Z
y
-
7
0
~
z
a
Z
>
s
:
2
:
=
3
:
z
a

Supplemental material to this article can be found at:
http://dmd.aspetjournal s.org/content/suppl/2022/11/29/dmd.122.001018.DC1

1521-009X/51/3/293-305%$35.00
DRruG METABOLISM AND DisposiTiON
Copyright © 2023 by The Author(s)

dx.doi.org/10.1124/dmd.122.001018
Drug Metab Dispos 51:293-305, March 2023

This is an open access article distributed under the CC BY-NC Attribution 4.0 International license.

Hydroxychloroquine is Metabolized by Cytochrome P450 2D6, 3A4,
and 2C8, and Inhibits Cytochrome P450 2D6, while its Metabolites
also Inhibit Cytochrome P450 3A in vitro®

Marie-Noelle Paludetto,'® Mika Kurkela,'

Helina Kahma,

Janne T. Backman, © Mikko Niemi,

and ® Anne M. Filppula

Department of Clinical Pharmacology and Individualized Drug Therapy Research Program, Faculty of Medicine, University of
Helsinki, Finland (M.-N.P., M.K., H.K., J.T.B., M.N., A.M.F.); HUS Diagnostic Center, Helsinki University Hospital, Helsinki, Finland
(J.T.B., M.N.); and Pharmaceutical Sciences Laboratory, Faculty of Science and Engineering, Abo Akademi University, Turku,
Finland (A.M.F.)

Received July 1, 2022; accepted October 31, 2022

ABSTRACT

This study aimed to explore the cytochrome P450 (CYP) metabolic
and inhibitory profile of hydroxychloroquine (HCQ). Hydroxychloro-
quine metabolism was studied using human liver microsomes
(HLMs) and recombinant CYP enzymes. The inhibitory effects of HCQ
and its metabolites on nine CYPs were also determined in HLMs, us-
ing an automated substrate cocktail method. Our metabolism data in-
dicated that CYP3A4, CYP2D6, and CYP2C8 are the key enzymes
involved in HCQ metabolism. All three CYPs formed the primary me-
tabolites desethyichloroquine (DCQ) and desethylhydroxychloro-
quine (DHCAQ) to various degrees. Although the intrinsic clearance
(CLint) value of HCQ depletion by recombinant CYP2D6 was > 10-fold
higher than that by CYP3A4 (0.87 versus 0.075 ul/min/pmol), scaling of
recombinant CYP CL;,; to HLM level resulted in almost equal HLM
CL;; values for CYP2D6 and CYP3A4 (11 and 14 ul/min/mg, respec-
tively). The scaled HLM CL;; of CYP2C8 was 5.7 ul/min/mg. Data from
HLM experiments with CYP-selective inhibitors also suggested rela-
tively equal roles for CYP2D6 and CYP3A4 in HCQ metabolism, with a
smaller contribution by CYP2C8. In CYP inhibition experiments, HCQ,
DCQ, DHCQ, and the secondary metabolite didesethylchloroquine were

direct CYP2D6 inhibitors, with 50% inhibitory concentration (ICs) val-
ues between 18 and 135 ;M. HCQ did not inhibit other CYPs. Further-
more, all metabolites were time-dependent CYP3A inhibitors (ICs, shift
2.2-3.4). To conclude, HCQ is metabolized by CYP3A4, CYP2D6, and
CYP2C8 in vitro. HCQ and its metabolites are reversible CYP2D6 inhibi-
tors, and HCQ metabolites are time-dependent CYP3A inhibitors. These
data can be used to improve physiologically-based pharmacokinetic
models and update drug—drug interaction risk estimations for HCQ.
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Introduction

The 4-aminoquinoline hydroxychloroquine (HCQ), an old antimalarial
drug, is regarded as a safe and reasonably effective treatment of rheuma-
toid arthritis and systemic lupus erythematosus (Munster et al., 2002;
Rainsford et al., 2015). Beyond its approved indications, HCQ repurpos-
ing for the prevention and treatment of various diseases, including diabe-
tes, myocardial infarction, and various cancers, is currently assessed in
several clinical trials, due to its anti-inflammatory/immunomodulating,
anti-thrombotic, and anti-autophagic properties (Plantone and Koudriavt-
seva, 2018; Ulander et al., 2021). HCQ is preferred over chloroquine be-
cause of lower incidence of cardiac, gastrointestinal, and ocular adverse
reactions. During the first stages of the Coronavirus Disease of 2019
(COVID-19) pandemic, HCQ was among the most used repurposed
therapeutic agents. Although the potential benefits of systemically

ABBREVIATIONS: AUC, area under the concentration-time curve; BSA, bovine serum albumin; CL, clearance; CLISEF, intrinsic clearance-based
intersystem extrapolation factor; COVID-19, Coronavirus Disease of 2019; CYP, cytochrome P450; DCQ, desethylchloroquine; DDCQ, didese-
thylchloroquine; DHCQ, desethylhydroxychloroquine; f,mic, unbound fraction in microsomes; HCQ, hydroxychloroquine; HLM, human liver micro-
somes; ISEF, intersystem extrapolation factor; K, inhibition constant; K., Michaelis-Menten constant; Kp, tissue-to-blood concentration
coefficient or tissue-to-plasma concentration coefficient; OAT, organic anion transporter; OATP, organic anion transporting polypeptide; OCT,

organic cation transporter; Vax, maximal velocity.
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administered HCQ for the management of COVID-19 are no longer
considered to outweigh its potential risks (FDA, 2020; Horby et al.,
2020; Skipper et al., 2020; Pan et al., 2021), investigation of its thera-
peutic and prophylactic use against COVID-19 still continues (47 re-
cruiting and not yet recruiting clinical studies as of June 15, 2022,
https:/clinicaltrials.gov/).

HCQ has been in clinical use for more than 60 years, but its clinical
pharmacology is not well understood (White et al., 2020). HCQ has a
complex pharmacokinetic profile, displaying a high degree of variability
in its concentrations and unclear pharmacokinetic—pharmacodynamic re-
lationships in terms of therapeutic and adverse effects (Rainsford et al.,
2015). Following oral administration, approximately 70-80% of HCQ
is absorbed (Tett et al., 1989). In the body, HCQ distributes extensively
to aqueous cellular and intercellular compartments. As a weak base, it
accumulates in acidic organelles, such as lysosomes and endosomes
(Tett et al., 1993; Schrezenmeier and Dorner, 2020). Thereby, HCQ has
an enormous distribution volume (700 1/kg based on plasma data) (Tett
et al., 1988). HCQ also concentrates in platelets and leukocytes, leading
to approximately 7-fold higher concentrations in blood than in plasma
(Tett et al., 1988; Tett et al., 1989; Brocks et al., 1994). Accordingly,
whole blood is frequently used as the matrix in pharmacokinetic studies
(White et al., 2020). HCQ is eliminated through both metabolism and
renal excretion and has a long terminal elimination half-life of
26-53 days (Tett et al., 1988; Tett et al., 1989). The full mass balance
profile of HCQ is unclear, but renal elimination is estimated to account
for 20-55% of the total clearance (Tett et al., 1988; Tett et al., 1989;
White et al., 2020).

HCQ is biotransformed into three active metabolites in humans: the
major circulating metabolite desethylhydroxychloroquine (DHCQ), as
well as desethylchloroquine (DCQ), and didesethylchloroquine (DDCQ)
(Fig. 1) (McChesney, 1983; Tett et al., 1985; Charlier et al., 2018;
Shimizu et al., 2022). Although many articles refer to cytochrome P450
(CYP) 2C8, CYP2D6, and CYP3A4 as the key enzymes involved in
HCQ metabolism, these statements are based on chloroquine data only
(Kim et al., 2003; Projean et al., 2003). In addition, except for a study
showing no inhibition of CYP3A4 (Li et al., 2020), little is known about
the in vitro inhibitory effects of HCQ on CYP enzymes. In healthy
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Fig. 1. Hydroxychloroquine main metabolic pathways, with the most important
CYP enzymes indicated for each reaction, based upon the present findings. DCQ
and DHCQ are primary metabolites of hydroxychloroquine, and DDCQ is formed
via subsequent metabolism of either of these primary metabolites.
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subjects, however, HCQ has increased the plasma exposure of the f31
adrenergic receptor antagonist and CYP2D6 substrate metoprolol by
65% (Somer et al., 2000), suggesting that HCQ is an inhibitor of
CYP2D6. These reports implying that HCQ may be both a substrate
and an inhibitor of CYP2D6 raise the concern of CYP2D6 autoinhibi-
tion and thereby of time-dependent nonlinear pharmacokinetics for
HCQ. Due to this concern and these gaps in the knowledge of the me-
tabolism and drug—drug interaction potential of HCQ, this study aimed
to comprehensively investigate the in vitro CYP-mediated metabolism
of HCQ and the CYP inhibitory effects of HCQ and its three main
metabolites.

Materials and Methods

Chemicals and Microsomes. Hydroxychloroquine sulfate was kindly pro-
vided by Orion Corporation (Espoo, Finland). Amodiaquine dihydrochloride dihy-
drate, astemizole, bupropion hydrochloride, desethylchloroquine, desethylhydroxy-
chloroquine, desethylhydroxychloroquine-d4, dextrorphan tartrate, dextrorphan-d3
tartrate, didesethylchloroquine, didesethylchloroquine-d4, hydroxybupropion, hy-
droxybupropion-d6, hydroxychloroquine-d4, 7-hydroxycoumarin, 7-hydroxycou-
marin-d5, +4-hydroxymephenytoin-d3, 1-hydroxytacrine-d3, hydroxytolbutamide,
hydroxytolbutamide-d9, N-desethylamodiaquine hydrochloride, N-desethylamodia-
quine-d5, O-desmethylastemizole, S-4-hydroxymephenytoin, S-mephenytoin, mon-
telukast sodium, tacrine hydrochloride dihydrate, and tolbutamide were purchased
from Toronto Research Chemicals (Toronto, ON, Canada). Coumarin, dextrome-
thorphan hydrobromide monohydrate, formic acid, o-hydroxymidazolam, c«-hy-
droxymidazolam-d4, S-NADPH tetrasodium, quinidine, and troleandomycin were
bought from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile and methanol
were obtained from Honeywell Riedel-de Haén (Charlotte, NC, USA), and mid-
azolam was obtained from Hoffmann-La Roche (Basel, Switzerland). Disodium
hydrogen phosphate dihydrate was purchased from Merck (Darmstadt, Germany),
sodium dihydrogen phosphate monohydrate from J.T. Baker & Mallinckrodt
(Deventer, The Netherlands), 1-hydroxytacrine maleate and gemfibrozil 1-O-f-
glucuronide from Santa Cruz Biotechnology (Dallas, TX, USA), O-desmethylaste-
mizole-d4 from Medical Isotopes (Pelham, NH, USA), paroxetine hydrochloride
from Synfine Research (Richmond Hill, ON, Canada), and ketoconazole from
Janssen Biotech (Olen, Belgium).

Human liver microsomes (HLMs; XTreme 200 pooled, mixed-gender) used in
metabolism, inhibition screening and inhibition constant (K;) determination experi-
ments, and a NADPH regenerating system were purchased from Sekisui Xeno-
Tech (Kansas City, KS, USA). HLMs (UltraPool 150 pooled, mixed-gender) used
in ICsy determinations were from Corning (Woburn, MA, USA). Recombinant
CYP Bactosomes (CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP2EI1, CYP2J2, CYP3A4, CYP3AS, and control Bactosomes) were
from Cypex (Dundee, UK). Bovine serum albumin (BSA) was obtained from Bio-
west (Nuaillé, France). All solvents and commercially available reagents were of
analytical grade and used without further purification.

Incubation Conditions and Sample Handling in Metabolism Experi-
ments. All metabolism incubations were carried out at 37°C in sodium
phosphate buffer (0.1 M, pH 7.4) in triplicate (CYP screening incubations
in duplicate). HLM or recombinant CYP isoform and buffer were premixed
and kept on ice until the start of the experiment. With the exception of stud-
ies including time-dependent CYP-selective inhibitors, experiments were
started by premixing HCQ for 10 minutes with HLM or recombinant CYP
buffer mixes on a heated shaker (37°C, 350 rpm), and followed by the addi-
tion of 1 mM NADPH to initiate the reactions. Reactions were stopped by
moving a sample of the incubation mixture to acetonitrile containing inter-
nal standard (1:3). Samples were kept on ice for at least 10 minutes before cen-
trifugation at 21,000 g for 10 minutes at 8°C and further processing (Supplemental
Materials and Methods).

All stock solutions of HCQ, its metabolites, and inhibitors were prepared in
methanol or acetonitrile. All incubations (including controls) contained the same
concentration of organic solvent (1%). When the metabolite formation rate was
measured in enzyme kinetic experiments, the incubation time was optimized
within the linear range for metabolite formation, depending on the substrate turn-
over rate in each specific experiment (<20% turnover of substrate was required).
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Metabolism by Recombinant CYPs. The metabolism of HCQ was first in-
vestigated in a recombinant CYP screening. HCQ (30 uM) was incubated with
CYP enzyme (CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, CYP2J2, CYP3A4, CYP3AS) or control Bactosomes at a
protein concentration of 0.3 mg/ml with NADPH or without NADPH (negative
controls) for 90 minutes. Based on the obtained data, seven CYP isoforms
(CYP1A2, CYP2CS, CYP2C9, CYP2C19, CYP2D6, CYP3A4, CYP3AS) were
selected for a linearity experiment. Herein, the depletion of HCQ (1 and 10 uM)
was measured at two protein concentrations (0.1 and 0.2 mg/ml) for up to 45 mi-
nutes. Samples were collected at 0, 7.5, 15, 30, and 45 minutes. Furthermore, the
depletion of HCQ at a low initial concentration of 0.3 uM was studied in
CYP2CS8, CYP2D6, and CYP3A4 incubations (0.1 mg/ml). Samples were col-
lected at the same time points as above. Finally, the enzyme kinetics of HCQ
metabolite formation was tested in CYP2C8 (0.2 mg/ml), CYP2D6 (0.05 mg/
ml), and CYP3A4 (0.2 mg/ml) incubations. The incubation times corresponded
to 20, 10, and 20 minutes, respectively.

Metabolism in Human Liver Microsomes. The depletion of HCQ,
DHCQ, and DCQ at initial concentrations of 0.3 and 3 uM were also studied in
HLMs (0.5 mg/ml) in the presence of NADPH. Samples were collected at 0, 15,
30, 60, 90, and 120 minutes. To study the effects of CYP inhibition on HCQ me-
tabolism, the time-dependent inhibitors gemfibrozil 1-O-f-glucuronide (75 uM;
CYP2C8), paroxetine (15 puM; CYP2D6), and troleandomycin (100 uM;
CYP3A) were first premixed with HLM (0.5 mg/ml) for 10 minutes before the
addition of NADPH. After preincubation for 15 minutes, HCQ (3 uM) was in-
cluded in the mix, and the reactions were allowed to incubate for 40 minutes. In
addition, the effects of the reversible inhibitors montelukast (1 uM; CYP2C8),
quinidine (10 uM; CYP2D6), and ketoconazole (1 uM, CYP3A) were studied
by premixing the inhibitor with HCQ (3 uM) and HLM for 10 minutes before
the addition of NADPH. The reactions were allowed to incubate for 30 minutes.
In an additional experiment with a low initial HCQ concentration of 0.3 uM, the
effects of the time-dependent inhibitors listed above were tested (identical incu-
bation conditions) on HCQ depletion. Samples were collected at 0, 15, 30, 60,
and 90 minutes.

Incubation Conditions and Sample Handling in Inhibition Experi-
ments. The potential of HCQ, DCQ, DHCQ, and DDCQ to inhibit nine major
CYP enzymes (CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2J2, and 3A) by di-
rect inhibition, slow-binding inhibition or time-dependent inhibition was investi-
gated in HLMs, using a previously described automated probe substrate cocktail
approach (Kahma et al., 2021).

Briefly, all incubations were performed in sodium phosphate buffer (0.1 M,
pH 7.4) in triplicate in 96-well plates using an automated liquid handler (Tecan
Freedom EVO 150 with Freedom EVOware software, Tecan Group, Mannedorf,
Switzerland) and a heated shaker (550 rpm, 37°C). Probe substrates with
incubation concentrations approximating to their Michaelis-Menten constant
(K,,,) values were mixed into two cocktails (Supplemental Table 1) to assess
several CYP activities in one experiment. The HLM protein concentrations
corresponded to 0.05 mg/ml and 0.1 mg/ml for cocktail 1 and 2, respec-
tively. BSA (0.5% (w/v), final concentration) was included in cocktail 2
incubations to enhance CYP2C19 activity. The final solvent (methanol) con-
centration in all incubations was =1%.

In direct inhibition incubations, the inhibitors or solvent controls, probe sub-
strates, BSA (for cocktail 2), and HLMs were diluted in buffer, and the mixture
was prewarmed on the heated shaker for 3 minutes. Incubations were initiated by
the addition of NADPH (1 mM)/a NADPH regenerating system (100 mM NADP,
500 mM glucose-6-phosphate, 100 units/ml glucose-6-phosphate dehydrogenase)
and terminated after 5 minutes by mixing 30 ul of the incubation mixture with
90 pl of ice-cold methanol containing internal standards. All samples were kept at
4°C for 30 minutes before further processing and determination of metabolite con-
centrations (Supplemental Materials and Methods, Supplemental Table 2).

In slow-binding inhibition incubations, the inhibitors or solvent controls were
preincubated with HLMs in buffer for 30 minutes on the heated shaker. Toward
the end of the preincubation, the probe substrates and BSA (for cocktail 2) were
included before CYP-mediated reactions were initiated by the addition of
NADPH (1 mM)/a NADPH regenerating system (100 mM NADP, 500 mM
glucose-6-phosphate, 100 units/ml glucose-6-phosphate dehydrogenase). Reactions
were terminated after 5 minutes, and samples were handled as described above.

In time-dependent inhibition incubations, the inhibitors or solvent controls
were preincubated with HLMs and NADPH (1 mM)/a NADPH regenerating

295

system (100 mM NADP, 500 mM glucose-6-phosphate, 100 units/ml glucose-6-
phosphate dehydrogenase) in buffer for 30 minutes on the heated shaker. Toward
the end of the preincubation, BSA (for cocktail 2) was included before final incu-
bations were initiated by adding the probe substrates. Reactions were terminated
after 5 minutes, and samples were processed as described above.

Inhibition Screening and ICs, Experiments. In an initial screening, the
direct, slow-binding, and time-dependent inhibitory potential of HCQ and its me-
tabolites were tested at two inhibitor concentrations (10 and 50 uM). Based on
the findings, ICs, experiments (direct and time-dependent inhibition) were car-
ried out by incubating seven inhibitor concentrations (0.5-1,000 uM) with
HLMs and the substrate cocktails. To determine the potential effect of BSA on
the inhibition of the CYPs of cocktail 2, direct inhibition experiments were also
carried out in the absence of BSA for HCQ and the primary metabolites.

K; Experiments. Based on the findings of ICs, experiments, several incuba-
tions were carried out to determine the K; values for the direct inhibition of
CYP2D6 and 2J2 by HCQ and its metabolites, and to characterize the type of in-
hibition (competitive, noncompetitive, uncompetitive, or mixed inhibition). A se-
ries of inhibitor concentrations (1/4 to 5 times the direct ICsy values) were
simultaneously incubated with four concentrations of dextromethorphan or aste-
mizole (K./3, K., 3xK,,, and 9xK,)). All incubations were performed by hand
without BSA.

Data Analysis of Metabolism Findings. The kinetics of substrate depletion
in HLM and recombinant CYP incubations was analyzed using GraphPad Prism
(version 7.03; GraphPad Software, Inc., San Diego, CA, USA). Depletion rate
constants (kgep) Were determined using nonlinear regression, and the intrinsic
clearance (CL;,) of HCQ and its metabolites was expressed as CLiy = Kaep/[M],
where [M] is the HLM or recombinant CYP concentration used in the incuba-
tions. The kinetics of DCQ and DHCQ formation by CYP2C8, CYP2D6,
and CYP3A4 were analyzed with the Michaelis-Menten, substrate inhibi-
tion, allosteric sigmoidal (Hill), and two enzymes models using Graph-
Pad Prism. Selection of the best model for each reaction was based on
the Akaike information criterion, R? values, and a visual examination of
Michaelis-Menten and Eadie-Hofstee plots. CL;,, values of each reaction
were calculated according to CL;, = V,.x/Ky,, Where V. is the maxi-
mal velocity and K, is the Michaelis-Menten constant.

All CL;,,, values were corrected for non-specific binding to protein by CL;y,, =
CLin/fymic; Where CLiy,, is the unbound intrinsic clearance and f,, ;. is the un-
bound fraction of drug at various protein concentrations. f, ;. values were pre-
dicted as described in Supplemental Table 3. To estimate the relative contributions
of CYP2C8, CYP2D6, and CYP3A4 to the metabolism of HCQ, Cypex LR inter-
system extrapolation factors (ISEFs) and CYP expression values were obtained
from the Simcyp Population-Based Simulator (V20; Simcyp Ltd, Certara, UK).
The ISEFs corresponded to 0.982, 1.11, and 1.09, and the CYP expression levels
to 24, 9.4, and 137 pmol/mg for CYP2C8, CYP2D6, and CYP3A4, respectively.
In addition, for CYP2D6 and CYP3A4, CL;,-based ISEFs (CLISEFs) were calcu-
lated based on the reported marker activities for the used lots of recombinant en-
zymes and HLM (Proctor et al., 2004). A CLISEF value was not calculated for
CYP2CS8, as different marker substrates had been used for recombinant enzyme
and HLM. For CYP2D6 and CYP3A4, the CLISEFs corresponded to 0.57 and
0.42, respectively. The recombinant CYP CLjy,, values were then multiplied with
the respective ISEF or CLISEF and CYP expression value to obtain HLM CLiyy
values. Measured and scaled HLM CL;,,, values were further scaled to CLin¢ i vivo
using 39.79 mg microsomal protein/g liver, and liver volume and density values of
1.65 1 and 1,080 g/1 liver (Simcyp Population-Based Simulator V20). In the final
step, hepatic blood clearance (CLy) values were calculated using the well-stirred
model (Yang et al., 2007),

Ju,p X CLintin vivo
QH + fu,B X CLint,in vivo

where Qy is the hepatic blood flow (1.610 I/min) (Pelkonen and Turpeinen,
2007) and f, g is the unbound fraction of HCQ in blood. f, 5 was calculated ac-
cordingtof, 5 = f,, X 1/BP, wheref,, and BP are the unbound fraction in
plasma (0.48) and blood-to-plasma concentration ratio (7.2) of HCQ, respectively
(Tett et al., 1988; McLachlan et al., 1993). The calculated £, 5 equaled to 0.067.

Data Analysis of Inhibition Findings. ICs, and K; values were determined
by nonlinear regression using GraphPad Prism (version 8.4.3). Inhibitor concen-
tration-response data were fitted to the following four-parameter log-logistic
equation (variable slope sigmoidal model):

CLy = Qp X
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Top plateau — Bottom plateau
X n
1+ (m)

where Y is the percentage of remaining CYP activity compared to the solvent
controls, X is the inhibitor concentration, and n is the Hill slope. The bottom pla-
teau was set to zero when no bottom plateau could be reliably inferred; otherwise,
parameters were not constrained. In cases where a stronger CYP inhibition was
observed following preincubation of the inhibitor, ICsq shift (ICs, value obtained
without preincubation/ICs, value obtained with preincubation) values were deter-
mined. An ICs shift value =1.5 was used to denote time-dependent inhibition.
Rate versus probe substrate concentration data were fitted to the following
equations for competitive inhibition (eq. 1), noncompetitive inhibition (eq. 2), un-
competitive inhibition (eq. 3), or mixed-type inhibition (eq. 4) (Copeland, 2000):

Y = Bottom plateau +

V= (Vaax X S)/(Ku x (1 + [I/Ki) + ) 1
V= (Vmax X 8)/(Kn + 8) x (1 + [1/K;) )
V= (Ve X S)/(Km + Sx (1 + [[/aK;)) ©)

V= (Vimax X 8)/ (K x (1 + [I/K;) + Sx (1 + /oK) (4

where v is the velocity of the reaction, V.« is the maximum velocity, S is the
substrate concentration, K, is the Michaelis constant (substrate concentration at
Vmax/2), [1] is the inhibitor concentration, K; is the inhibition constant describing
the affinity of the inhibitor for the enzyme, and aK; describes the affinity of the
inhibitor for the enzyme-substrate complex. The type of inhibition was deter-
mined based on the Akaike information criterion and further confirmed by visual
examination of Michaelis-Menten and Eadie-Hofstee plots. The latter were cre-
ated by plotting the transformed data and the following lines:

— for direct inhibition : y — intercept=V.x; slope= — a
X K, a=1+[1]/K;
— for mixed inhibition : y — intercept="Vpax /(14 [1] /2K;);
slope= — Ky x (1+[1/K;)/ (1+[1/2K;)
Prediction of Clinical Drug-Drug Interactions Due to CYP2D6 Inhibi-
tion. The combined effects of HCQ and its metabolites on the plasma exposure

of the CYP2D6 substrate metoprolol were predicted using a static mechanistic
model equation (Templeton et al., 2016),

AUCqith HCQ

tAUCR =
AUCqithout HCQ

1
where AUCR is the fold change in metoprolol area under the concentration-time
curve (AUC) in the presence (AUCy;mn ncg) and absence (AUCihour 1eQ) Of
the perpetrators, DCQ is desethylchloroquine, DDCQ is didesethylchloroquine,
DHCQ is desethylhydroxychloroquine, HCQ is hydroxychloroquine, [I] is the in-
hibitor concentration, and fi,, is the fraction of the metoprolol dose cleared by
CYP2D6. A f,,, value of 0.8 was used, estimated based on clinical pharmacoge-
netic and interaction data available in the UW Drug Interaction Database (DIDB,
Copyright University of Washington, accessed on February 11, 2021). Experi-
mental reversible inhibition constants (K;) were used and adjusted for non-
specific binding to HLM at 0.1 mg/ml (Supplemental Table 3). Because HCQ
and its three metabolites accumulate largely in blood and tissues, six sets of in-
teraction predictions were carried out, based on their blood (1), corresponding
plasma (2), and estimated liver (3—6) concentrations. In (1), the total blood con-
centrations of the metabolites were estimated from HCQ concentrations and
HCQ/metabolite ratios in blood (Supplemental Table 4). In (2), the correspond-
ing total plasma concentrations of HCQ and its metabolites were calculated
from their blood concentrations and blood-to-plasma values (Supplemental
Table 4). In (3), their total liver concentrations were estimated from the blood
concentrations and mouse tissue-to-blood concentration (Kp) values (Chhonker
et al., 2018) (Supplemental Table 4). In (4), their total liver concentrations
were estimated from plasma concentrations and tissue-to-plasma partition coef-
ficients predicted in Simcyp Population-Based Simulator V20 as described in
Supplemental Table 4. In (5-6), their unbound liver concentrations were
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estimated by multiplying the total liver concentrations by the unbound fraction
values in plasma (thus assuming an unbound fraction in the hepatocytes that
equals that observed in plasma for each compound; Supplemental Table 4).

Results

Metabolism in Recombinant CYP incubations. In screening ex-
periments, considerable HCQ depletion was observed in CYP2D6 and
CYP2CS incubations (Supplemental Fig. 1). The highest concentrations
of the primary metabolites DCQ and DHCQ were formed in CYP2D6,
CYP2CS, and CYP3A4 incubations (Supplemental Fig. 1). CYP3AS5,
CYP2C19, CYP2C9, and CYP1A2 also formed small amounts of these
metabolites. The secondary metabolite DDCQ was formed abundantly
in CYP2D6 incubations, while only very small amounts were produced
by CYP2C8 and CYP3A4.

In follow-up experiments, when the metabolism of HCQ was studied,
CYP2D6 and CYP2CS8 formed the highest concentrations of HCQ pri-
mary metabolites (data of the 1 uM HCQ/0.1 mg/ml protein experiment
is shown in Fig. 2, A-D). CYP3A4 also formed smaller amounts of the
metabolites. DDCQ was only formed by CYP2D6. At a low HCQ con-
centration of 0.3 uM, the CL;,; of the CYP2D6-mediated depletion of
HCQ was 4.3-fold and 12-fold higher than the depletion mediated by
CYP2C8 and CYP3A4, respectively (Table 1, Supplemental Fig. 2A).

DHCQ and DCQ formation by CYP2C8, CYP2D6, and CYP3A4
followed Michaelis-Menten kinetics, with evidence of substrate inhibi-
tion type kinetics in some cases (Fig. 3, A-F). CYP2D6 displayed the
lowest K, values of 20 and 7.5 uM for DCQ and DHCQ formation,
respectively.

Although the depletion rate of HCQ in recombinant CYP2D6 incuba-
tions was more than 10-fold higher than the one in CYP3A4 incuba-
tions, scaling of the recombinant data to HLM level resulted in almost
equal CL,, values for CYP2D6 and CYP3A4, due to the much greater
abundancy of CYP3A4 compared with CYP2D6 (Table 1). The ISEF-
based scaled HLM CL;,, value of CYP2C8 was approximately half of
those of CYP2D6 and CYP3A4.

Metabolism in Human Liver Microsomes. An initial HLM ex-
periment including negative controls (no NADPH) ruled out any HCQ
metabolism that would take place without external cofactors (data not
shown). In HLM incubations with HCQ (3 uM), both its primary me-
tabolites were formed (Fig. 4A). In HLM incubations with DCQ and
DHCQ (3 uM) as the substrate, only DDCQ was formed (Fig. 4,
B—C). In experiments with both a reversible and a time-dependent in-
hibitor for each enzyme, CYP2D6, CYP3A, and CYP2CS inhibitors
inhibited the formation of DHCQ from HCQ by 34-49%, 46-47%,
and 27-32%, respectively (Fig. 4D). For DCQ formation, the experi-
ments with CYP-selective reversible and time-dependent inhibitors
suggested a slightly higher importance for CYP3A, with 24-44% inhi-
bition by the CYP2DG6 inhibitors, 52-57% inhibition by the CYP3A
inhibitors, and 23-29% inhibition by the CYP2C8 inhibitors (Fig. 4E).
In these experiments, HCQ depletion was too slow to reliably measure
partial inhibition of the depletion rate by time-dependent CYP2D6,
CYP3A, and CYP2CS8 inhibitors (data not shown).

The depletion of HCQ, DCQ, and DHCQ at a low initial concentration
of 0.3 uM resulted in CL;, values of 5.6-12 ul/min/mg (Supplemental
Fig. 2B; Table 1). For HCQ, scaling of the CL;, resulted in a scaled he-
patic clearance value of 4.1 1/h, which approximates to 71% of the pub-
lished blood clearance of HCQ (Table 1).

Inhibition Screening Using CYP Probe Substrate Cocktail As-
says. In preliminary screening experiments, HCQ was shown to cause
direct inhibition of CYP2D6 (Supplemental Fig. 3); DCQ and DHCQ
were direct inhibitors of CYP2D6, and of CYP2J2 to a lesser extent, as
well as time-dependent inhibitors of CYP3A (Supplemental Fig. 4-5);
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Fig. 2. Depletion of HCQ (1 uM; A) and resulting metabolite formation (B-D) in recombinant CYP incubations (0.1 mg/ml, 45 minutes). An equal protein concentra-
tion was used in parallel experiments (resulting in variable CYP contents) to keep the possible nonspecific binding of HCQ equal across incubations. The data repre-

sent mean and standard deviation values of triplicate incubations of one experiment.

while DDCQ appeared to have a broader inhibitory effect on CYP en-
zymes, with marked direct inhibition of CYP2D6 and CYP2J2, and
time-dependent inhibition of CYP3A (Supplemental Fig. 6). There was
no evidence for slow-binding inhibition of any CYP enzyme by HCQ
and its metabolites (Supplemental Fig. 3-6).

ICso Experiments Using CYP Probe Substrate Cocktail As-
says. Based on the screening data, HCQ and its metabolites were fur-
ther tested for direct and time-dependent inhibition of selected CYPs.
All test compounds were direct inhibitors of CYP2D6, and all three me-
tabolites were direct inhibitors of CYP2J2, with no evidence of time-
dependent inhibition (Table 2; Fig. 5, A-H). HCQ and its metabolites
were moderate CYP2D6 inhibitors (ICs, values ranging from 18 to
135 uM; Table 2), while the observed inhibition of CYP2J2 by the
metabolites was in general weaker (ICs, values between 63 and
504 uM; Table 2). Of the four compounds tested, DCQ was the most
potent (direct) inhibitor of CYP2D6 (ICso = 18 uM), while DDCQ
was the most potent (direct) inhibitor of CYP2J2 (ICsq = 63 uM).
BSA had little (=1.3-fold difference) or no effect on the direct ICs
values of CYP2D6 and CYP2J2 (Supplemental Table 5).

Compared with no preincubation, CYP3A inhibition increased after
preincubation for 30 minutes with NADPH for all three metabolites, indi-
cating that they are time-dependent CYP3A inhibitors (Table 2; Fig. 5,
I-K; Supplemental Table 5). Preincubation of DCQ with NADPH re-
sulted in a 3.2-fold decrease in its ICs, value for CYP3A inhibition from
149 uM to 46 uM. Preincubation of DHCQ with NADPH had a slightly
weaker effect on CYP3A inhibition, with a 2.2-fold ICs, shift (from

260 uM to 117 uM). DDCQ inhibited CYP3A with the lowest ICs, val-
ues, with a 3.4-fold shift in ICsy from 40 uM to 12 uM after preincuba-
tion with NADPH.

K; Determination Experiments for CYP2D6 and CYP2J2 Di-
rect Inhibition. Statistical and visual examination of Michaelis-
Menten and Eadie-Hofstee plots suggested that HCQ, DCQ, DHCQ,
and DDCQ competitively inhibited CYP2D6 in pooled HLMs with K;
values of 32.5, 10.4, 48.1, and 24.1 uM, respectively (Fig. 6). DCQ,
DHCQ, and DDCQ were mixed-type inhibitors of CYP2J2 with K; val-
ues of 382, 508, and 41.8 uM, respectively (Fig. 7). All K; values were
in good agreement with the ICsq values determined during the ICs shift
experiments.

Prediction of Clinical Drug—Drug Interactions Due to Direct
CYP2D6 Inhibition. The predicted fold increase in metoprolol AUC
(AUCR) following direct inhibition of CYP2D6 by HCQ and its three
metabolites is shown in Fig. 8. AUCR were calculated based on HCQ,
DCQ, DHCQ, and DDCQ total blood (1), total plasma (2), and total
and unbound liver (3-6) concentrations. In a clinical study, administra-
tion of HCQ with metoprolol caused a 1.65-fold increase in metoprolol
AUC in six patients, whose total HCQ blood concentrations ranged
from 1.5 to 2.3 uM.

Based on these blood (1) or corresponding plasma (2) concentrations
(0.21-0.32 uM) combined with the corresponding (predicted) metabo-
lite concentrations in blood or plasma, the predicted metoprolol AUCR
was =1.1 (Fig. 8, A-B). However, when the corresponding (estimated)
total liver concentrations (3—4) were used, the predicted metoprolol
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Fig. 4. Depletion and CYP-selective inhibition experiments in HLMs. The depletion of HCQ 3 uM (A), DHCQ 3 uM (B), and DCQ 3 uM (C), and resulting metabolite
formation in HLM incubations (0.5 mg/ml, 120 minutes) are shown in the top panel. In the bottom panel, the effects of CYP-selective reversible and time-dependent in-
hibitors on DHCQ (D) and DCQ (E) formation from HCQ (3 uM) are illustrated. The data represent mean and standard deviation values of triplicate incubations of one
experiment. GEM-G, gemfibrozil 1-O-f-glucuronide; KETO, ketoconazole; MON, montelukast; QUIN, quinidine; PAR, paroxetine; TAO, troleandomycin.

incubations was more than 10-fold higher than that in CYP3A4 incuba-
tions, scaling of the data to the HLM level resulted in almost equal
CLy, values for CYP2D6 and CYP3A4 (Table 1). Depending on the

scaling method used (ISEF or CLISEF), different hepatic clearance val-
ues were obtained for CYP2D6 and CYP3A4. Of these, the CLISEF-
based hepatic clearance values for CYP2D6 and CYP3A4 (1.6 and

TABLE 2

Inhibitory effects of HCQ, DCQ, DHCQ, and DDCQ on CYP activities in HLM incubations. ICsy values were determined following no preincubation (direct inhibi-
tion) or after a 30-min preincubation of inhibitor in the presence of NADPH (time-dependent inhibition), as described in Materials and Methods. A full table of the

obtained results of the ICsy experiments (also showing lack of inhibition and the effects of BSA exclusion in cocktail 2) can be found in the supplement
(Supplemental Table 5). ICs, values are reported as means of three determinations with their 95% confidence intervals.

ICso (uM)
Inhibitor Enzyme Direct inhibition Time-dependent inhibition 1Csq shift
HCQ CYP2D6 91.2 (86.1-106) 170 (157-185) <l.5
CYP2J2 > 1,000 > 1,000 —
DCQ CYP2D6 18.4 (17.5-20.2) 30.3 (24.7-33.1) <1.5
CYP2J2 374 (310412) 341 (271-398) <1.5
CYP3A 149 (130-193) 45.8 (30.4-52.6) 32
DHCQ CYP2D6 135 (109-149) 146 (134-158) <1.5
CYP2J2 504 (445-581) 491 (441-560) <1.5
CYP3A 260 (231-293) 117 (79.2-144) 2.2
DDCQ CYP1A2 186 (139-203) 141 (60.7-168) <1.5
CYP2B6 182 (141-199) 199 (138-230) <1.5
CYP2C8 132 (115-143) 109 (62.1-122) <1.5
CYP2C9 107 (81.2-135) 87.7 (60.9-111) <l.5
CYP2C19 170 (93.2-206) 142 (30.5-202) <1.5
CYP2D6 54.7 (38.6-64.0) 90.9 (17.2-115) <1.5
CYP2]J2 62.9 (41.9-70.8) 50.0 (9.3-64.2) <1.5
CYP3A 40.5 (25.7-45.0) 12.1 (5.0-14.2) 34

ICs shift, ICs (direct inhibition)/ICs, (time-dependent inhibition) ratio.
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Fig. 5. The inhibitory effects of HCQ, DCQ, DHCQ, and DDCQ on dextromethorphan O-demethylation (CYP2D6 probe reaction), astemizole O-demethylation
(CYP2J2 probe reaction), and midazolam 1’-hydroxylation (CYP3A probe reaction) in HLM incubations. ICs, values were determined following no preincubation (di-
rect inhibition) or after a 30-minute preincubation of inhibitor in the presence of NADPH (time-dependent inhibition), as described in Materials and Methods. The ob-
tained ICso values are given in Table 2. The data points show mean and standard deviations of measured CYP activity in inhibitor incubations as compared with that
in solvent control incubations (triplicate incubations of one experiment). As the screening indicated no inhibition of CYP3A by HCQ, no CYP3A ICs, values were de-

termined for HCQ.

1.5 1/h, respectively) were best in line with the microsomal-derived CLy
value (4.1 I/h). Unfortunately, we were unable to carry out CLISEF-
based scaling of the CYP2C8 CL;, value. Nevertheless, according to de-
pletion and inhibition data, CYP2D6 and CYP3A4 seem to be equally
important in the formation of DHCQ, whereas CYP3A4 plays a slightly
larger role in DCQ formation. CYP2CS8 seems to contribute slightly less,
approximately 20-25% to both pathways.

There seems to be no published interaction studies investigating the
effects of inhibitors of CYP2D6, CYP2C8, and CYP3A on the pharma-
cokinetics of HCQ. However, the DHCQ/HCQ ratio was associated
with the CYP2D6 genotype in Korean lupus patients receiving HCQ
(Lee et al., 2016). Another study did not find any significant association
between CYP genotypes and HCQ response in British patients, although
there was a trend for CYP2C8*3 and CYP2C8*4 to be associated with
greater odds of response (Wahie et al., 2011).

Except for a study showing no reversible inhibition of CYP3A4 by
HCQ (Li et al., 2020), little is known about the inhibitory effects

of HCQ on CYP enzymes in vitro. In our study, all three metabolites
of HCQ inhibited CYP3A in a NADPH- and time-dependent fashion,
as evidenced by ICs shift values >1.5 (Table 2). Their inactivation con-
stants will be determined in a follow-up study, since time-dependent in-
hibition may cause a longer-lasting inhibitory effect, as compared with
reversible inhibition. In addition, it may result in hapten formation and
in some cases trigger an idiosyncratic adverse reaction (Kalgutkar et al.,
2007). There seems to be little data on the effects of HCQ on CYP3A
substrates in vivo, but HCQ has increased the plasma exposure of the
CYP3A substrate MK-2206 by 16-92% in cancer patients (Mehnert
et al., 2019).

In healthy subjects, HCQ has increased the plasma exposure of meto-
prolol by 65%, suggesting that it acts as an inhibitor of CYP2D6
(Somer et al., 2000). According to our data, HCQ and all of its three
metabolites are reversible, competitive CYP2D6 inhibitors. DCQ was
the most potent inhibitor with an ICs, value (18 uM) more than 3-fold
lower than those of the other compounds and a K; value of 104 uM
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(Fig. 6B). Static predictions based on the in vitro inhibitory data, how-
ever, suggested only a minimal (<1.1-fold) increase in metoprolol AUC
when making the predictions using the total blood concentrations of
HCQ measured at the end of the HCQ treatment in the clinical study
(1.5-2.3 uM) or corresponding total plasma concentrations. However,
HCQ and its metabolites accumulate extensively into tissues, indicating
that their intracellular concentrations are higher than those in the blood
stream. Accordingly, in predictions based on intracellular hepatocyte
concentrations, estimated using mouse Kp or predicted human Kp val-
ues, we obtained much higher predicted AUC increases that were close
to the observed interaction with metoprolol. Hence, our predictions sug-
gest that the extensive accumulation of HCQ and its metabolites into tis-
sues must be taken into account when predicting CYP-mediated
interactions with HCQ as the perpetrator drug. Of note, the contribution
of the metabolites to the total inhibitory effect was significant in all pre-
dictions. Nevertheless, the inhibitory effect of HCQ and its metabolites
on CYP2DG6 is of particular concern when used concomitantly with

CYP2D6 substrates that, similarly to HCQ, prolong QT interval, such
as ondansetron and haloperidol. Moreover, autoinhibition of CYP2D6
may reduce its contribution to the overall metabolism of HCQ, thereby
also increasing the relative importance of CYP2C8 and CYP3A4. To
the best of our knowledge, there are no clinical reports to date suggest-
ing time-dependent nonlinear pharmacokinetics for HCQ.

HCQ and its metabolites have very complex and unusual pharmaco-
kinetic profiles. In addition to their extensive accumulation in blood
and tissues, as a complicating factor, they display stereoselective phar-
macokinetics and pharmacodynamics, as well as toxic properties
(McChesney, 1983; McLachlan et al., 1993; Brocks et al., 1994;
Ducharme et al., 1995; Lim et al., 2009). Unfortunately, the individual
HCQ and metabolite enantiomers were not commercially available at
the time of our study. Hence, the present in vitro CL;,, and scaled he-
patic clearance values reflect those of the racemic compounds. The
present hepatic clearance (4.1 1/h) calculated based on the depletion of
HCQ in HLMs approximates to 71% of the measured total intravenous
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Fig. 8. Prediction of the total inhibitory effect of HCQ and its metabolites on the pharmacokinetics of the CYP2D6 substrate metoprolol in vivo. In a clinical interac-
tion study between HCQ and metoprolol in six healthy volunteers, an eight-day treatment with HCQ increased the area under the plasma concentration-time curve
(AUC) of a single dose of metoprolol (on day 9) by 1.65-fold (average fold increase indicated by the bold dashed line, with individual values ranging from 1.1 to 2.4
indicated by the dashed lines) (Somer et al., 2000). In the clinical study, HCQ blood concentrations were 1.5-2.3 uM at single time points on days 8 and 9 (pink area).
In predictions based on the present CYP2D6 direct K; values and total blood (A) or plasma (B) concentrations of HCQ and its metabolites, HCQ concentrations of the
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metoprolol was used in the predictions, and several assumptions were made (Materials and Methods). Metoprolol AUCR, metoprolol AUCn mco/metoprolol
AUCyitmout Heq ratio; EMs, extensive CYP2D6 metabolizers.
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clearance (5.8 1/h). Our finding is in good agreement with clinical data
showing that renal clearance accounts for approximately one third of
the total plasma clearance of HCQ, whereas metabolism and biliary
excretion is the predominant route of elimination (Tett et al., 1988;
Tett et al., 1989).

Because of the complex pharmacokinetics of HCQ and the wide vari-
ability in its concentration profile, it has been difficult to relate mea-
sured HCQ concentrations to its therapeutic and adverse effects
(Rainsford et al., 2015). Nevertheless, several pharmacokinetic and
physiologically-based pharmacokinetic models have been developed for
HCQ, in particular after the outbreak of COVID-19 (Collins et al.,
2018; Themans et al., 2020; Idkaidek et al., 2021). Our data can be
used to update these models, and to simulate the effects of CYP-
mediated drug-drug interactions and variants in CYP genes. In addition
to CYPs, HCQ interacts with drug transporters. HCQ is a substrate of
P-glycoprotein in vitro (Weiss et al., 2020). There seem to be no studies
investigating HCQ and transporter pharmacogenetics, but ATP-binding
cassette transporter A4, organic anion transporting polypeptide (OATP)
1A2, and OATP1B1 have been associated with chloroquine pharmaco-
kinetics and response (Grassmann et al., 2015; Sortica et al., 2017).
With respect to transporter inhibition, HCQ does not affect the activities
of breast cancer resistance protein, multidrug resistance-associated pro-
tein 1, organic anion transporter (OAT) 1, OAT3, OATPIBI1, or
OATP1B3 in vitro (Weiss et al., 2020; Telbisz et al., 2021; Yee et al.,
2021). However, it is a potent inhibitor of multidrug and toxin extrusion
proteins 1 and 2 (IC5yp 2—4 and 1-7 uM, respectively), and a moderate
or weak inhibitor of P-glycoprotein (ICsy 52 uM), organic cation trans-
porter (OCT) 1 (ICso 2047 uM), OCT2 (ICso = 5 uM), OATP1A2
(ICsp 9-19 uM), and OATP2B1 (ICso = 84 uM) (Xu et al., 2016;
Weiss et al., 2020; Martinez-Guerrero et al., 2021; Telbisz et al., 2021;
Yee et al., 2021). Inhibition of OATP1A2 by HCQ in the retinal pig-
ment epithelium has been suggested to contribute to the retinal degrada-
tion observed in patients using HCQ (Xu et al., 2016). Together, these
novel transport data and our metabolism data can be combined in physi-
ologically-based pharmacokinetic models to simulate the role of en-
zyme-transport interplay in HCQ pharmacokinetics.

In conclusion, the present study shows for the first time that CYP2D6,
CYP3A4, and CYP2C8 are responsible for the in vitro metabolism of
HCQ. Furthermore, our data indicate that HCQ and its metabolites are re-
versible, competitive inhibitors of CYP2D6, and that HCQ metabolites
are mixed-type inhibitors of CYP2J2 and time-dependent inhibitors of
CYP3A. The current data can thus be applied to improve physiologi-
cally-based pharmacokinetic models and update drug—drug interaction
risk estimations for HCQ. Collectively, our findings contribute to an im-
proved understanding of the clinical pharmacology of HCQ.
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