repaglinide AUC0-23h 1.22-fold (90% confidence interval 1.04–1.44, P = 0.033). The full cocktail accurately 
captured known inhibitory effects of clopidogrel on CYP2B6, CYP2C8, and CYP2C19 and that of gemfibrozil on 
CYP2C8. Gemfibrozil decreased the paraxanthine/caffeine AUC0-12h ratio by 23% (14–31%, P < 0.01) and increased 
caffeine AUC0-12h 1.20-fold (1.03–1.40, P = 0.036). Gemfibrozil increased the metabolite-to-index drug AUC0-23h ratios 
of flurbiprofen, omeprazole, dextromethorphan, and midazolam 1.59-fold (1.32–1.92), 1.47-fold (1.34–1.61), 1.79-
fold (1.23–2.59), and 2.1-fold (1.9–2.4), respectively, without affecting the index drug AUCs (P < 0.01). Gemfibrozil 
increased the AUC0-4h of glycochenodeoxycholate 3-O-glucuronide 1.33-fold (1.07–1.65, P = 0.027). In conclusion, 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
	; Clinical cytochrome P450 (CYP) phenotyping cocktails 

lack an index of CYP2C8, an important drug-metabolizing 
enzyme. Although clopidogrel and gemfibrozil are index in-
hibitors of CYP2C8, their selectivity has not been determined 
clinically. Gemfibrozil has been suspected to inhibit also or-
ganic anion transporting polypeptide (OATP) 1B1.
WHAT QUESTION DID THIS STUDY ADDRESS?
	;We validated a cocktail of seven major CYP enzymes and 

two transporter activities by combining the CYP2C8 index 
drug repaglinide with the Geneva cocktail and endogenous 
biomarkers for OATP1B1 and OATP1B3. The effects of clopi-
dogrel and gemfibrozil on this full cocktail were investigated to 
determine their selectivity as CYP2C8 index inhibitors.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
	; Repaglinide did not have relevant interactions with the 

Geneva cocktail. Established CYP inhibitory effects of clopi-
dogrel and gemfibrozil were captured accurately with the full 

cocktail. The results documented weak inhibition of CYP1A2 
and OATP1B1 by gemfibrozil. Unexpectedly, gemfibrozil 
increased 4′-hydroxyflurbiprofen, 5′-hydroxyomeprazole, 
dextrorphan, and 1′-hydroxymidazolam concentrations with-
out affecting parent drug variables. Gemfibrozil likely in-
terferes with the elimination of these index metabolites and 
thus affects drug elimination pathways more than previously  
considered.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
	; Repaglinide combined with the Geneva cocktail and endog-

enous biomarkers for OATP1B1 and OATP1B3 yields a phe-
notyping tool for simultaneous activity measurements of seven 
CYP enzymes and two transporters. Gemfibrozil is a more suit-
able CYP2C8 index inhibitor than clopidogrel as gemfibrozil is 
stronger and has no moderate/strong inhibitory effects on other 
CYPs. Yet, weak inhibition of CYP1A2 and OATP1B1 and ap-
parent effects on uncharacterized “phase II” elimination mecha-
nisms by gemfibrozil warrant caution in the interpretation of 
studies with gemfibrozil as a CYP2C8 index inhibitor.
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the combination of repaglinide, the Geneva cocktail and endogenous biomarkers for OATP1B1 and OATP1B3 yields a 
nine-in-one phenotyping tool. Apart from strong CYP2C8 inhibition, gemfibrozil weakly inhibits CYP1A2 and OATP1B1 
and appears to impair the elimination of the metabolites of several CYP index drugs.

Individual drug response is determined by genetics and epi-
genetics, diseases, and general physiological state, as well as various 
environmental factors, such as drug–drug interactions, diet, and 
other environmental exposures. To increase understanding of such 
interindividual variability and improve individualization of drug 
treatments, there is a need for methods to phenotype drug metab-
olism. Ultimately, such methods could be used to maximize the ef-
fectiveness of drug treatments and reduce adverse effects and costs.

Standalone drug–drug interaction studies utilizing sensitive index 
drugs are the gold-standard for investigating a possible inhibitor or 
inducer of cytochrome P450 (CYP) enzymes.1 For profiling of drug 
metabolism, combinations of multiple index drugs for different 
CYP enzymes, called CYP cocktails, have proven useful. As activ-
ities of several CYP enzymes can be measured in one clinical trial, 
a more comprehensive view on drug metabolism is achieved, while 
efforts, costs, and invasiveness to study participants are reduced 
compared with studying each index drug separately. In addition to 
studying drug–drug interactions, index drug cocktails can be used 
to phenotype drug metabolism in clinical trials and patient care.2

Selective and sensitive clinical index drugs have been validated 
for all major CYP enzymes.1 However, it has been challenging to 
develop optimized index drug cocktails, for example, due to mu-
tual interactions between index drugs, adverse effects caused by the 
cocktail or unfeasible sampling needed.3–9 In addition, CYP2C8 
is not included in any of the published clinical phenotyping cock-
tails, such as the well-validated Geneva cocktail, which lacks signif-
icant safety issues and includes index drugs for CYP1A2, CYP2B6, 
CYP2C9, CYP2C19, CYP2D6, and CYP3A.5,6,10 CYP2C8 is of 
importance in the metabolism of multiple clinically used drugs 
such as daprodustat, desloratadine, enzalutamide, hydroxychlo-
roquine, imatinib, montelukast, paclitaxel, and pioglitazone.11,12 
Overall, CYP2C8 is the most important CYP enzyme missing 
from clinical cocktails.

Our aim was to add the well-established CYP2C8 index drug 
repaglinide to the Geneva cocktail and to test if its addition causes 
any mutual interaction with the index drugs (Table 1).5,6,10,12 
Repaglinide was chosen, because it has been extensively used, and 
because its short half-life enables a short blood sampling period. 
We tested the effect of the moderate and strong CYP2C8 inhib-
itors clopidogrel and gemfibrozil13,14 on the full cocktail to char-
acterize the selectivity of their CYP2C8 inhibitory effect and to 
further test the performance of repaglinide in this CYP cocktail. 
As both gemfibrozil and clopidogrel have been suggested to in-
hibit organic anion transporting polypeptides (OATP),15–17 en-
dogenous biomarkers glycochenodeoxycholate 3-O-glucuronide 

(GCDCA-3G) for OATP1B1 and glycochenodeoxycholate 
3-sulfate (GCDCA-3S) for OATP1B3 were measured.18,19

METHODS
Study design
This open-label cross-over clinical trial included five study phases that 
each participant underwent in a randomized order (Table 1). There was at 
least 2-week washout period between different study days. The pretreat-
ment included placebo, clopidogrel (Plavix 300 mg, Sanofi-Aventis, Paris, 
France), or gemfibrozil (Gevilon 600 mg, Pfizer Pharma GmbH, Berlin, 
Germany) depending on the study phase (Table 1). As for the index 
drugs, the Helsinki and Uusimaa Hospital District Pharmacy manufac-
tured 0.05 mg repaglinide capsules, 20 mg bupropion capsules, and 10 mg 
flurbiprofen capsules from the following commercially available prepara-
tions: Repaglinide Krka 0.5 mg tablet (KRKA, Novo Mesto, Slovenia), 
Bupropion Hydrochloride tablet 100 mg (Heritage Pharmaceuticals Inc., 
Eatontown, NJ), and Cebutid 50 mg tablet (Almirall SA, Barcelona, 
Spain), respectively, with the addition of microcrystalline cellulose for 
repaglinide and bupropion capsules and lactose for flurbiprofen cap-
sules. The other index drugs were administered as commercially available 
preparations: caffeine (exact half of Caffeine 100 mg tablet, University 
Pharmacy, Helsinki, Finland), omeprazole (gastro-resistant Losec 
Mups 10 mg tablet, Astra Zeneca, Cambridge, UK), dextromethorphan 
(5.0 mL of Rometor Ratiopharm 2 mg/mL oral solution, Ratiopharm, 
Ulm, Germany), and midazolam (1.00 mL of Midazolam Accord 1 mg/
mL solution, Accord Healthcare, Utrecht, the Netherlands).

On study days, venous blood samples from all participants were 
drawn from forearm vein cannulas before the administration of the pre-
treatment drugs and 5 minutes before and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 
and 23 hours after the administration of the index drugs for determina-
tion of index drug and metabolite concentrations. Additional venous 
blood samples for biomarker analyses were drawn before the admin-
istration of the pretreatment drugs and 5 minutes before and 3 hours 
after the administration of the index drugs. Standardized breakfast 
was served 1 hour, lunch 3 hours, and snacks 7 and 9 hours after the ad-
ministration of index drugs. Blood glucose levels were monitored with 
CareSens Dual point-of-care blood glucose meter (i-SENS Inc., Seoul, 
South Korea) at each venous blood sampling time point up to 12 hours 
after the administration of index drugs.

The use of grapefruit juice was prohibited from 1 week before and 
throughout the study. The participants were required to abstain from al-
cohol the day before the study day, on study day and the day after the study 
day during each study phase. The consumption of caffeine containing bev-
erages was prohibited from 10 am on the day before the study day until 
21.30 pm on the study day. Participants were required to fast overnight 
before the study days.

Study participants
Sixteen healthy volunteers were enrolled into this clinical trial after giv-
ing written informed consent. The participants did not take any con-
tinuous systemic medications, including hormonal contraception, were 
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non-smokers and had no clinically significant abnormalities in clinical 
examination or laboratory tests (hemoglobin, erythrocyte, leukocyte, 
and thrombocyte counts, liver function tests, creatinine, potassium, and 
sodium levels and blood glucose value). All female participants had a neg-
ative pregnancy test before each of the study phases. None of the partic-
ipants had a higher blood pressure level than 145/90 mmHg or a history 
of abnormal bleeding.

Analytical methods
Prior to the analysis, the analytes were extracted from the plasma samples 
with simple protein precipitation. Plasma samples (50 μL) were mixed 
with acetonitrile solution (200 μL) containing internal standards. The 
samples were centrifugated and an aliquot of the supernatant was mixed 
with an equal volume of water before LC–MS analyses.

The analytical instrumentation, for measurement of the index drugs 
and their corresponding metabolites for CYP1A2, CYP2B6, CYP2C9, 
CYP2C19, CYP2D6, and CYP3A and the pretreatment drug clopido-
grel (Table S1), consisted of ExionLC liquid chromatography system 
coupled to the Sciex 6500 Qtrap -tandem mass spectrometry (AB Sciex, 
Toronto, ON, Canada). Analytes were separated on Atlantis T3 column 
(3 μm particle size, 2.1 × 100 mm, Waters, Milford, MA, USA), using a 
gradient elution of mobile phase consisting of 0.1% formic acid (A) and 
methanol (B). The flow rate was 0.3 mL/min, and the gradient program 
for the mobile phase B was from 20% to 90% over 7 minutes, wash at 
90% 7–9.5 minutes, followed by balancing at 20% before next injec-
tion. The pretreatment drug gemfibrozil and metabolites gemfibrozil 
1-O-β-glucuronide, clopidogrel carboxylic acid, and clopidogrel acyl-β-
D-glucuronide were determined using a liquid chromatography system 
(Nexera X2, Shimadzu, Kyoto, Japan) coupled to an API 3000 tandem 
mass spectrometer (AB Sciex, Toronto, ON, Canada) (Table S1). The 
column and mobile phases were the same as above, and the gradient pro-
gram for the mobile phase B was from 40% to 90% over 5 minutes, wash 
at 90% 5–7.3 minutes, followed by balancing at 40% before next injec-
tion. The quality control samples for each analyte at relevant concentra-
tions were quantified with each batch of plasma samples. The precisions 
(coefficient of variation %) were below 11% and the accuracies ranged 
from 85% to 115%.

Plasma repaglinide, OATP1B1 biomarker GCDCA-3G, OATP1B3 
biomarker GCDCA-3S, and CYP2D6 biomarker solanidine were 
analyzed using Sciex 5500 Qtrap and Sciex 6500 Qtrap LC–MS systems 

(AB Sciex, Toronto, ON, Canada) as previously described.20–22 The limit 
of quantification for repaglinide was 0.01 ng/mL. The between-day pre-
cisions (CV%) for quality controls (0.1 and 2.0 ng/mL) were below 10% 
and accuracies were within ±10%. For GCDCA-3G and GCDCA-3S, 
the limit of quantification was 0.5 ng/mL and the between-day precisions 
and accuracies were below 5% and ± 10% at relevant concentrations (10 
and 200 ng/mL). For solanidine, the limit of quantification was 0.025 ng/
mL and the between-day precisions (CV%) and mean accuracies (%) were 
below 9% and within 5% at relevant concentrations (0.1, 0.5, and 10 ng/
mL, n = 6).

Genotyping
An accredited clinical pharmacogenetic panel test was used.23 Further 
details are found in Supplementary methods.

Pharmacokinetics
Pharmacokinetic values, including peak plasma concentration (Cmax), 
time to Cmax (Tmax), elimination half-life (t1/2), and area under the con-
centration–time curve up to 4, 12, and 23 hours and infinity (AUC0-4h, 
AUC0-12h, AUC0-23h, and AUC0-∞ respectively) were calculated with 
Phoenix WinNonlin, Version 8.3 (Certara, Princeton, NJ) using stan-
dard non-compartmental methods for the index drugs and their metab-
olites. Additionally, metabolic ratios (Cmetabolite/Cindex drug) at 2-hour 
and 4-hour timepoints and respective metabolite/index drug AUC0-4h, 
AUC0-12h, AUC0-23h, and AUC0-∞ ratios were calculated. As the esti-
mated part of the AUC0-∞ exceeded 10% for some index drugs and me-
tabolites, AUC0-23h was used as the main pharmacokinetic metric for the 
index drugs and metabolites. The only exception was the use of AUC0-

12h for caffeine and paraxanthine (caffeine consumption was allowed 
after collection of 12-hour sample) (Table S2). For clopidogrel, gemfi-
brozil and their metabolites Cmax, Tmax, t1/2 and AUC0-9h or AUC0-24h 
values were calculated with Phoenix WinNonlin, Version 8.3 (Certara, 
Princeton, NJ) using standard non-compartmental methods. As for bio-
markers, AUC0-3h values in phases I–III and AUC0-4h values in phases 
III–V for GCDCA-3G and GCDCA-3S and AUC0-4h values in phases 
III and V for M430, M444, and solanidine were calculated with trape-
zoidal rule in Excel (Microsoft, Redmond, WA). 0-hour metabolic ratio 
and AUC0-4h ratios were calculated for M430/solanidine and M444/
solanidine.

Statistical analyses
The sample size of 16 participants was estimated to be sufficient to de-
tect a 25% difference in the AUCs and AUC ratios of repaglinide and 
the Geneva cocktail index drugs between different study phases with a 
power of at least 80% (α level 5%). Individuals with poor metabolism 
or transport function phenotype were excluded from respective statis-
tical comparisons. Additionally, to keep comparisons balanced, sub-
jects lacking pharmacokinetic variable data in any study phase were 
excluded from the respective analyses. Prior to statistical analyses with 
IBM SPSS Statistics Version 29.0 for Windows (IBM Corporation, 
Armonk, NY), all pharmacokinetic variable values were logarithmi-
cally transformed. Pharmacokinetic variables except Tmax were com-
pared between different study phases by repeated-measures analysis of 
variance with study phase as a within-subjects factor. Tmax values were 
compared with Wilcoxon signed-rank test. Differences with P < 0.05 
after the Bonferroni correction were considered statistically signifi-
cant. The data are presented as geometrical mean values or geometric 
mean ratios with geometric CV or 90% confidence intervals (CI) if 
not otherwise indicated.

Ethics statement
The Coordinating Ethics Committee of the Helsinki and Uusimaa 
Hospital District (record number HUS/1601/2021) and the Finnish 
Medicines Agency (EudraCT number 2020–003282-19) gave approval 

Table 1  Pretreatment and index drugs of a five-phase 
randomized open-label controlled crossover clinical trial 
with 16 healthy volunteers

Study phase Pretreatment Index drugs

I Placebo Repaglinide 0.05 mg

II Placebo Geneva cocktaila

III Placebo Geneva cocktaila + 
repaglinide 0.05 mg

IV Clopidogrel 300 mg Geneva cocktaila + 
repaglinide 0.05 mg

V Gemfibrozil 600 mg 
b.i.d for 3 days

Geneva cocktaila + 
repaglinide 0.05 mg

Randomization was carried out using an electronic system by the Helsinki 
and Uusimaa Hospital District Pharmacy. All drugs were given orally as single 
doses if not otherwise indicated. Pretreatment drugs were administered at 
8.00 am on study days (in phase V third day of gemfibrozil pretreatment) if 
not otherwise indicated and after that index drugs were given at 9.00 am. 
aGeneva cocktail contains the following CYP enzyme index drugs: 50 mg 
caffeine (CYP1A2), 20 mg bupropion (CYP2B6), 10 mg flurbiprofen (CYP2C9), 
10 mg omeprazole (CYP2C19), 10 mg dextromethorphan (CYP2D6) and 1 mg 
midazolam (CYP3A4).
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for this study in August 2021 (conducted September 2021 to January 
2022).

RESULTS
Participants
All 16 healthy volunteers, eight females and eight males, completed 
all study phases. The mean age (± standard deviation) of study 
participants was 23 ± 3 years, mean height 1.75 ± 0.09 m, mean 
weight 68.6 ± 9.8 kg, and mean body mass index 22.3 ± 2.2 kg/
m2. Genotypes of CYP enzymes and transporters are described 
in Table S3.

Addition of repaglinide into the Geneva cocktail
The Geneva cocktail increased the AUC0-23h of repaglinide 1.22-
fold (90% CI: 1.04–1.44, P = 0.033) compared with repaglinide 
alone but did not affect the Cmax, Tmax or t1/2 of repaglinide 
(Figure 1a, Table 2, Table S2). The AUC0-12h and AUC0-23h values 
of the Geneva cocktail index drugs and their metabolites remained 
unaffected by the addition of repaglinide (Table 2, Table S2).

Effect of clopidogrel
Clopidogrel increased the AUC0-23h and t1/2 of the CYP2C8 
index substrate repaglinide 4.5-fold (90% CI: 3.7–5.5, P < 0.01) 
and 2.5-fold (90% CI: 2.0–3.0, P < 0.01), respectively (Figure 1b, 
Table 2, Table S2). After clopidogrel pretreatment, the hydroxy-
bupropion/bupropion AUC0-23h ratio (CYP2B6 index) was 
decreased by 74% compared with control (90% CI: 65–80%, 
P < 0.01) (Figures 2 and 3, Table 2). While bupropion AUC0-

23h did not increase significantly, that of hydroxybupropion was 
decreased markedly by clopidogrel (Figure 3, Table S2). The 
5′-hydroxyomeprazole/omeprazole AUC0-23h ratio (CYP2C19 
index) was decreased by 13% (90% CI: 6–20%, P < 0.01) and 
omeprazole concentrations and AUCs slightly increased by clopi-
dogrel (Figure 2, Table S4). Also, the Cmax and AUC0-23h of 
the CYP3A4-mediated metabolite of omeprazole, omeprazole 
sulfone, were increased by clopidogrel (P = 0.013 and P = 0.033, 

respectively) with no change in the omeprazole sulfone/omepra-
zole ratios (Tables S2 and S4).

Effect of gemfibrozil
Gemfibrozil increased the AUC0-23h and t1/2 of repaglinide 7.5-fold 
(90% CI: 5.9–9.5, P < 0.01) and 3.0-fold (90% CI: 2.5–3.6, P < 0.01), 
respectively (Figure 1b, Table 2, Table S2). The paraxanthine/caf-
feine AUC0-12h ratio (CYP1A2 index) was decreased by 23% (90% 
CI: 14–31%, P < 0.01) by gemfibrozil, while caffeine AUC0-12h was 
increased 1.20-fold (1.03–1.40, P = 0.036) and t1/2 prolonged by 
21% (8–35%, P < 0.01). The 4′-hydroxyflurbiprofen/flurbiprofen 
(CYP2C9 index), 5′-hydroxyomeprazole/omeprazole (CYP2C19 
index), dextrorphan/dextromethorphan (CYP2D6 index) and 
1′-hydroxymidazolam/midazolam (CYP3A4 index) AUC0-23h ra-
tios were increased by 1.59-fold (90% CI: 1.32–1.92, P < 0.01), 1.47-
fold (90% CI: 1.34–1.61, P < 0.01), 1.79-fold (90% CI: 1.23–2.59, 
P < 0.01), and 2.1-fold (90% CI: 1.9–2.4, P < 0.01) by gemfibrozil, 
respectively (Figure 2, Table S4). Similar effects were seen in the 2-
hour, 4-hour, and AUC0-4h metabolite/index drug ratios (Figure S1, 
Table S4). Of note, the AUC0-23h values of 4′-hydroxyflurbiprofen, 
5′-hydroxyomeprazole, dextrorphan, and 1′-hydroxymidazolam 
were 1.75-fold (90% CI: 1.45–2.11, P < 0.01), 1.38-fold (90% CI: 
1.07–1.79, P = 0.031), 1.96-fold (90% CI: 1.69–2.26, P < 0.01), and 
2.0-fold (90% CI: 1.8–2.3, P < 0.01) higher during the gemfibrozil 
phase than during the control phase, respectively, while the AUC0-

23h and t1/2 values of the respective index drugs remained unchanged 
(Figure 3, Table 2, Table S2).

Pharmacokinetics of the pretreatment drugs
Clopidogrel and gemfibrozil concentrations are presented in 
Table S5 and Figure S2.

Biomarkers
When repaglinide only and Geneva cocktail only study phases 
were compared with the full cocktail phase, no difference in 
AUC0-3h of either GCDCA-3G or GCDCA-3S was found 

Figure 1  Repaglinide concentrations as geometric mean values ± 90% confidence intervals with and without the Geneva cocktail (a) and 
after clopidogrel pretreatment and gemfibrozil pretreatment compared with Geneva cocktail + repaglinide (b). Results are presented in two 
subfigures for clarity.
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Table 2  AUC0-12h and AUC0-23h values of index drugs and respective AUC ratios (AUC of CYP-selective metabolite/AUC 
of index drug) in five study phases (I repaglinide, II Geneva cocktail, III Geneva cocktail + repaglinide (full cocktail), IV 
clopidogrel pretreatment followed by the full cocktail and V gemfibrozil pretreatment followed by the full cocktail) as 
geometric mean values (with geometric CV). Geometric mean ratios, GMR, (with 90% confidence intervals) compared with 
the respective control phase are indicated on the rows below each pharmacokinetic variable

Repaglinide
Geneva 
cocktail

Geneva cocktail + 
repaglinide

Clopidogrel 
pretreatment

Gemfibrozil 
pretreatment

CYP1A2 (N = 16)

Caffeine AUC0-12h (ng × h/mL) 6,250 (34.7%) 6,270 (36.0%) 6,960 (34.0%) 7,540 (32.0%)

GMR Control 1.00 (0.86–1.17)

GMR Control 1.11 (0.90–1.37) 1.20* (1.03–1.40)

Paraxanthine/caffeine AUC0-12h ratio 0.54 (30.8%) 0.58 (23.4%) 0.57 (41.4%) 0.45 (34.3%)

GMR Control 1.08 (0.95–1.22)

GMR Control 0.97 (0.82–1.16) 0.77** (0.69–0.86)

CYP2B6 (N = 15)a

Bupropion AUC0-23h (ng × h/mL) 76.5 (33.4%) 72.8 (29.6%) 87.6 (30.0%) 61.4 (31.2%)

GMR Control 0.95 (0.80–1.13)

GMR Control 1.20 (1.00–1.45) 0.84* (0.73–0.98)

OH-bupropion/bupropion AUC0-23h ratio 7.46 (41.1%) 7.91 (37.5%) 2.07 (32.0%) 9.52 (39.5%)

GMR Control 1.06 (0.83–1.35)

GMR Control 0.26** (0.20–0.35) 1.20 (0.91–1.59)

CYP2C8 (N = 16)

Repaglinide AUC0-23h (ng × h/mL) 1.01 (53.7%) 1.23 (54.6%) 5.55 (42.0%) 9.21 (37.0%)

GMR Control 1.22* (1.04–1.44)

GMR Control 4.51** (3.72–5.47) 7.49** (5.88–9.54)

CYP2C9 (N = 16)b

Flurbiprofen AUC0-23h (ng × h/mL) 5,550 (26.9%) 5,270 (24.0%) 5,720 (21.6%) 5,770 (27.0%)

GMR Control 0.95 (0.89–1.01)

GMR Control 1.09 (0.99–1.19) 1.10 (0.97–1.24)

4′-OH-flurbiprofen/flurbiprofen AUC0-23h 
ratio

0.040 (28.4%) 0.046 (40.5%) 0.042 (30.5%) 0.073 (29.8%)

GMR Control 1.13 (0.95–1.34)

GMR Control 0.91 (0.80–1.03) 1.59** (1.32–1.92)

CYP2C19 (N = 15)c

Omeprazole AUC0-23h (ng × h/mL) 177 (53.6%) 159 (64.1%) 214 (46.7%) 150 (62.8%)

GMR Control 0.90 (0.70–1.14)

GMR Control 1.34* (1.09–1.66) 0.94 (0.70–1.27)

5′-OH-omeprazole/omeprazole  
AUC0-23h ratio

1.09 (39.4%) 1.15 (44.8%) 1.00 (42.5%) 1.69 (39.8%)

GMR Control 1.05 (0.95–1.17)

GMR Control 0.87** (0.80–0.94) 1.47** (1.34–1.61)

CYP2D6 (N = 16)d

Dextromethorphan AUC0-23h (ng × h/mL) 4.90 (117%) 5.54 (95.6%) 6.01 (118%) 6.07 (125%)

GMR Control 1.13 (0.81–1.58)

GMR Control 1.09 (0.72–1.64) 1.10 (0.72–1.68)

Dextrorphan/dextromethorphan  
AUC0-23h ratio

1.65 (94.0%) 1.64 (105%) 1.61 (113%) 2.93 (109%)

GMR Control 1.00 (0.80–1.24)

GMR Control 0.98 (0.70–1.38) 1.79** (1.23–2.59)

 (Continued)

ARTICLE
 15326535, 2025, 6, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.3610 by D
uodecim

 M
edical Publications L

td, W
iley O

nline L
ibrary on [26/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 117 NUMBER 6 | June 2025 1737

(Table S6). Clopidogrel did not change the C0 or AUC0-4h of the 
OATP1B1 biomarker GCDCA-3G with statistical significance. 
On the other hand, gemfibrozil increased the C0 of GCDCA-3G 

1.56-fold (90% CI 1.15–2.10, P = 0.015) and AUC0-4h 1.33-fold 
(90% CI 1.07–1.65, P = 0.027) in individuals with either nor-
mal or decreased function phenotype of OATP1B1, whereas no 

Repaglinide
Geneva 
cocktail

Geneva cocktail + 
repaglinide

Clopidogrel 
pretreatment

Gemfibrozil 
pretreatment

CYP3A4 (N = 16)e

Midazolam AUC0-23h (ng × h/mL) 9.89 (42.1%) 8.43 (40.0%) 11.3 (38.0%) 8.06 (41.7%)

GMR Control 0.85 (0.72–1.01)

GMR Control 1.34** (1.17–1.53) 0.96 (0.82–1.11)

1′-OH-midazolam/midazolam AUC0-23h 
ratio

0.36 (37.0%) 0.43 (38.2%) 0.45 (47.0%) 0.91 (42.6%)

GMR Control 1.20* 
(1.04–1.39)

GMR Control 1.03 (0.88–1.20) 2.11** (1.87–2.38)
aCYP2B6 phenotypes were the following: 1 rapid, 7 normal, 7 intermediate and 1 poor metabolizer, who was excluded from the statistical analyses regarding 
bupropion and hydroxybupropion. bCYP2C9 phenotypes were the following: 10 normal and 6 intermediate metabolizers. cCYP2C19 phenotypes were the following: 
2 ultrarapid, 3 rapid, 5 normal and 6 intermediate metabolizers. One study participant was excluded due to delayed and erratic absorption of omeprazole in two 
study phases. dCYP2D6 phenotypes were the following: 1 ultrarapid, 10 normal, and 5 intermediate metabolizers. eCYP3A4 phenotypes were the following: 14 
normal and 2 intermediate metabolizers.*P < 0.05, **P < 0.01.

Table 2  (Continued)

Figure 2  Individual AUC0-12h and AUC0-23h ratios of the Geneva cocktail index drugs in study phases with Geneva cocktail + repaglinide (full 
cocktail, control), clopidogrel pretreatment followed by the full cocktail and gemfibrozil pretreatment followed by the full cocktail represented 
with symbols for poor metabolizer (PM), intermediate metabolizer (IM), normal metabolizer (NM), rapid metabolizer (RM) and ultrarapid 
metabolizer (UM) CYP phenotypes. Geometric mean values ± 90% confidence intervals are expressed as horizontal lines with error bars. 
P < 0.05 are considered statistically significant.
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effect was observed in individuals with the poor function phe-
notype of OATP1B1 (Table 3). Neither clopidogrel nor gem-
fibrozil affected the C0 or AUC0-4h of OATP1B3 biomarker 
GCDCA-3S (Table 3). Gemfibrozil did not alter the CYP2D6-
dependent M430/solanidine and M444/solanidine metabolic 
ratios (Table S7).

Safety
No adverse effects were reported during the study. Blood glucose 
levels were maintained > 3.5 mmol/L in all participants through-
out the study. Mean blood glucose values were lowest 4 hours after 

the index drug administration but remained above 4.0 mmol/L 
(Figure S3). There was no need to serve additional carbohydrates 
to study participants.

DISCUSSION
The results of our clinical study showed that a small 0.05 mg dose 
of the CYP2C8 index drug repaglinide had no effect on the phar-
macokinetics of the Geneva cocktail CYP index drugs and was 
safe even when given with CYP2C8 inhibitors. Moreover, despite 
a slight increase in repaglinide AUC0-23h by the Geneva cocktail, 
the CYP2C8 inhibitors clopidogrel and gemfibrozil increased the 

Figure 3  Concentrations of the Geneva cocktail index drugs and their metabolites for six CYP enzymes ((a) CYP1A2, (b) CYP2B6, (c) 
CYP2C9, (d) CYP2C19, (e) CYP2D6 and (f) CYP3A4) as geometric mean values ± 90% confidence intervals in study phases with Geneva 
cocktail + repaglinide (full cocktail), clopidogrel pretreatment followed by the full cocktail and gemfibrozil pretreatment followed by the full 
cocktail.
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AUC0-23h of repaglinide 4.5-fold and 7.5-fold, when the full cock-
tail was used, that is, to an equal degree as in previous studies with 
the same inhibitor doses.13,14 Also, the known inhibitory effect 
of clopidogrel on CYP2B6 was captured accurately. Additionally, 
the plasma levels of sensitive OATP1B1 and 1B3 biomarkers were 
not altered between the repaglinide only, Geneva cocktail only, 
and full cocktail alone phases. Moreover, the CYP and OATP1B1 
phenotype findings were in a good agreement with the respective 
genotypes (Figure 2). Thus, the results indicate that the Geneva 
cocktail extended with a 0.05 mg dose of repaglinide can be used 
for simultaneous profiling of the activities of seven key CYP en-
zymes and two OATP1B biomarker activities. Slight inhibition of 
CYP1A2 and OATP1B1 and increase in the metabolic ratios of 
CYP2C9, CYP2C19, CYP2D6, and CYP3A4 were documented 
after gemfibrozil pretreatment.

Our study comprehensively profiled the effects of clopidogrel 
on CYP enzymes and OATP1B transporters. As expected,24–26 
300 mg clopidogrel caused a relatively strong effect on CYP2B6 
indices, as hydroxybupropion/bupropion ratios decreased over 
70%, which is in line with previous in vitro findings of mechanism-
based CYP2B6 inhibition by clopidogrel (Figure 3, Table S4). 
The United States Food and Drug Administration (US FDA) has 
classified 75 mg dose of clopidogrel as a weak CYP2B6 inhibitor. 
However, in our study, 300 mg of clopidogrel caused a 74% decline 

in hydroxybupropion/bupropion AUC0-23h ratio indicating that 
a 300 mg clopidogrel dose could be used as a moderate CYP2B6 
index inhibitor. In addition, clopidogrel slightly decreased the 
5′-hydroxyomeprazole/omeprazole AUC0-23h ratio, consistent 
with weak inhibition of CYP2C19 by clopidogrel, in good agree-
ment with two previous clinical studies and in vitro data describing 
CYP2C19 inhibition by clopidogrel.24,27,28 Consequently, ome-
prazole metabolism shifted toward CYP3A4, whereby the Cmax 
and AUC0-23h of omeprazole sulfone were increased after clopi-
dogrel pretreatment (Table S2). Importantly, previous findings of 
lack of effect of clopidogrel on the pharmacokinetics of the sensi-
tive OATP1B1 and CYP3A4 substrate simvastatin were corrobo-
rated as clopidogrel did not affect the metabolism of the sensitive 
CYP3A4 index drug midazolam or OATP1B biomarkers.29

An important secondary aim of this study was to profile the 
effects of gemfibrozil on CYP enzymes other than CYP2C8. 
Interestingly, gemfibrozil slightly reduced the paraxanthine/caf-
feine AUC0-12h ratio and increased the t1/2 and AUC0-12h of caf-
feine, consistent with weak CYP1A2 inhibition. Contrary to its 
1-O-β-glucuronide, gemfibrozil has been a weak CYP1A2 inhib-
itor in vitro.26,30 Conversely, gemfibrozil increased the CYP2C9, 
CYP2C19, CYP2D6, and CYP3A4 index AUC0-23h ratios by 
about 50–100%, which could at first sight be interpreted as 
weak/moderate enzyme induction. However, further evaluation 

Table 3  C0 concentrations and AUC0-4h values (based on concentrations from pretreatment drug administration at 8.00 am 
to sampling timepoint at 12 am on study days) of the OATP1B1 and OATP1B3 biomarkers GCDCA-3G and GCDCA-3S, 
respectively, during control, clopidogrel, and gemfibrozil phases expressed as geometric mean values (with geometric 
CV). Geometric mean ratios (GMR), and their 90% confidence intervals, compared with the respective control phase are 
indicated on the rows below each variable

Geneva cocktail + repaglinide Clopidogrel pretreatment Gemfibrozil pretreatment

OATP1B1 normal/decreased function (N = 13)

GCDCA-3G C0 (ng/mL) 22.9 (60.0%) 21.7 (81.7%) 35.7 (82.5%)

GMR Control 0.95 (0.71–1.25) 1.56 (1.15–2.10)

P-value > 0.99 0.015

GCDCA-3G AUC0-4h (ng × h/mL) 88.6 (51.3%) 77.5 (69.9%) 118 (65.4%)

GMR Control 0.87 (0.72–1.06) 1.33 (1.07–1.65)

P-value 0.32 0.027

OATP1B1 poor function (N = 3)

GCDCA-3G C0 (ng/mL) 206 (73.8%) 238 (57.2%) 215 (79.1%)

GMR Control 1.16 (0.72–1.86) 1.04 (0.64–1.71)

P-value 0.63 > 0.99

GCDCA-3G AUC0-4h (ng × h/mL) 755 (48.4%) 791 (56.1%) 809 (75.4%)

GMR Control 1.05 (0.67–1.65) 1.07 (0.51–2.26)

P-value > 0.99 > 0.99

OATP1B3 (N = 16)

GCDCA-3S C0 (ng/mL) 50.8 (85.3%) 49.2 (69.3%) 65.5 (72.9%)

GMR Control 0.97 (0.72–1.30) 1.29 (0.91–1.83)

P-value > 0.99 0.29

GCDCA-3S AUC0-4h (ng × h/mL) 190 (67.4%) 146 (61.8%) 212 (46.9%)

GMR Control 0.77 (0.59–1.00) 1.11 (0.83–1.49)

P-value 0.095 0.91

Values for GCDCA-3G are expressed for two different OATP1B1 phenotype groups. P < 0.05 is considered statistically significant.
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contradicts this impression as the concentrations or elimination 
half-lives of these four index drugs were not decreased, while the 
index metabolite concentrations were elevated. Such findings are 
not consistent with accelerated metabolic clearance of the index 
drug but could be well explained by decreased elimination rates of 
the index metabolites.

Apart from strong CYP2C8 inhibitory effects of gemfibrozil 
and its glucuronide, their most potent in vitro CYP inhibitory 
effect has been against CYP2C9, while CYP2D6 inhibition has 
been very weak.26,30 The present results are consistent with lack 
of any clinically meaningful CYP2C9 or CYP2D6 inhibition by 
gemfibrozil. Our results are equally in agreement with the limited 
and even contrasting effects of gemfibrozil on the pharmacokinet-
ics of other CYP2C9 substrates, possibly explained by CYP2C8 
inhibition and displacement from protein binding.31–33 Although 
dextrorphan/dextromethorphan metabolic ratios were increased 
after gemfibrozil pretreatment in our study, CYP2D6 is not 
known to be inducible. Consistent with the lack of induction, the 
M430/solanidine and M444/solanidine metabolic ratios, sensitive 
markers of CYP2D6 were not increased by gemfibrozil. Solanidine 
metabolic ratios are a promising alternative for dextromethorphan 
as a CYP2D6 index, but they require a diet containing solanidine. 
Accordingly, it may be useful to monitor solanidine metabolic ra-
tios in addition to dextromethorphan to verify the mechanisms of 
possible interactions as demonstrated here.

We hypothesize that the mechanisms for the elevated con-
centrations of the index metabolites 4′-hydroxyflurbiprofen, 
5′-hydroxyomeprazole, dextrorphan, and 1′-hydroxymidazolam 
after gemfibrozil pretreatment involve inhibition of their further 
metabolism or transporter-mediated excretion by gemfibrozil. 
UDP-glucuronosyltransferases (UGTs) are likely involved in the 
further metabolism of these four index metabolites since they are 
converted to glucuronides.34,35 In fact, UGT2B enzymes have been 
shown to metabolize 1′-hydroxymidazolam and dextrorphan.35,36 
Interestingly, gemfibrozil can inhibit UGT-mediated reactions 
in vitro.37–39 Moreover, an interplay between UGT enzymes and 
CYP2C8 has been suggested to affect drug–drug interactions 
caused by gemfibrozil.40 Accordingly, a potential explanation for 
the elevated index metabolite concentrations is impairment of their 
elimination by gemfibrozil either by direct inhibition of UGTs or 
by a complex hypothetical mechanism, where gemfibrozil inhibits 
a CYP2C8-mediated elimination pathway of an unstable glucuro-
nide metabolite, leading to accumulation of this glucuronide me-
tabolite, which is then hydrolyzed back to the initial hydroxylated 
metabolite.41,42 However, as clopidogrel, a moderate CYP2C8 
inhibitor, had no effect on the concentrations of these four index 
metabolites, this kind of a complex solely CYP2C8-mediated 
mechanism can be excluded. Another possibility is that gemfibrozil 
impaired transporter-mediated elimination of the index metabo-
lites or their glucuronides; apart from N-glucuronides, particularly 
acyl glucuronides can be unstable, and therefore, impairment of 
their elimination could lead to elevation of the respective aglycone 
metabolites. For example, gemfibrozil seems to inhibit OAT3 that 
can mediate tubular excretion of some glucuronide metabolites.43 
Nevertheless, further studies on the mechanisms of these novel 
gemfibrozil effects are required.

As gemfibrozil markedly increases the concentrations of 
OATP1B1 substrates like several statin acids and repaglinide,16,44 
we evaluated its effects on OATP1B1 and OATP1B3. We chose 
GCDCA-3G and GCDCA-3S as OATP1B1 and OATP1B3 bio-
markers, respectively, because they have shown high selectivity and 
sensitivity toward these transporters, and apart from slight diurnal 
variation in their concentrations, they seem to have no weaknesses 
compared with alternative biomarkers.18,19 Inhibition of both 
OATP1B1 and OATP1B3 by gemfibrozil have been demonstrated 
in vitro.15,45 Clinically, different SLCO1B1 genotypes have affected 
the degree of change in repaglinide pharmacokinetics caused by 
gemfibrozil.46 Accordingly, although alternative explanations exist 
for these interactions, gemfibrozil is thought to be a clinically sig-
nificant OATP1B1 inhibitor.44 Based on our biomarker findings, 
gemfibrozil indeed slightly inhibits OATP1B1, but it does not af-
fect OATP1B3 (Table 3). In vitro, gemfibrozil 1-O-β-glucuronide 
is a stronger OATP1B1 inhibitor than parent gemfibrozil.16 As the 
GCDCA-3G C0 sample was taken 12 hours after the preceding 
gemfibrozil dose when residual gemfibrozil 1-O-β-glucuronide 
concentrations were higher than gemfibrozil concentrations, our 
results may support the idea that OATP1B1 inhibition is mainly 
caused by gemfibrozil 1-O-β-glucuronide (Figure S2C,D).

The advantages of our CYP activity phenotyping cocktail in-
clude oral administration of the index drugs, a clinically applica-
ble venous blood sampling schedule, comprehensive inclusion of 
seven most important human drug-metabolizing CYP enzymes, 
lack of significant drug–drug interactions between index drugs, 
and an excellent safety profile. In previous cocktails, common 
hindrances to clinical applicability have been caused by need to 
collect both blood and urine samples, mutual interactions be-
tween index drugs and adverse effects to study participants.3,8,9 In 
our study, a very low 0.05 mg dose of repaglinide was used and an 
hour later, breakfast was served to avoid hypoglycemia. With this 
procedure, no hypoglycemia was observed although repaglinide 
concentrations increased almost eightfold after gemfibrozil pre-
treatment. Repaglinide had no influence on the other index drugs 
and sensitively detected CYP2C8 inhibition. A disadvantage with 
the low dose was that repaglinide metabolite concentrations re-
mained below the detection limit. Thus, CYP2C8 activity could 
only be assessed using repaglinide concentrations. The benefits of 
repaglinide are its sensitivity to CYP2C8 inhibition and its rela-
tively short half-life, allowing the detection of temporary changes 
in CYP2C8 activity.47,48 On the other hand, an important ca-
veat with repaglinide is that it is also an OATP1B1 substrate.49 
Therefore, simultaneous use of a selective and sensitive biomarker 
of OATP1B1 activity, such as GCDCA-3G, can be highly useful.18 
Similarities between the recently advocated novel CYP2C8 index 
drug daprodustat and repaglinide include short half-life and likely 
transport by OATP1B1.50 However, repaglinide is currently more 
accessible (daprodustat has no marketing authorization in Europe) 
and affordable and the clinical significance of detected CYP2C8 
inhibition is more easily estimated due to abundance of previ-
ously published clinical trials with varying degrees of CYP2C8 
inhibition.13,14,47,48

The primary endpoint variables in CYP cocktail studies are 
typically either metabolic ratios at certain timepoints or AUC 
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ratios.2–7,9 To reduce burden and increase the feasibility of a cock-
tail approach, limited sampling approaches are often used particu-
larly in patient studies. For example, the 2-hour metabolic ratio was 
the main phenotypic metric when the Geneva cocktail was used 
in a hospital study.2 Importantly, the changes in CYP index me-
tabolite concentrations after gemfibrozil pretreatment in our study 
demonstrate that interpretation based on a single timepoint met-
abolic ratio can lead to uncertain or even false conclusions. This 
emphasizes the superiority of a more detailed AUC-based pharma-
cokinetic evaluation to get mechanistic insights and plan further 
studies accordingly. Based on our data (Tables S2 and S4), AUC0-

4h-based evaluation could be a sufficient compromise if a truncated 
sample collection protocol is needed.

In conclusion, repaglinide did not have relevant interactions 
with the Geneva cocktail index drugs. The generated full seven-
in-one CYP cocktail with biomarkers for two OATP1B activities, 
as well as any truncated form of the cocktail, are feasible meth-
ods in drug–drug interaction trials and other clinical trials or 
even clinical use, when CYP activity profiling is needed. In our 
trial, the index drug and biomarker data showed that clopidogrel 
caused moderate CYP2B6 and CYP2C8 inhibition and weak 
CYP2C19 inhibition, while gemfibrozil caused strong CYP2C8 
inhibition and weak CYP1A2 and OATP1B1 inhibition, as well 
as unexpected increases in several CYP index metabolite con-
centrations. Overall, gemfibrozil is superior to clopidogrel as 
a CYP2C8 index inhibitor in terms of inhibition strength and 
selectivity. The discovered nonselective effects of gemfibrozil are 
noteworthy and indicate that caution is warranted when evaluat-
ing test inhibitor effects on the common CYP index substrates 
used in the present cocktail.
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