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Abstract
Background and Objective Although polypharmacy is a particular challenge in daily rheumatological practice, clinical 
research on the effects of hydroxychloroquine (HCQ), a commonly used drug for patients with rheumatic diseases, is sparse 
on cytochrome P450 (CYP)-mediated metabolism. We have shown that pre-treatment with pantoprazole does not alter HCQ 
absorption in healthy volunteers. In this paper, we report the effects of a single 400 mg dose of HCQ on specific CYP3A and 
CYP2D6 substrates in healthy volunteers.
Methods In the trial, participants were randomized into two groups (HCQ plus a 9-day course of pantoprazole, or HCQ 
only). As a secondary endpoint, the effects of a single oral dose of HCQ on the exposure of the oral microdosed CYP3A 
probe drug midazolam (30 μg) and the oral microdosed CYP2D6 probe drug yohimbine (50 μg) were studied in 23 healthy 
volunteers (EudraCT no. 2020-001470-30, registered 31 March 2020).
Results The exposure of the probe drugs after intake of HCQ compared with baseline values was quantified by the partial 
area under the plasma concentration–time curve 0–6 h after administration (AUC 0–6 h) for yohimbine and the partial AUC 
2–4 h for midazolam. Under HCQ, yohimbine AUC 0–6 h was unchanged, independent of CYP2D6 genotypes and pantopra-
zole exposure. Midazolam AUC 2–4 h was 25% higher on the day of HCQ administration than at baseline (p = 0.0007). This 
significant increase was driven by the pantoprazole subgroup, which showed a 46% elevation of midazolam AUC 2–4 h as 
compared with baseline (p < 0.0001). The ratio of midazolam to 1-OH-midazolam partial AUC 2–4 h significantly increased 
from 3.03 ± 1.59 (baseline) to 3.60 ± 1.56 (HCQ) in the pantoprazole group (p = 0.0026).
Conclusion In conclusion, we observed an increased midazolam exposure most likely related to pantoprazole.

1 Introduction

Hydroxychloroquine (HCQ) is still an important medicine for 
patients with rheumatic diseases and has a long, albeit declin-
ing, tradition in the treatment of malaria. In addition, there 
was much interest in HCQ when searching for a remedy in 
the early coronavirus disease 2019 (COVID-19) pandemic [1]. 
Polypharmacy, reflecting comorbidity, is common in patients 
with rheumatic diseases [2–4]. In a survey among rheuma-
tologists, interfering comorbidities and pharmacological 
management were identified as clinically relevant situations 

in the management of difficult-to-treat rheumatoid arthritis not 
covered by current guideline recommendations [5].

In rheumatic arthritis and systemic lupus erythemato-
sus, cardiovascular diseases or mood disorders are common 
comorbidities and present a challenge to medical manage-
ment [4–6]. Research into drug–drug interactions (DDIs) 
is important for the co-treatment of rheumatic diseases and 
their comorbidities. Common cardiovascular drugs and anti-
thrombotic medicines are cytochrome P450 (CYP) 3A4 sub-
strates: examples include atorvastatin, simvastatin, drone-
darone, eplerenone and ticagrelor. The β1-selective beta 
blockers metoprolol and nebivolol are CYP2D6 substrates. 
Also, many antidepressants belong to the group of CYP2D6 
substrates, such as venlafaxine, amitriptyline, doxepin, nor-
triptyline and selective serotonin re-uptake inhibitors, such 
as fluvoxamine, fluoxetine and paroxetine [7].
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Key Points 

HCQ did not inhibit the metabolism by CYP2D6 and 
CYP3A in the short term.

We found evidence that pantoprazole can act as an 
inhibitor of CYP3A and moderately changes midazolam 
exposure.

Although it is assumed that HCQ may have clinically 
relevant interactions with other drugs metabolized by CYP 
isozymes, there is surprisingly little evidence on HCQ’s 
interaction potential from clinical trials. In 2020, several 
reviews of the potential DDIs of HCQ were published, which 
largely extrapolated their recommendations from chloro-
quine trial data (e.g. [8]). From the COVID-19 pandemic, 
there is an episodic report on elevated clarithromycin blood 
concentrations under treatment with HCQ in two patients, 
but in vitro assessments by the same authors did not support 
the hypothesis that the parent drug HCQ inhibits CYP3A4 
activity [9]. However, the inhibitory potential of HCQ 
metabolites was not analysed in this study. Later, in vitro evi-
dence showed that HCQ metabolites inhibit CYP3A4 [10]: 
only in 2023, a detailed in vitro study showed that HCQ 
is metabolized by CYP2D6, CYP3A4 and CYP2C8, and 
also suggested that HCQ and its metabolites might inhibit 
CYP2D6 [10].

In a clinical trial, initiated during the COVID-19 pan-
demic, we investigated HCQ as a victim drug of a suspected 
proton-pump inhibitor-mediated increase in gastric pH in 
healthy volunteers but found no significant effect of pan-
toprazole on HCQ exposure [11]. To our knowledge, there 
is only one other DDI trial with HCQ in humans. That trial 
evaluated the interaction of HCQ with metoprolol and dex-
tromethorphan in healthy volunteers and indicated that HCQ 
weakly inhibits CYP2D6 [12].

In this paper, we report the effects of a single 400 mg 
dose of HCQ on specific CYP3A and CYP2D6 substrates 
in healthy volunteers. As part of a clinical DDI trial that 
explored the effect of pantoprazole on HCQ absorption as 
a primary endpoint [13], healthy volunteers were adminis-
tered microdoses of the CYP3A substrate midazolam and the 
CYP2D6 substrate yohimbine at baseline and after a single 
dose of HCQ [14, 15]. The secondary endpoint of the trial 
was to evaluate HCQ as a potential inhibitor of CYP3A and 
CYP2D6 activity in humans.

2  Methods

2.1  Trial Protocol

The trial protocol has been published in detail separately 
[13] (EudraCT no. 2020-001470-30, registered 31 March 
2020; DRKS00021573). In brief, we conducted a phase I 
DDI trial in healthy volunteers aged 18–60 years. The trial 
took place in the ISO 9001:2015-certified Early Phase Clini-
cal Trial Unit (Klinisch-Pharmakologisches Studienzentrum, 
KliPS) of Heidelberg University Hospital in 2020. The trial 
was conducted according to the guidelines of Good Clinical 
Practice, the ethical principles expressed in the Declaration 
of Helsinki, and all legal requirements for clinical trials in 
Germany. The trial was approved by the responsible Ethics 
Committee of the Medical Faculty of Heidelberg University, 
Germany (ethical approval number AFmo-265/2020), and 
by the competent authority (BfArM, Bonn, Germany). Par-
ticipants were fully informed and gave their written consent 
prior to any trial-related procedures. Main exclusion criteria 
were relevant abnormalities in the medical history, physical 
examination or laboratory evaluation; use of any medica-
tion (except hormonal contraception or thyroid hormones); 
intake of HCQ, chloroquine or travel to malaria risk regions 
within the last 3 months; intake of quinine or consumption 
of quinine-containing drinks (bitter lemon, tonic water, bitter 
orange); consumption of citrus fruits or products of these 
fruits within 7 days prior to the first dose of trial medication; 
prolonged QTc time (defined as QTcF > 460 ms in females 
and QTcF > 440 ms in males). Participants separately con-
sented to genotyping for drug-metabolizing enzymes accord-
ing to a pre-defined protocol (genotyping biobank, ethical 
approval number S-026/2004).

2.2  Endpoints

The evaluation of HCQ as a perpetrator drug on CYP3A4 
and CYP2D6 was a predefined secondary objective of this 
trial. Endpoints were the ratio of area under the plasma 
concentration–time curve 2–4 h after administration (AUC 
2–4 h) of microdosed midazolam and the ratio of AUC 0–6 h of 
microdosed yohimbine at baseline and under a single dose 
of HCQ.

The primary objective of this trial was to evaluate the 
effect of the proton-pump inhibitor pantoprazole on the 
absorption of HCQ; the results of the primary endpoint have 
been published previously [11].



103Evaluation of HCQ as Perpetrator on CYP3A and CYP2D6 Activity

2.3  Drug Administration and Blood Sampling

First, CYP3A and CYP2D6 baseline activities were eval-
uated with microdosed midazolam (30 µg;  Dormicum® 
V 5 mg/5 ml, Cheplepharm Arzneimittel GmbH, Greif-
swald, Germany, in 100 ml water) and yohimbine (50 µg; 
Yohimbinum hydrochloricum  D4®, Deutsche Homöopa-
thie-Union-Arzneimittel GmbH and Co. KG, Karlsruhe, 
Germany). The drugs were administered 3 h after a stand-
ardized meal. The timing of the meal was the same on trial 
day 6 when HCQ was administered with a meal prior to 
the microdosed drugs. Starting after the baseline assess-
ments, participants were 1:1 randomized either to a 9-day 
course of oral pantoprazole 40 mg (Pantoprazol  HEXAL®, 
Holzkirchen, Germany) once daily (to reach a steady state) 
or to control (without pantoprazole) for the evaluation of 
the primary objective of the trial. At day 6, a single oral 
dose of 400 mg HCQ (two tablets of  Quensyl® 200 mg; 
Sanofi-Aventis, Frankfurt, Germany) was administered 
to all participants with a standardized meal. Pantopra-
zole intake on this day took place 1 h before the meal 
(Fig. 1). A total of 3 h after the intake of HCQ (i.e. 4 h 
after pantoprazole), participants received the microdosed 
oral probe drugs. Plasma samples (lithium heparin) were 
collected for 6 h (pre-dose and 0.5, 1, 2, 2.5, 3, 4, and 6 h 
after administration). CYP phenotyping using microdosed 
midazolam [14, 16, 17] and yohimbine [15] has been pub-
lished previously.

2.4  Quantification of Midazolam and Yohimbine

Midazolam and yohimbine plasma concentrations were 
quantified using validated ultra-high performance liquid 
chromatography coupled to tandem mass spectrometry 
(UPLC–MS/MS) as described previously [14, 16, 18]. The 
methods were developed and validated according to the 
International Council for Harmonisation (ICH) M10 guide-
line on bioanalytical method validation and fulfilled the ICH 
validation criteria [19]. The lower limit of quantification 
for midazolam, 1-hydroxy-midazolam (1-OH-midazolam), 
and yohimbine was 1 pg/ml. Inter-day accuracy (precision) 
varied from +9.56% (1.25%) to +12.9% (2.63%) for mida-
zolam, from −13.1% (1.51%) to −8.64% (3.81%) for 1-OH-
midazolam, and from −4.69% (4.87%) to +2.91% (10.0%) 
for yohimbine.

2.5  Evaluation of CYP2D6 Genotype

Genotyping of CYP2D6 was performed using a single-
base primer extension method as described previously [15]. 
CYP2D6 activity was scored on the basis of the sum of the 
allele activity scores assigned by PharmGKB (https:// www. 
pharm gkb. org/) and CPIC (https:// cpicp gx. org/) as follows: 
0 poor metabolizer; 0.5 and 1 intermediate metabolizer; and 
1.25, 1.5 and 2 normal metabolizer.

Fig. 1  Trial design. Adapted from the trial protocol published in [13]. 
At baseline, cytochrome P450 (CYP) 3A and CYP2D6 activity were 
phenotyped with a microdose of midazolam and yohimbine. Thereaf-
ter, one group was started on a 9-day course of once daily (qd) panto-

prazole, while the other group served as a control group. On the 6th 
day, a single dose of hydroxychloroquine 400 mg was administered, 
after which the CYP3A and CYP2D6 phenotyping was repeated. 
Cmax plasma peak concentration

https://www.pharmgkb.org/
https://www.pharmgkb.org/
https://cpicpgx.org/
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2.6  In Vitro Determination of CYP3A4 Inhibition 
by Pantoprazole

Inhibition of CYP3A4 by pantoprazole was quantified 
with the P450-Glo™ CYP3A4 Assay (Promega Corpo-
ration, Madison, WI, USA) using a membrane prepara-
tion containing recombinant human CYP3A4 according 
to the manufacturer’s instructions. This assay is based 
on the conversion of the luminogenic CYP3A4 substrate 
luciferin-IPA to luciferin by CYP3A4 and was conducted 
as described previously [20]. Eight concentrations of pan-
toprazole (0.05–100 µM) were investigated in triplicate, 
and the experiment was conducted in quadruplicate. Data 
were analysed and half maximal inhibitory concentrations 
 (IC50) were calculated with GraphPad Prism Version 10.0 
(GraphPad Software, San Diego, CA, USA) using the four-
parameter fit (sigmoidal concentration–response curves 
with variable slope).

2.7  Pharmacokinetic and Statistical Analysis

The non-compartmental pharmacokinetic analysis was per-
formed using Phoenix WinNonlin Version 8.3.5 (Certara, 
Inc., Princeton, NJ, USA). For yohimbine, AUC 0–6 h and 
plasma peak concentration (Cmax) were calculated [15], and 
for midazolam and 1-OH-midazolam, AUC 2–4 h was cal-
culated [17]. Geometric means and associated confidence 
intervals were calculated for all pharmacokinetic param-
eters. A ratio-paired t-test with a 90% confidence interval 
was applied, and an acceptance interval of 80–125% was 
assumed on the basis of the range used in bioequivalence 
trials [21]. Between-group analyses were carried out with 
unpaired t-tests. A p value < 0.1 was considered statisti-
cally significant. The statistical analysis was conducted with 
GraphPad Prism 10.0 (GraphPad Software, San Diego, CA, 
USA).

3  Results

Of the original 24 healthy volunteers, one participant from 
the control group withdrew consent for personal reasons and 
was therefore excluded. The median age of the 23 participat-
ing volunteers (12 in the pantoprazole group/11 in the con-
trol group) was 26 years (range 21–60 years), with 26 years 
in the pantoprazole group and 27 years in the control group. 
A total of 12 (52%) participants were female, and of those, 
7 were in the pantoprazole group. The body mass index was 
25.1 kg/m2 [standard deviation (SD) 3.7], with 24.0 kg/m2 
(SD 3.1) in the pantoprazole group and 26.4 kg/m2 (SD 4.0) 
and in the control group.

3.1  Yohimbine—CYP2D6

The extent of yohimbine exposure varied, as expected, 
according to the CYP2D6 genotype: in total, there were two 
poor metabolizers (of whom one was in the control group 
and one was in the pantoprazole group), ten intermediate 
metabolizers (seven in the control group, three in the panto-
prazole group), and eleven normal metabolizers of CYP2D6 
(four in the control group, seven in the pantoprazole group) 
(Table 1 and Fig. 2). There was a significant difference in 
yohimbine AUC 0–6 h at baseline between the normal and the 
intermediate metabolizers (p = 0.04); the group of the poor 
metabolizers was too small for statistical comparisons. Base-
line versus HCQ showed no significant change in yohimbine 
AUC 0–6 h after administration of HCQ. Cmax increased by 
21% (Table 1 and Fig. 2). We observed no significant change 
in yohimbine exposure in any subgroup (pantoprazole or 
control; genotypes) under HCQ.

3.2  Midazolam—CYP3A

Baseline versus HCQ: Midazolam AUC 2–4 h was 25% higher 
than at baseline, and the AUC 2–4 h of 1-OH-midazolam 
increased by 17% (Table 2 and Fig. 3) in all study partic-
ipants after HCQ intake. However, the increase in mida-
zolam AUC 2–4 h was driven by the subgroup with concomi-
tant intake of pantoprazole. In the pantoprazole subgroup, 
there was a significant increase in AUC 2–4 h of 46% and an 
increase of 17.5% in the AUC 2–4 h of 1-OH-midazolam, 
whereas there was no change in the control subgroup. The 
ratio of midazolam AUC 2–4 h to 1-OH-midazolam AUC 
2–4 h increased significantly in the pantoprazole subgroup 
(Table 2). Pantoprazole versus control group: At baseline, 
there was no significant difference between the randomized 
groups (pantoprazole or control) in midazolam AUC 2–4 h, 
1-OH-midazolam AUC 2–4 h or their ratios. After the intake of 
HCQ, there was a difference between the control group and 
the pantoprazole group in midazolam AUC 2–4 h and its ratio 
to 1-OH-midazolam AUC 2–4 h (p = 0.0597 and p = 0.0527, 
respectively) but not for 1-OH-midazolam AUC 2–4 h.

C Y P 3 A 4  i n h i b i t i o n  b y  p a n t o p r a z o l e 
 (IC50 = 23.8 ± 10.9 µM) was verified in vitro (Fig. 4) con-
firming previous data [24].

4  Discussion

We detected no significant increase of yohimbine expo-
sure by a single dose of HCQ, indicating that HCQ is not 
a clinically relevant CYP2D6 inhibitor. In vitro, HCQ and 
its metabolites, mainly desethylchloroquine, have been 



105Evaluation of HCQ as Perpetrator on CYP3A and CYP2D6 Activity

reported to competitively and reversibly inhibit CYP2D6 
activity, albeit only mildly [10]. In the only clinical trial on 
the CYP2D6-inhibiting properties of HCQ so far, CYP2D6-
inhibiting properties of HCQ were evaluated after an 8-day 
course of 400 mg HCQ twice daily in seven healthy vol-
unteers [12]: after administration of HCQ, the AUC of the 
CYP2D6 substrate metoprolol increased by 65% and Cmax 
by 72%. Interestingly, the urinary metabolic ratio of dex-
tromethorphan did not show any significant change. The 
effect on metoprolol was consistent for the six homozygous 
extensive (normal) CYP2D6 metabolizers, while the het-
erozygous extensive (intermediate) metabolizer did not show 
any relevant change in exposure. In our trial including more 
participants with a greater variation of genotypes, we did 
not observe an effect in the CYP2D6 genotype subgroups. 
Because of the large variation of yohimbine exposure due 
to the genotype, also a large effect would have been visible. 
We administered 400 mg HCQ as a single dose on the day 
of CYP phenotyping. Assuming a low affinity of HCQ to 
CYP2D6, this single dose of HCQ may have resulted in too 
low blood concentrations to exert perpetrator properties on 
yohimbine.

The exposure of the CYP3A substrate midazolam 
increased by 25% in all participants after the intake of 
HCQ. However, this observation was driven by the sub-
group receiving pantoprazole, in which the AUC of 

Table 1  Pharmacokinetic parameters of microdosed yohimbine 
(50 µg orally) at baseline and after intake of single-dose hydroxychlo-
roquine plus pantoprazole (N  =  12) or single-dose hydroxychloro-

quine alone (control, N = 11) in healthy volunteers for all participants 
and according to CYP2D6 genotype

AUC 0–6 h area under the plasma concentration–time curve 0–6 h after administration, CI confidence interval, Cmax plasma peak concentration, 
CYP2D6 cytochrome P450 2D6, GM geometric mean, GMR geometric mean ratio

Parameter Baseline Hydroxychloroquine 
(± pantoprazole)

Comparison

GM 95% CI GM 95% CI GMR 90% CI p value

AUC 0–6 h (h·pg/ml)
 All 185 93.3–368 199 99.4–400 1.08 0.96–1.21 0.28
 Pantoprazole group 150 48.2–466 152 47.1–488 1.01 0.89–1.15 0.86
 Control group 233 92.3–590 269 110–659 1.15 0.93–1.43 0.27
 Normal CYP2D6 metabolizers (N = 11) 82.8 41.4–165 83.5 38.5–181 1.01 0.86–1.19 0.93

  Intermediate CYP2D6 metabolizers (N = 10) 208 107–405 242 137–425 1.16 0.93–1.44 0.24
Poor CYP2D6 metabolizers (N = 2) 8674 2016–37,325 9154 1184–70,800 – – –
Cmax (pg/ml)
 All 151 85.7–264 181 104–316 1.21 1.003–1.45 0.09
 Pantoprazole group 110 44.4–270 133 52.1–338 1.21 0.98–1.50 0.13
 Control group 213 100–450 255 130–498 1.20 0.85–1.69 0.36
 Poor and intermediate CYP2D6 metabolizers 284 149–539 365 204–655 1.29 0.94–1.77 0.18
 Normal CYP2D6 metabolizers 75.4 43.4–131 84.4 48.9–146 1.12 0.90–1.39 0.37
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Fig. 2  Partial area under the concentration-time curve from 0 to 6 h 
(AUC 0–6 h) of yohimbine at baseline and after intake of hydroxychlo-
roquine (HCQ) with or without pantoprazole in 23 healthy volunteers. 
Geometric mean with 95% confidence interval for normal metabo-
lizers of CYP2D6 (NM; n  =  11), intermediate metabolizers (IM; 
n = 10) and poor metabolizers (PM; n = 2)
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midazolam was increased by as much as 46%. The par-
tial AUC 2–4 h for 1-OH-midazolam, the active metabolite 
of midazolam, increased by 17% under HCQ in all. This 

tended to be the case in the pantoprazole group, while 
there was clearly no effect in the control group. Concur-
rently, the ratio between the partial AUC of midazolam 
and 1-OH-midazolam also increased significantly after 
the combined intake of HCQ and pantoprazole (indicat-
ing reduced production of 1-OH midazolam by CYP3A), 
while it remained unchanged in the control group receiving 

Table 2  Pharmacokinetic 
parameters of microdosed 
midazolam (30 µg orally) 
at baseline and after 
intake of a single dose of 
hydroxychloroquine plus 
pantoprazole (N = 12) or a 
single-dose hydroxychloroquine 
alone (control, N = 11) in 
healthy volunteers

AUC 2–4 h area under the plasma concentration-time curve 2–4 h after administration, CI confidence inter-
val, Cmax plasma peak concentration, GM geometric mean, GMR geometric mean ratio, SD standard devia-
tion

Baseline Hydroxychloroquine 
(± pantoprazole)

Comparison

GM 95% CI GM 95% CI GMR 90% CI p value

Midazolam
AUC 2–4 h (h·pg/ml)
 All 50.8 44.7–57.8 63.7 54.6–74.5 1.25 1.14–1.39 0.0007
 Pantoprazole group 49.9 40.5–63.7 72.9 55.9–101 1.46 1.33–1.61 < 0.0001
 Control group 51.9 42.7–65.8 55.1 45.8–68.3 1.06 0.92–1.23 0.48
1-OH-midazolam
AUC 2–4 h (h·pg/ml)
 All 20.2 17.4–23.1 23.4 20.6–26.7 1.17 1.05–1.31 0.02
 Pantoprazole group 18.6 14.9–23.2 21.9 18.8–25.5 1.18 1.03–1.34 0.05
 Control group 21.7 17.6–26.7 25.2 19.9–31.9 1.16 0.95–1.43 0.21
Midazolam/1-OH-midazolam

GM SD GM SD
AUC 2–4 h

 All (molar ratio) 2.81 ± 1.32 3.04 ± 1.47 0.12
 Pantoprazole group 3.03 ± 1.59 3.60 ± 1.56 0.0026
 Control group 2.57 ± 0.96 2.42 ± 1.23 0.49
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Fig. 3  Partial area under the concentration–time curve from 2 to 4 h 
(AUC 2–4 h) of midazolam at baseline and after intake of hydroxychlo-
roquine (HCQ) with or without pantoprazole in 23 healthy volunteers. 
*p ≤ 0.0001  for baseline versus HCQ + pantoprazole. Without the 
outlier in the pantoprazole group, the change in partial AUC 2–4 h was 
still significant: geometric mean ratio (GMR) 1.44 [90% confidence 
interval 1.30–1.60], p < 0.0001 for the pantoprazole group, and GMR 
1.24 [90% confidence interval 1.20–1.37], p = 0.0016 for all partici-
pants. ns non significant
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only HCQ. The increased ratio strongly suggests that the 
metabolism of midazolam was inhibited by pantoprazole 
(leading to increased absorption due to reduced first-pass 
metabolism or to slower elimination) and that the exposure 
change was not primarily caused by gastric pH changes 
although a contribution cannot be completely excluded.

From clinical drug interaction trials with various 
CYP3A4 substrates, pantoprazole is not known as a per-
petrator [22, 23]. However, in vitro pantoprazole inhibits 
CYP3A4-mediated midazolam metabolism at relatively 
high concentrations [24], which we confirmed with another 
CYP3A4 inhibition assay also in vitro.

Midazolam is a well-absorbed compound with moder-
ate to high pre-systemic extraction ratio; administered in 
therapeutic or microdoses, it has an oral bioavailability 
of approximately 25% [25]. Intestinal first-pass metabo-
lism contributes approximately 50% to the overall first-
pass metabolism of oral midazolam [26], indicating that 
modulation of intestinal CYP3A can substantially increase 
midazolam bioavailability. In our trial, 40 mg pantopra-
zole was administered with approximately 200 ml of fluid, 
yielding local concentrations in the gut that likely exceeded 
500 µM. In vitro, pantoprazole reduced CYP3A activity 
by 75% at concentrations of 100 µM, suggesting that in 
the first hours after oral administration, local pantoprazole 
concentrations may be high enough to substantially inhibit 
CYP3A in the gut. Because pantoprazole peak concentra-
tions are reached approximately 2–3 h after oral admin-
istration [27] and may be considerably delayed by food 
[28], it may well be that at the time of midazolam admin-
istration, i.e. 4 h after pantoprazole administration, local 
intestinal concentrations were still in the inhibitory range. 
Peak serum concentrations were much lower (2.5 µg/ml 
equalling 6.5 µM [29]) and associated with less CYP3A 
inhibition, explaining that pantoprazole is not known as a 
CYP3A inhibitor from daily practice.

Limitations: Because HCQ steady state is only reached 
after 4 months [30], our trial was designed with a sin-
gle-dose administration of HCQ. Although we did not 
find a short-term inhibitory effect of HCQ on CYP3A, 
we cannot exclude the possibility that time-dependent 
CYP3A inhibition develops with longer-term HCQ 
treatment. The active metabolites desethylchloroquine, 
didesethylchloroquine,and desethylhydroxychloroquine 
(DHCQ) are time-dependent inhibitors of CYP3A4 in vitro 
[10]. This could explain the elevated clarithromycin expo-
sure that was reported for two patients with COVID-19 
treated with HCQ [9]. In this context, the CYP2D6 geno-
type could theoretically indirectly influence time-depend-
ent CYP3A4 inhibition in longer-term HCQ treatment 

via the formation of DHCQ: A Korean trial found that 
the DHCQ:HCQ ratio is lower in carriers of CYP2D6*10 
polymorphisms who have reduced CYP2D6 activity [31].

Yohimbine AUC 0–6 h was highly variable due to the dif-
ferent CYP2D6 genotypes. This makes it difficult to find a 
statistically significant change between baseline and inter-
vention. To mitigate this problem, we analysed the genotype 
subgroups, but those were small, which presents another sta-
tistical challenge. We cannot exclude that there might have 
been an effect in a larger group.

Furthermore, the microdosing method for CYP phenotyp-
ing using probe drugs has been validated in fasting condi-
tion. In the present trial, HCQ tablets had to be swallowed 
with a meal, so CYP microdosing could not take place in a 
fasting state but only 3 h after the intake of HCQ and the 
standardized meal. Administering an oral standard dose of 
midazolam 1 h after a meal delays the peak plasma con-
centration by 0.9 h as compared with the fasting state, and 
decreases midazolam exposure [32]. Midazolam AUC 2–4 h 
in this trial was at the lower end of the range known from 
previous trials in our department, and we are aware of a mild 
food effect from another trial [33]. However, the identical 
food–drug interval was also followed at baseline. So, even 
though the absorption might have been slightly different 
from the fasting state, comparability between the trial parts 
was ensured.

In conclusion, HCQ did not inhibit metabolism by 
CYP2D6 and CYP3A in the short term. Whether or not 
longer treatment, which leads to higher concentrations of 
parent compound and potentially interacting metabolites, 
modulates these isozymes differently still needs to be 
shown. Concurrently, we found evidence that pantoprazole 
can act as an inhibitor of CYP3A4 and moderately changes 
midazolam exposure. This was unexpected, because no 
clinically relevant perpetrator properties with other CYP3A 
substrates have been described for pantoprazole so far. 
However, CYP3A inhibitor characteristics have repeatedly 
been described in vitro. Whether this is due to the particular 
timing and is only observed with CYP3A substrates with 
quantitatively relevant intestinal metabolism remains to be 
investigated.
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