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ABSTRACT

As a partner antimalarial with an extremely long elimination half-life
(~30 days), piperaquine (PQ) is mainly metabolized into a pharma-
cologically active N-oxide metabolite [piperaquine N-oxide (PN1)] in
humans. In the present work, the metabolic retroversion of PQ and
PN1, potentially associated with decreased clearance of PQ, was
studied. The results showed that interconversion existed for PQ
and its metabolite PN1. The N-oxidation of PQ to PN1 was mainly
mediated by CYP3A4, and PN1 can rapidly reduce back to PQ via
cytochrome P450 (P450)/flavin-containing monooxygenase
enzymes. In accordance with these findings, the P450 nonselective
inhibitor (1-ABT) or CYP3A4 inhibitor (ketoconazole) inhibited the N-
oxidation pathway in liver microsomes (>90%), and the reduction
metabolism was inhibited by 1-ABT (>90%) or methimazole (~50%).
Based on in vitro physiologic and enzyme kinetic studies, quantita-
tive prediction of hepatic clearance (CLy) of PQ was performed,
which indicated its negligible decreased elimination in humans in
the presence of futile cycling, with the unbound CL,; decreasing by
2.5% (0.069 I/h per kilogram); however, a minor decrease in unbound

CLy (by 12.8%) was found in mice (0.024 I/h per kilogram). After an
oral dose of PQ (or PN1) to mice, the parent form predominated in
the blood circulation, and PN1 (or PQ) was detected as a major
metabolite. Other factors probably associated with delayed elimi-
nation of PQ (intestinal metabolism and enterohepatic circulation)
did not play a key role in PQ elimination. These data suggested that
the metabolic interconversion of PQ and its N-oxide metabolite
contributes to but may not significantly prolong its duration in
humans.

SIGNIFICANCE STATEMENT

This paper investigated the interconversion metabolism of piper-
aquine (PQ) and its N-oxide metabolite in vitro as well as in mice. The
metabolic profiles of PQ were reestablished by this futile cycling,
which contributes to but may not significantly prolong its elimination
in humans. Enzyme phenotyping indicated a low possibility of
interaction of PQ during artemisinin drug-based combination ther-
apy treatment.

Introduction

Artemisinin drug-based combination therapy (ACT) is the first-line
treatment of uncomplicated Plasmodium falciparum malaria (WHO,
2015). Artemisinin drug plays a key role in the rapid clearance of P.
falciparum, whereas the partner antimalarial with a prolonged elimina-
tion half-life is responsible for the remaining parasites (Gutman et al.,
2017; Warsame et al., 2019). The emerging parasite resistance to
artemisinin drugs highlights the importance of the partner drugs in ACTs
(Hassett and Roepe, 2019; Noisang et al., 2019), such as piperaquine
(PQ; Fig. 1) (Mandara et al., 2019; Chebore et al., 2020). PQ has been
used as monotherapy for prophylaxis and treatment of malaria until its
emerging drug resistance (Pasay et al., 2016). Two ACTs containing PQ
are dihydroartemisinin plus PQ (Duo-Cotecxin) and artemisinin plus
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PQ (Artequick), which are well tolerated and highly effective in the
treatment of P. falciparum malaria. The in vitro susceptibilities of P.
falciparum clones Pf3D7 (chloroquine sensitive) or PfDd2 (chloroquine
resistant) to PQ were ~10.0 nM (ICs() (Traore et al., 2015; Liu et al.,
2018). Plasmodium isolates with ICsq values >135.0 nM or 2.3-fold
higher than that of Pf3D7 were considered to display reduced
susceptibility to PQ (Chaorattanakawee et al., 2015).

PQ pharmacokinetics exhibits a large volume of distribution (~700
1/kg), an oral clearance of 29—109 I/h, and an extremely long elimination
half-life (t;,, ~30 days) in healthy volunteers and patients with malaria
(Tarning et al., 2005; Keating, 2012; Leong et al., 2018). The absolute
oral bioavailability of PQ in rats was ~50% (Tarning et al., 2008).
Several metabolites have been found for PQ in rats (Tarning et al., 2008;
Yang et al., 2016) and humans (Tarning et al., 2006; Liu et al., 2018),
which mainly included two N-oxidation products [piperaquine N-oxide
(PN1) and piperaquine N,N-dioxide (PN2); Fig. 1], a carboxylic acid and
two minor hydroxylated products. The pharmacokinetic profiles of PQ
and its N-oxide metabolites have been reported in rats (Liu et al., 2017)
and human subjects (Liu et al., 2018) after oral administrations of PQ.

ABBREVIATIONS: 1-ABT, 1-aminobenzotriazole; ACT, artemisinin drug-based combination therapy; AUC, area under the plasma concentration-
time curve; ClLg, biliary clearance; CLy, hepatic clearance; CL/F, total oral clearance; CLiy, intrinsic clearance; CLint i, intrinsic hepatic clearance;
CLint sec intrinsic secretory clearance; CQ, chloroquine; ef,,,”, effective coefficient for metabolite formation; FMO, flavin-containing monooxygenase;
fup, fraction unbound in plasma; HIM, human intestinal microsomes; HLM, human liver microsome; MLM, mouse liver microsome; MMI,
methimazole; P450, cytochrome P450; PN1, piperaquine N-oxide; PN2, piperaquine N,N-dioxide; PQ, piperaquine; Ry, blood-to-plasma ratio.
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Fig. 1. Interconversion metabolic pathways of PQ and its N-oxide metabolites (PN1, PQ N-oxide; PN2, PQ N,N-dioxide).

The parent drug PQ accounted for ~63.8% of the total exposure in
healthy humans after four oral doses of dihydroartemisinin (80 mg/dose)
plus PQ (640 mg/dose), with a major circulating metabolite PN1
(36.2% of the total exposure) and trace PN2 (2.0%) (Liu et al., 2018).
A plasma PQ concentration of >56.2 nM (30 ng/ml) at day 7 is
usually used as the threshold level for adequate PQ exposure (Leang
et al., 2015). Compared with PQ, PN1 showed comparable antima-
larial efficacy in mice infected with Plasmodium yoelii (Liu et al.,
2018). The role of PQ metabolites (especially PN1) in determining its
clinical efficacy and optimization of its dosing regimens remains to be
investigated.

The N-oxidation of tertiary amines is a common metabolic pathway,
which has been mainly attributed to cytochrome P450 monooxygenases
(P450s) and/or flavin-containing monooxygenases (FMOs) (Shiraga
et al., 2012; Wang et al., 2016). Interestingly, the N-oxide metabolite
can be reversibly metabolized back to the parent drug, which may be
mediated by hepatic P450s enzymes, cytochrome P450 reductase, or
intestinal microflora (Parte and Kupfer, 2005; Kim, 2015; Cashman
etal., 2020). A phenotyping study using substrate depletion showed that
PQ metabolism was mainly mediated by CYP3A4 (Lee et al., 2012). PQ
and its metabolite PN1 were also inhibitors of CYP3A4/5 (Aziz et al.,
2018). The catalyzing enzymes responsible for PQ N-oxidation remain
unknown, and the probable reversible transformation of PQ N-oxide
metabolites back to PQ has not been evaluated.

The aforementioned data indicate that metabolic interconversion
probably existed between PQ and its major N-oxide metabolite PN1,
which may contribute to the extremely slow elimination of PQ in vivo. In
the present work, phenotyping with liver microsomes and recombinant
enzymes (P450s and FMOs) was performed to investigate the enzymes
involved in the interconversion metabolism. The enzyme kinetics for
this futile cycling were evaluated in liver microsomes. The physiologic
and pharmacokinetic characteristics of PQ and its N-oxidation metab-
olites (PN1 and PN2) were also evaluated, which included plasma
protein binding, blood-to-plasma partitioning, and biliary clearance.
Based on the data obtained above, quantitative prediction of hepatic
clearance of PQ in both mice and humans was performed to evaluate the
contribution of futile cycling to the slow elimination of PQ. The
pharmacokinetic profiles of PQ and its N-oxide metabolite PN 1, either as
parent form or as metabolite, were investigated in mice after an oral dose
of PQ or PN1. Other factors that may contribute to the slow elimination
of PQ, i.e., interconversion metabolism in intestinal microsomes,
reduction by gut microbiota, and the enterohepatic circulation were also
investigated.

Materials and Methods

Chemicals and Reagents. Piperaquine phosphate and chloroquine (CQ) were
purchased from the National Institutes for Food and Drug Control (purity
>99.0%, Beijing, China). Two metabolites of PQ (PN1 and PN2) were
synthesized and purified in our laboratory (purity >99.0%), and their structures

were confirmed by high-resolution mass spectrometry and NMR. To ensure that
two N-oxides were free from the parent compound (<0.1%), both PQ N-oxides
were repurified by silica gel columns. Liver S9 fractions, cytosol, and pooled
intestinal microsomes derived from humans and mice were purchased from
XenoTech (Lenexa, KS). Pooled liver microsomes derived from human (HLMs),
mice (MLMs), rat, dog, minipig, and monkey were purchased from RILD
Research Institute for Liver Diseases (Shanghai, China). Recombinant P450
isoforms (CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and CYP3A4) and cytochrome
P450 reductase were purchased from Cypex Ltd. (Dundee, UK). Recombinant
FMO isoforms (FMOI1, FMO3, and FMOS5) were purchased from Corning
(Woburn, MA). NADPH, FAD, 1-aminobenzotriazole (1-ABT), methimazole
(MMI), ketoconazole, a-naphthoflavone, quinidine, sulfaphenazole, ticlopidine,
quercetin, raloxifene, isovanillin, dicoumarol, midazolam, 1’-OH-midazolam,
diclofenac, omeprazole, dextromethorphan, and benzydamine were purchased
from Sigma-Aldrich (St. Louis, MO). Other chemicals used were purchased from
Sigma-Aldrich or Fisher Scientific.

In Vitro Metabolism using S9, Cytosol, Liver Microsomes, and Intestinal
Microsomes. PQ (1 pM) or PN1 (1 wM) was incubated with liver S9 fractions
(1 mg/ml), cytosol (1 mg/ml), liver microsomes (1 mg/ml) or intestinal micro-
somes (1 mg/ml) in potassium phosphate buffer (0.1 M, pH 7.4) and NADPH (1
mM) at 37°C for 30 minutes. The incubation was initiated by adding NADPH and
stopped by adding two volumes of cold acetonitrile. PN2 (1 wM) was incubated in
HLMs and MLMs according to the procedures shown above.

To assess the role of putative P450 enzymes in the interconversion metabolism,
incubations of PQ or PN1 with HLMs (0.5 mg/ml) were carried out as described
above in the presence of selective chemical inhibitors of total P450 enzymes
(1 mM 1-ABT; preincubated for 30 minutes), CYP3A4 (I uM ketoconazole),
CYP2C8 (25 uM quercetin), CYP2D6 (10 uM Quinidine), CYP1A2 (5 uM
a-naphthoflavone), CYP2B6 (10 uM ticlopidine), CYP2C9 (20 uM sulfaphe-
nazole), and CYP2C19 (10 uM ticlopidine).

To investigate the potential role of FMO, thermal inactivation that selectively
diminishes FMO activity without affecting P450 activity was applied by
preheating HLMs (0.5 mg/ml) at 45°C for 5 minutes (without NADPH). Aliquots
of preheated or control HLMs were then incubated with PQ or PN1. The selective
inhibitor of FMO (0.25 mM MMI) was used to determine the role of FMO in
metabolism of PQ or PN1.

The effect of hemoglobin (100 nM), FAD (10 uM), cytochrome P450
reductase (100-500 nM) and/or NADPH (1-5 mM) on the reduction metabolism
of PN1 was evaluated in HLMs according to the procedure described above. The
(non)selective inhibitors of total P450 enzymes (1 mM 1-ABT; preincubated for
30 minutes), FMO enzymes (0.25 mM MMI), aldehyde oxidase (10 pM
raloxifene or 20 wM isovanillin), and NADPH quinone reductase (20 pM
dicoumarol) were used in human liver cytosol to evaluate their roles in PN1
reduction.

Positive and negative controls for each liver microsome were assayed
alongside probe substrates to confirm the activity of microsomal product. All
incubations were carried out in triplicate.

In Vitro Metabolism using Recombinant Human P450 and FMO
Enzymes. PQ (1 uM) or PNI1 (1 pwM) was incubated with recombinant P450s
(100 pmol/ml) or recombinant FMOs (0.25 mg/ml) in potassium phosphate buffer
(0.1 M, pH 7.4) and NADPH (1 mM) at 37°C for 30 minutes. The incubation was
initiated by adding either NADPH (for P450s) or the substrate (for FMOs) and
stopped by adding two volumes of cold acetonitrile. Positive controls for each
P450 or FMO enzyme was assayed alongside probe substrates to confirm
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the viability of the recombinant enzymes. All incubations were carried out in
triplicate.

To confirm the role of putative P450 enzymes in the reduction metabolism,
incubations of PN1 with recombinant enzymes were carried out as described
above in the presence of selective chemical inhibitors of CYP3A4 (1 pM
ketoconazole), CYP2C8 (25 uM quercetin), CYP2D6 (10 wM Quinidine), or
FMO (0.25 mM MMI).

Reduction Metabolism of PN1 by Gut Microbiota. The reduction
metabolism of PN1 by gut microbiota was evaluated based on previous studies
(Zhou et al., 2015; Lemke et al., 2016). Briefly, intestinal contents collected from
three mice were pooled, suspended in saline water (1 g: 4 1), and then
homogenized for 10 minutes. After centrifugation (9000 g) at 4°C for 10 minutes,
the supernatant was added to the anaerobic culture medium (1:9, v/v), which was
prepared by dissolving brain heart infusion in water (1 g: 20 ml). The obtained
intestinal flora cultural solution was used to incubate PN1 (1 wM) at 37°C under
anaerobic condition. The reactions were stopped at 0, 0.5, 1, 2, 4, 8, and 12 hours
by adding two volumes of cold acetonitrile. The incubations were performed in
triplicate.

Determination of Plasma Protein Binding and Blood-to-Plasma Ratio.
Plasma protein binding of PQ, PN1, or PN2 at the concentration of 1 uM was
determined in pooled plasma collected from human or mice, using equilibrium
dialysis described previously (Ryu et al., 2019). The blood-to-plasma concentra-
tion ratio (Ryp) of PQ was determined by incubating PQ (1 wM) with fresh whole
blood collected from human or mice. The blood samples were incubated at 37°C
for 1 hour. Then, both blood and plasma samples were taken for analysis. All
incubations were performed in triplicate. Ry, was calculated by dividing the
concentration of PQ in blood by the concentration of PQ in plasma.

Determination of Intrinsic Clearance using In Vitro Half-Life Method.
The substrate depletion of PQ and PN1 in liver and intestinal microsomes derived
from both human and mice were evaluated. PQ (1 wM) or PN1 (0.2 uM) was
incubated with liver or intestinal microsomes (1.0 mg/ml) in potassium phosphate
buffer (0.1 M, pH 7.4) at 37°C. The reactions were started by addition of NADPH
(1 mM) after a preincubation of 3 minutes at 37°C, and terminated at 0, 15, 30, 45,
and 60 minutes by addition of ice-cold acetonitrile containing internal standard
(CQ). The incubations were performed in triplicate. The intrinsic clearance
(CL;,p was determined as follows: CL;, = (In2 x incubation volume)/(t;, x
protein amount). T}, was determined from the elimination rate constant k = In2/t; 5.

Enzyme Kinetics in Liver Microsomes. The enzyme kinetics of PQ, PN1,
and PN2 in liver microsomes derived from both human and mice were evaluated.
In time and protein linearity experiments, PQ (1 wM), PN1 (0.2 pM for
N-oxidation, and 100 wM for the reduction metabolism), or PN2 (100 uM) was
incubated in triplicate with liver microsomes (0.1-1 mg/ml) at 37°C. The reaction
was initiated by addition of 1 mM NADPH and terminated at 15-60 minutes by
addition of two volumes of ice-cold acetonitrile containing internal standard (CQ).
For kinetic analysis, PQ, PN1, or PN2 was incubated with liver microsomes
(0.5 mg/ml) at six or seven concentrations. Reactions were initiated by adding
NADPH (1 mM) and terminated after 30 minutes. The formation rates of PN1 or
PN2, expressed as picomoles of each metabolite formed per minute per milligram
of protein, were calculated and plotted against target compound concentration.
The rate of PQ depletion was also determined. The formation rate of PQ (or PN1),
as a reduction metabolite of PN1 (or PN2), was evaluated. Nonlinear regression
analysis (WinNonLin, Pharsight, NC) was performed using the Michaels-Menten
kinetic equation for the determination of K, and V..

Pharmacokinetic Study of PQ and PN1 in Mice. Male Kunming mice
weighted 25-30 g (6 to 7 weeks) were supplied by the Laboratory Animal Center
of Shandong University (Grade II, Certificate No. SYXK2019-0005). The
experimental protocol was approved by the University Ethics Committee
(SDU-2017D027) and conformed to the “Principles of Laboratory Animal Care”
(NIH publication no. 85-23, revised 1985). Laboratory animals were fasted
for 12 hours before drug administration and for a further 2 hours after dosing.
Water was freely available during experiments.

For evaluation of the pharmacokinetic profiles of PQ and PN1 in mice, PQ or
PN1 was suspended (for an oral dose) or dissolved (for an intravenous dose) in
water containing 0.03% acetic acid (pH 5). After an oral dose of PQ or PN1
(40 mg/kg) to mice (n = 6 for each time point), 20 pl of blood samples was
withdrawn from the jugular vein inserted with a polyethylene catheter before
dosingand at 0.5, 1,2, 3,4, 6, 8, 12, 24, 36, 48, 60, 72, 84, 96, 120, 144, 168, 240,
336, 504, and 672 hours postdosing. After an intravenous administration of PN1
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or PN2 (5 mg/kg) to mice, blood samples (n = 6 for each time point) were taken at
0,0.017,0.25,0.5, 1, 2, 4, 8 12, 24, 36, and 48 hours postdosing. To evaluate the
role of enterohepatic circulation, PQ was given orally to freely moving mice with
cannulated bile duct (40 mg/kg; n = 6), and bile samples were collected at 04,
4-8, 8-12, 12-24, 24-36, and 3648 hours. To evaluate the biliary clearance of
PN1 and PN2 in mice (n = 6), the bile samples were also collected during 048
hours after an intravenous dose (5 mg/kg).

The pharmacokinetic parameters were analyzed by a noncompartmental model
using the program TOPFIT (version 2.0; Thomae GmbH, Germany). The peak
plasma concentration (C,,x) and time-to-peak concentration were obtained from
experimental observations. The area under the plasma concentration-time curve
(AUC_,) was calculated using the linear trapezoidal rule to approximately the last
point. The mean residence time was obtained by dividing the area under the first
moment-time curve by the AUC,, Total oral body clearance (CL/F) was
calculated as dose/AUC_. The terminal elimination half-life (t;,,) was estimated
by log-linear regression in the terminal phase using an average of 4-6 observed
concentrations.

Sample Processing and Analysis. After termination by adding two volumes
of cold acetonitrile containing internal standard, 50 wl of incubates were
centrifuged at 7215g for 15 minutes. The supernatant was dried under N, at
room temperature, and then reconstituted with initial mobile phase before
analysis. All incubation samples were analyzed by validated liquid chroma-
tography-high resolution mass spectrometry methods, which were carried
out on a Thermo Electron LTQ-Orbitrap XL hybrid mass spectrometer
(ThermoFinnigan, Bremen, Germany) equipped with an electrospray ioniza-
tion interface. The chromatographic and mass spectrometric conditions
referred to a previous report (Yang et al., 2016). Representative chromato-
grams for metabolite identification of PQ and its metabolites in microsomal
incubates are shown in Supplemental Fig. 1.

Blood, plasma, and bile samples were subjected to a protein precipitation
extraction process, and a liquid chromatography—mass spectrometry method was
applied for quantification of PQ and its metabolites. The mass spectrometric
analyses were performed on an API5500 Q-Trap triple quadrupole mass
spectrometer (AB SCIEX, Concord, ON, Canada) equipped with a TurbolonSpray
source. The detailed sample preparation, chromatographic, and mass spectromet-
ric conditions referred to previous reports (Liu et al., 2017, 2018), and the
analytical methods were fully validated. Representative chromatograms for
quantification of PQ and its metabolites in plasma samples are shown in
Supplemental Fig. 2.

Prediction of Hepatic Clearance and Intestinal Clearance. The hepatic
clearance (CLy) of PQ was predicted using the well stirred model (eq. 1):

_ Qu#fug*CLinn

Cly=————
" Qyu+fup*CLin

(1)

Intrinsic hepatic clearance (CL;, ) is the intrinsic clearance obtained from
liver microsomal incubations. The fraction unbound in blood (fug) was de-
termined by multiplying the fraction unbound in plasma (fup) by the plasma-to-
blood ratio. Intrinsic clearance values in human/mice liver microsomes were
scaled to hepatic intrinsic clearances assuming a hepatic blood flow (Qy) of 1.28/
5.4 1/h per kilogram, 40/45 mg of microsomal protein/g liver, and 21.4/55 g
liver/kg body weight, based on previous reports (Barter et al., 2007; Sager et al.,
2016; Sawada et al., 2020).

In the presence of a primary metabolite PN1 (Mi) and a sequential metabolite
PN2 (Mii), in vitro clearance of PQ (CLi,. ) was determined either by substrate

depletion or metabolite formation (eq. 2), derived from both PN1 (CLil;: mlz{fH)
and PN2 (CLf > Mit).
CLy — Qy - fug (CL&;XHJFCL&;;Z}:{) (2)
H = —Mi =M
QH+fuB (CL?nl.m]:iH +CL?nl.m1:ll.H)

As a major metabolite of PN1, PN2 was only detected in trace amounts in
microsomal incubations with PQ. The intrinsic clearance for PQ to form
sequential metabolites was assumed to be zero. The eq. 2 was then simplified
as eq. 3:

Qi - fug (CLY M)

‘int,met,H

CLy = i
H QH+fuB(CLFn?m]:tI.‘H)

3)
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Fig. 2. Interconversion metabolism of PQ and
its N-oxide metabolite (PN1) in human hepatic
S9, HLMs, intestinal microsomes (HIM), and
cytosol. (A) metabolite formation of PN1 and
PN2 from PQ; (B) metabolite formation of
PQ and PN2 from PN1. PQ (1 nM) and PNI
(1 wM) were incubated in liver fractions
(1 mg/ml) for 30 minutes. The experiment
was performed in triplicate.
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The primary metabolite PN1 can interconvert back to the precursor drug PQ
(CLYS = P {mi}), and form a further N-oxidation metabolite PN2 with the

int, met,H
intrinsic clearance (CL}Y‘I: I;’ei\/{_‘[‘{mi}). The metabolite PN2 can reduce back to

PN1 (CLMii = Miy i}y (Fig. 1). PN1 and PN2 may also be excreted biliarily with

int,met, H
CLintsecnfmi}and CLiy gec nf{mii}, respectively. In the presence of this futile
cycling (Supplemental Fig. 3), the effective coefficient for metabolite formation of
PN1 (ef,,”’) or PN2 (ef,,;"’) was introduced (eq. 4) based on previous reports
(Pang and Durk, 2010; Sun et al., 2010):

Qu-fup(f, CLE M) W
QH +fuB (Cf CLP = Mi )

‘int,met,H

CLy =

The ef,,,”” (eq. 5) stands for the fraction that reduces the intrinsic clearance for

metabolite formation of PN1 (CL}:‘fmlg‘H). A low ef,,”” suggests a pronounced

effect of futile cycling on PQ disposition.

CLintsecui{mi} + CL}M ~ Mi{mi}

ef =
™ CLingsec{mi} + CLM =P {mi} 4+ CLM ~ Mil {1

‘int,met,H ‘int,met,H

()

Similarly, ef,;,;"” (eq. 6) was used to calculate the effective intrinsic clearance
for metabolite formation of PN2 (CLM > Mif ),

CLin et {mit} + CLOMSL  {mii}

ef =
" CLinsecsr{mii} + CLYZ W {mil} + CLOM  {mi}

int,met,H

(6)

In this study, only reduction metabolism was found for PN2, and
CL{her 4 {mii} to form other metabolites was zero. The secretory clearances

of PN1 (CLin( sec.n{mi}) and PN2 (CLjp sec.n{mii}), i.e., intrinsic biliary clearance
(CL;pg) in this study, were calculated by in vivo biliary clearance (CLg) (eq. 7).

Q- fu, - CLins

Clgjnvivo =~
B Q,+fu, - CLinp

™)

The CLjg values of PN1 and PN2 in mice were determined by dividing the dose
excreted from bile as parent drug by their exposures (AUC_,) after an intravenous
administration. The hepatic plasma flow (Qp) was calculated by the hepatic blood

120+ 150
by | 8
c ~ 904 ;:
23 E S 100
c EC
ES o © 8
iy} 5%
Z 2 S 50
o~ 30 T
=
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Y & A i
¢ & & F & LF
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flow (Qy) and hematocrit (0.50 for humans, and 0.45 for mice). Due to the
invasive techniques to obtain in vivo CLg, the CLiy sec n Values of PN1 and PN2
in humans were assumed to be similar to that of mice.

The following predictions of hepatic clearance were made: 1) the hepatic
clearance of PQ based on substrate depletion, 2) the hepatic clearance of PQ based
on metabolite formation without considering the futile cycling, and 3) the hepatic
clearance of PQ based on the effective metabolite formation with futile cycling.

In the presence of enterohepatic circulation, the metabolite of PQ (PN1) may be
excreted into bile and then reduced back to PQ by gut microbiota. To evaluate the
potential role of enterohepatic circulation, the biliary excretion of PQ and its
metabolite PN1 was determined in mice after an oral dose of PQ. To predict the
worst scenario of futile cycling, excreted PN1 was assumed to reduce back to
PQ completely in the intestine. The dose of PQ increased apparently due to
its enterohepatic circulation (Dosepni_pg), and the CL/F was calculated by
(Dose + Dosepn—p)/AUC .

Results

The N-Oxidation Metabolism of PQ and its N-Oxide Metabolite
(PN1) in S9 Fractions, Cytosol, and Liver/Intestinal Microsomes.
PQ and its primary metabolite PN1 were incubated in hepatic S9,
cytosol, and microsomal fractions at a concentration of 1 uM to
determine the nature of the enzymes mediating the N-oxidation. In
human S9 or liver/intestinal microsomal fractions, PQ was mainly
metabolized to PN1 with trace PN2 in the presence of NADPH (Fig. 2).
The incubation with PN1 displayed further N-oxidation (PN2). Less
N-oxidation metabolites were formed in cytosol.

Compared with HLMs, similar metabolic profiles were found for the
metabolism of PQ in MLMs, in terms of the formed amount of each
metabolite (Supplemental Fig. 4). A higher concentration level of N-
oxidation metabolites was observed for PQ in liver microsomes derived
from minipig and monkey. PN1 was found as a major metabolite for PQ
in microsomes derived from rat and dog, without detectable PN2.

N-oxidation metabolism of PQ and its metabolite PN1 by HLMs was
also measured in the presence of (non)selective inhibitors, to determine

3 PN2

Fig. 3. Metabolite formation of PN1 from PQ,
PQ N,N-dioxide (PN2) from PNI, PQ from
PNI in HLMs, when incubated with (non)
selective inhibitors of total P450s (1-ABT),
FMOs (MMI), CYP3A4 (ketoconazole, KTZ),
CYP2D6 (quinidine, QUIN), CYP2CS8 (quer-
cetin, QUER), or pretreated by heat (45°C x 5
minutes). (A) PQ—»PNI1; (B) PN1-PN2, and
PNI1-PQ. PQ (1 pM) and PN1 (1 pM) were
incubated in HLMs (0.5 mg/ml) for 30 minutes.
The experiment was performed in triplicate.
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Fig. 4. Metabolite formation of PQ from PN1
in human liver microsomes (A) and human
liver cytosol (B), when incubated with cofac-
tors [NADPH, hemoglobin (Hb), FAD, cyto-
chrome P450 reductase] or (non)selective
inhibitors of total P450s (1-ABT), FMOs
(MMI), aldehyde oxidase (raloxifene, RAL;
isovanillin, ISO), NADPH quinone reductase
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the relative contribution of these P450 enzymes toward N-oxidation
of PQ or PN1. Approximately 96.6%, 78.9%, 61.7%, and 11.5% of
N-oxidation metabolism of PQ was inhibited by 1-ABT (CYPs),
ketoconazole (CYP3A4), quercetin (CYP2CS), and quinidine (CYP2D6),
respectively (Fig. 3). The further N-oxidation of PN1 was inhibited
to a similar extent. Minor inhibition was found for PQ (by 13.8%) or
PN1 metabolism (by 51.9%) in the presence of MMI (FMOs). The
N-oxidation metabolism of PQ and PN1 in HLMs, preheated to 45°C
for 5 minutes, was similar to that of control (Fig. 3). The metabolism
of the P450 probes by HLMs was not affected by the heat treatment
(data not shown).

The Reduction Metabolism in S9 Fractions, Cytosol, and Liver/
Intestinal Microsomes. PQ N-oxides (PN1 and PN2) were found
chemically stable in the buffered saline (pH 7.4). When incubated with
PN1 (or PN2) in S9, cytosol, or liver/intestinal microsomes, the
reduction metabolite PQ (or PN1) was found. As with the P450s,
NADPH was essential for this reaction, and a higher concentration of
NADPH (5 mM) increased the formation of PQ to a small extent (Fig. 4).
In addition, the reduction metabolism was not induced significantly with
the addition of hemoglobin, FAD, or cytochrome P450 reductase
(Fig. 4). NADPH alone (buffer) without P450 enzymes did not reduce
PN1 to PQ, demonstrating that equivalents alone were not sufficient to
start the reduction.

Reduction metabolism of PN1 with HLMs was also evaluated in the
presence of (non)selective P450 and FMO inhibitors (Fig. 3). Approx-
imately 95.7% and 50.8% of PQ formation was inhibited by ABT and
methimazole, respectively. Selective inhibitors for each P450 enzyme
did not show obvious inhibition except for a low inhibition (by 23.6%)
by ketoconazole (CYP3A4 inhibitor). The reduction metabolism of PN1

(dicoumarol, DIC). PN1 (100 puM) was in-
cubated in microsomes or cytosol (0.5 mg/ml)
for 30 minutes.

in HLMs, preheated to 45°C for 5 minutes, was reduced to 75.1%
of control. Reduction metabolism of PN1 with human cytosol was
evaluated in the presence of (non)selective inhibitors of P450s, aldehyde
oxidase, and NADPH quinone reductase (Fig. 4). PQ formation was
inhibited by 1-ABT (45.2%) and MMI (32.6%), but other selective
inhibitors did not show obvious inhibition.

The Metabolism of PQ and PN1 in Recombinant P450 and FMO
Enzymes. Of the seven human cDNA-expressed P450 enzymes
assessed, CYP3A4 produced PN1 as a major metabolite of PQ
(Fig. 5). Correspondingly, the subsequent N-oxidation of PN1 to PN2
was also mainly catalyzed by CYP3A4. Lower rates of metabolite
formation were found by CYP2D6 (18.5%) and CYP2CS (1.8%). Other
P450 enzymes were inactive (<1.0%). None of the human FMO
isoforms (FMO1, FMO3, and FMOS5) catalyzed N-oxidation metabo-
lism of PQ or PN1 (Fig. 5).

All of the recombinant P450 and FMO enzymes examined catalyzed
the reduction of PN1, without noticeably different rates of reaction. The
reduction metabolism of PN1 in recombinant CYP3A4, CYP2CS,
CYP2D6, and FMO1 was inhibited by ketoconazole (>90.0%),
quercetin (>90.0%), quinidine (>70.0%), or methimazole (>80.0%),
respectively.

The Reduction Metabolism of PN1 in Gut Microbiota. When
PN1 was incubated with gut microbiota, the reduction metabolite PQ
was formed at a low rate (14.2 nmol/l per hour). Only 12.1% of PN1 was
transformed to PQ after incubation for 8 hours.

Intrinsic Clearance using In Vitro T;, Method. As an initial
investigation into kinetic parameters for PQ and PN1 in both liver
microsomes and intestinal microsomes, in vitro t;,» method based on
substrate depletion was used. The CL;, values in HLMs were calculated
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Fig. 5. Interconversion metabolism of PQ and its N-oxide metabolite (PN1) in recombinant P450 and FMO isoforms. (A) metabolite formation of PN1 from PQ; (B)
metabolite formation of PN2 from PN1; (C) metabolite formation of PQ from PN1. PQ (1 wM) or PN1 (I wM) was incubated with recombinant P450s (100 pmol/ml) or
recombinant FMOs (0.25 mg/ml) for 30 minutes. The experiment was performed in triplicate.
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as 144 and 4.7 pl/min per milligram protein for PQ and PNI,
respectively (Table 1). Comparable intrinsic clearances were found for
PQ (10.9 pl/min per milligram protein) and PN1 (5.4 pl/min per
milligram protein) in intestinal microsomes. Species difference (human
and mice) did not lead to significant changes (<2.0-fold) in the intrinsic
clearance (Table 1).

Enzyme Kinetics for N-Oxidation Metabolism in Liver Micro-
somes. The enzyme kinetics for N-oxidation metabolism of PQ in HLMs
and MLMs were determined by formation of PN1. The subsequent
N-oxidation metabolism of PN1 was determined by formation of PN2.
The formation rate of PN1 or PN2 was linear over the incubation time up
to 45 minutes in liver microsomes with the protein concentration of
0.1-1.0 mg/ml. The incubation time of 30 minutes with the protein
concentration of 0.5 mg/ml were further used in the enzyme kinetic
study, over a concentration range of 0.2-16.0 uM (PQ) and 0.02-2.0
pM (PN1).

The kinetic profiles of PQ and PN1 in liver microsomes (HLMs and
MLMs) followed Michaelis-Menten kinetics (Figs. 6 and 7). The CLjy g
value of 30.8 pl/min per milligram protein was obtained for PQ
N-oxidation to form PN1 in HLMs. The subsequent N-oxidation to form
PN2 in HLMs showed a 2-fold higher CL;,, i1 (56.6 l/min per milligram
protein), with a much lower K, value (0.1 uM). Compared with human,
similar CL;,, g was determined for PQ N-oxidation in MLMs (29.2 pl/min
per milligram protein), and a lower CL;,, g was found for PN1 N-oxidation
(12.6 pl/min per milligram protein). To evaluate the role of N-oxidation
in PQ metabolism in HLMs, the enzyme kinetics was also performed
by PQ depletion, which showed a slightly higher clearance (37.1 vs.
30.8 wl/min per milligram protein).

Enzyme Kinetics for Reduction Metabolism of PN1 in Liver
Microsomes. The rate of reduction metabolism in liver microsomes,
either from PN1 to PQ or from PN2 to PNI, was linear over the
incubation time (5-45 minutes) in liver microsomes with the protein
concentration of 0.05-1.0 mg/ml (Supplemental Fig. 5). The rate of this
reduction metabolism as a function of PN1 concentrations (1-200 M)
followed Michaelis-Menten kinetics (Figs. 6 and 7). K;,, values of 129.9
uM and V.« values of 219.1 pmol/min per milligram protein were
obtained for PN1 reduction back to PQ in HLMs, leading to the CLjp i
value of 1.7 pl/min per milligram protein. Similar CL;,, iy was obtained
for the reduction metabolism of PN1 in MLMs (1.8 wl/min per milligram
protein), with a lower K, value (63.0 wM). Compared with PN1,
PN2 showed a similar CL;,.y for the reduction metabolism in HLMs
(2.1 pl/min per milligram protein), but displayed a higher CLiy p in
MLMs (4.7 wl/min per milligram protein).

The Pharmacokinetics of PQ and its Metabolites in Mice. After
a single oral dose of PQ to mice, the parent drug PQ and its N-oxide
metabolite PN1 were the major circulating forms in plasma, and trace
PN2 was found. When PN1 was given to mice either orally or
intravenously, both reduction metabolism and N-oxidation were ob-
served, leading to a major metabolite PQ with quantifiable amount of
PN2. The pharmacokinetic profiles of PQ and PN 1, either as parent form

TABLE 1

Intrinsic clearance (microlitre per minute per milligram protein) of PQ and its
N-oxide metabolite (PN1) in human and mouse microsomes, calculated by
substrate depletion

Substrate HLMs HIMs MLMs MIMs
PQ 144 = 0.6 10.9 = 0.6 153 =04 17.6 = 0.6
PNI1 47 =09 54 0.6 33x02 32 %08

HIM, human intestinal microsome; MIM, mouse intestinal microsome. The CL;, was
determined by the elimination half-life of substrate [CL;, = (In2 x incubation volume)/(t;, x
protein amount)]. Ty, was determined from the elimination rate constant k = In2/t;,. The
experiment was performed in triplicate.

Xie et al.

or as metabolite, in mice after a single dose of PQ or PN1 are shown in
Fig. 8 and Supplemental Fig. 6, and the pharmacokinetic parameters are
given in Table 2.

The pharmacokinetic profiles of PQ in mice after an oral dose showed
multiple concentration peaks of PQ during the absorption phase, with
a CL/F of 1.7 I/h per kilogram and a long terminal t,, (~6.0 days). PN1
was detected quickly after PQ administration (before 0.5 hour), with
a metabolic ratio of 0.094, calculated by AUCpyN;/AUCpq. The
biotransformation of PQ to PN2 was much lower, and PN2 was detected
in only limited numbers of plasma samples at a low concentration level
(<10.0 nM). The maximum concentrations of PQ and its metabolite
PN1 were reached at 2 hours after oral administration. When PQ was
orally administered to mice, only a trace amount (<0.2%) of PQ, PN1,
and PN2 was excreted from bile (Supplemental Fig. 7).

An oral administration of PN1 to mice displayed a faster disposition
(CL/F, 2.7 1/h per kilogram) than PQ. The metabolic ratios of PQ and
PN2, calculated by AUCpr/AUCpN; and AUCpno/AUCpy;, were 0.20
and 0.02, respectively. After 96 hours, plasma PQ levels were slightly
higher than PN1 plasma concentrations. The absolute oral bioavailability
of PN1 was calculated to be 61.3% in mice (Table 2). After an
intravenous administration of PN1 or PN2 to mice, a trace amount of
PN1 (1.5% of dose) was excreted from bile, and a higher biliary
excretion was recovered for PN2 (10.3% of dose) (Supplemental Fig. 7).
The biliary clearance of PN1 and PN2 in mice was 0.03 and 0.21 I/h
per kilogram, respectively.

The Quantitative Prediction of Hepatic and Intestinal Clearance.
In vitro data of PQ derived from both N-oxidation and reduction reaction
were used to predict the net hepatic clearance of PQ (Supplemental
Table 1). The ef,,,”” for N-oxidation of PQ to form PN1 in HLMs was
calculated to be 0.97, with an ef,;”’ value of 0.94 for the further
N-oxidation to form PN2. A lower ef,,,”’ value was found for formation
of PN2 (0.71) and PN1 (0.87) in MLMs.

PQ and its metabolite PN1 were highly protein bound with an fup
lower than 0.06 in both humans and mice (Table 3). The metabolite PN2
showed a higher fup value around 0.2. The Ry, of PQ was 0.55 and 4.01
in humans and mice, respectively. The CLiy¢ sec 0f PN1 and PN2 in mice
was calculated to be 0.44 and 1.73, respectively, when normalized for
plasma protein binding. In the presence of futile cycling, the unbound
hepatic clearance of PQ was predicted to decrease by 2.5% and 12.8% in
humans (0.069 1/h per kilogram) and mice (0.024 l/h per kilogram),
respectively.

Discussion

In the present study, PQ and its major N-oxide metabolite (PN1) were
found to be metabolically interconverted in a cyclic manner. The
incubation of PQ and PN1 in liver fractions showed that the N-oxidation
metabolism mainly happened in microsomes, suggesting the involve-
ment of either P450s or FMOs. The inhibition study indicated the
N-oxidation metabolism of PQ and PN1 was mainly mediated by
CYP3A4 with some involvement of CYP2C8 and CYP2D6. Further
consistent evidence was obtained in recombinant human P450 enzymes.
Heat treatment had a negative influence on PQ N-oxidation, indicating
that FMOs were not involved in this metabolic pathway. Findings were
also in accord with the incubation in recombinant FMO enzymes.
However, preincubation with MMI (a nonselective FMO inhibitor)
reduced the formation of N-oxides by 13.8% (PN1) or 51.9% (PN2).
This may be the confounding effect of MMI on CYP3A4, which was
supported by the decreased metabolic activity toward the probe
substrates after MMI pretreatment (data not shown).

In the presence of microsomes and NADPH, PN1, or PN2 was rapidly
retroreduced to PQ or PN1, respectively. The metabolite formation was
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Fig. 6. Enzyme kinetics for metabolite formation of PN1 from PQ, PQ N,N-dioxide (PN2) from PN1, PQ from PN1, and PN1 from PN2 in HLMs. (A) PQ—PNI; (B)
PN1-PN2; (C) PNI-PQ; (D) PN2—PNI1. PQ, PNI, or PN2 was incubated in HLMs (0.5 mg/ml) for 30 minutes. The experiment was performed in triplicate.

almost completely inhibited (>95.0%) after 1-ABT preincubation, and
moderate inhibition (~50.0%) was observed by MMI pretreatment,
which suggested that the reduction was mainly mediated by P450 with
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a small involvement of FMOs. The reduction metabolism of PN1 in
human cytosol was not affected by raloxifene, isovanillin, or dicou-
marol, suggesting no involvement of aldehyde oxidase or NADPH
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Fig. 7. Enzyme kinetics for metabolite formation of PN1 from PQ, PQ N,N-dioxide (PN2) from PN1, PQ from PN1, and PN1 from PN2 in MLMs. (A) PQ—PNI; (B)
PN1-PN2; (C) PN1-PQ; (D) PN2—PNI. PQ, PNI, or PN2 was incubated in MLMs (0.5 mg/ml) for 30 minutes. The experiment was performed in triplicate.
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Fig. 8. The pharmacokinetic profiles of PQ and its N-oxide metabolites (PN1 and PN2) in mice (n = 6 for each time point) after an oral administration of PQ or PN1
(40 mg/kg). (A) from 0 to 504 hours after an oral dose of PQ; (B) from 0 to 24 hours after an oral dose of PQ; (C) from 0 to 336 hours after an oral dose of PN1; (D) from 0 to

24 hours after an oral dose of PN1.

quinone reductase; however, the reaction was inhibited by 1-ABT
(45.2%) and MMI (32.6%), indicating that PN1 reduction back to PQ in
cytosol was mainly mediated by the remaining P450/FMO enzymes.
The incubation using recombinant enzymes confirmed that the de-
oxidation of PN1 to PQ was mediated by all P450s and FMOs evaluated,
without specificity. The cofactors FAD, hemoglobin, and/or reductase
did not elicit a dramatic increase in the amount of PQ formed in liver
microsomes.

As a major enzyme involved in PQ N-oxidation, CYP3A4 is the
dominant cytochrome P450 in both liver and small intestine (Fan et al.,
2010), and the metabolic extraction by the gut wall is substrate-
dependent (Shen et al., 1997). In this study, the in vitro half-life method
was firstly used as a screening tool to evaluate the hepatic and intestinal
clearance of PQ and its metabolite PN 1 in microsomes. The CL;,, values

TAB

calculated by PQ or PNI1 depletion were similar in human liver
microsomes and intestinal microsomes. Compared with the liver, the
small intestine has lower weight (0.7 vs. 1.8 kg), blood flow rate (0.25
I/min vs. 1.50 I/min), and total CYP450 enzyme level (Fagerholm,
2007). When scaled to the body weight, in vitro CL;,, for unbounded PQ
or PN1 in human liver microsomes was estimated to be ~30 times
higher than that in intestinal microsomes, which demonstrated that the
contribution of the intestine to the systemic metabolism of PQ and PN1
was negligible in comparison with that by the liver. However, there were
several limitations associated with the present in vitro t;» method. The
substrate was set at around Kj,, to reliably evaluate substrate depletion
without either increased variability in determination or exceeding
20% substrate depletion. Moreover, the use of intestinal microsome
data may lead to underprediction potential of metabolic capacity, and

LE 2

The pharmacokinetic parameters of PQ and its N-oxide metabolites (PN1 and PN2) in mice (n = 6 for each sampling point) after an oral

(40 mg/kg) or intravenous dose

(5 mg/kg) of PQ, PN1, or PN2

PN1 PN2
PQ (oral) PNI (oral) (intravenous) (intravenous)
Parameters

PQ PNI PN1 PQ PN2 PNI PQ PN2 PNI
AUC (pg/ml-h) 23.50 2.20 15.01 2.99 0.32 3.06 0.17 1.26 0.52
Cinax (ng/ml) 866.9 69.5 1132.0 69.7 110.1 N.A 25.0 N.A. 55.6
Tmax (h) 2.0 2.0 2.0 1.0 1.0 N.A. N.A. N.A. N.A.
MRT (h) 134.0 N.A. 17.0 N.A. N.A. 21.2 10.5 1.0 8.7
CL/Fya1 Or CLiptravenous (I/h per kilogram) 1.7 N.A. 2.7 N.A. N.A. 1.6 N.A. 4.1 N.A.
tyn (h) 144.2 N.A 22.9 N.A. N.A. 18.9 N.A. 34 N.A.
Vg4 (Ukg) N.A. N.A N.A. N.A. N.A. 34.8 N.A. 4.1 N.A.

MRT, mean residence time; N.A., not acquired; Ty,,y, time to maximum plasma concentration; Vy, volume of distribution.
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TABLE 3

Plasma protein binding of PQ and its N-oxide metabolites (PN1 and PN2) in
humans and mice

Plasma protein binding of PQ, PN1, or PN2 at the concentration of 1 pM was determined in
pooled plasma collected from human or mice, using equilibrium dialysis. The experiment was
performed in triplicate.

Species PQ PNI PN2
Human 97.38% *+ 0.85% 96.76% = 0.10% 84.19% = 1.37%
Mice 97.46% * 1.29% 94.55% * 0.65% 76.56% * 1.25%

the well stirred model may not be applicable for prediction of gut-wall
metabolism (Fagerholm, 2007).

To evaluate intrinsic hepatic clearance of PQ in the presence of
interconversion metabolism, the Michaelis-Menten regression analyses
using metabolite formation were performed. The K, value (1.3 uM)
derived from PQ depletion in HLMs was similar to that obtained by PN1
formation (1.6 wM), yielding a similar CL;, iy value. The N-oxidation
pathway predominated in PQ metabolism, and the unaccounted presence
of additional metabolites (such as carboxylation) did not play an
important role in PQ metabolism. Compared with N-oxidation of PQ
to form PN1 in HLMs (K, 1.6 nM), the sequential N-oxidation of PN1
to form PN2 showed a ~2-fold higher CL;,, iz but with a much lower K.,
value (0.1 wM). Saturable drug metabolism would mostly likely occur
during the first-pass extraction of PQ (Cp,ax, ~1.0 M) and PN1 (C,ax,
~0.2 pM) in humans, leading to a transit reduction in the apparent
intrinsic clearance. PQ clearance has been found dose-dependent, and it
was significantly lower after a higher oral dose of PQ (Nguyen et al.,
2008). Compared with N-oxidation of PQ to form PN1, the reduction
metabolism of PN1 back to PQ displayed a much lower CLj g5 (1.7 vs.
30.8 pl/min per milligram protein). A similar CL;, iy was obtained for
PN2 reduction back to PN1 (2.1 pl/min per milligram protein). The K,
values for reduction metabolism (129.9 uM for PN1, and 27.5 puM for
PN2) were ~400-fold higher than the C,,,x of each substrate. Enzyme
saturation for reduction metabolism of PN1 or PN2 was not anticipated.

The solution for hepatic clearance based on a simple liver model in
presence of futile cycling has been introduced (Pang and Durk, 2010),
and a coefficient ef,,,”” that reduces the intrinsic clearances for metabolite
formation was involved. Taking all data obtained from in vitro
physiologic and enzyme kinetic studies, the contribution of futile
cycling to the hepatic drug clearance of PQ was estimated. A minor
decrease in unbound CLy (by 12.8%) was found for PQ in mice;
however, a negligibly decreased elimination of PQ was predicted in
humans (by 2.5%). Biliary clearance of PQ metabolites in humans was
not available, and the intrinsic biliary clearance values obtained from
mice were used for the prediction. With loss of biliary secretory function,
the net hepatic clearance of PQ was expected to decrease due to
increased contribution of futile cycling. Other confounders included
nonspecific binding, inappropriate kinetic modeling, and failure to
account for transporters and extrahepatic metabolism.

To fully explain the slow elimination of PQ, it is necessary to
understand the pharmacokinetic characteristics of both PQ and PN1
in vivo. After four recommended oral doses of PQ to healthy subjects,
PN1 was a major circulating metabolite, accounting for ~36.2% of total
exposure (Liu et al., 2018). However, no study has been performed to
examine the pharmacokinetics of PN1. Data derived from the present
in vitro study suggested that mouse could be a suitable animal model,
and it was used for the further pharmacokinetic study of PQ and PN1.
The parent form predominated in the blood circulation (~85.0% of total
exposure). PN1 was observed as a major metabolite for PQ (8.6% of total
exposure), and PQ was present as a reduction metabolite for PN1
(16.3% of total exposure). The disposition of PN1 differed from PQ with
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a higher CL/F and a shorter elimination half-life; hence, the back
conversion of PN1 to PQ could inevitably prolong the elimination of PQ.
Nevertheless, caution should be taken when extrapolating data from
mice to humans due to species differences in functions, expression, and
tissue distribution of individual P450 isoforms (Martignoni et al., 2006).
Moreover, administration of PN1 (preformed metabolite) may or may
not directly reflect the metabolite kinetics of PQ, due to the heterogeneity
of enzymes, the presence of membrane barriers and transporter-mediated
uptake (Pang et al., 2008).

PQ exhibited multiple peaks in its plasma concentration-time profiles,
which may be attributed to irregular gastric emptying, changes in
gastrointestinal pH, and/or the presence of enterohepatic recycling due to
the retroconversion metabolism. PN1 could be reduced back to PQ by
gut microbiota at a slow rate. With <0.2% of total dose excreted from
bile, any enterohepatic circulation would not contribute significantly to
prolongation of the terminal half-life. The extensive tissue binding of PQ
should play a key role in its extremely slow elimination, which was in
accordance with previous studies (Karunajeewa et al., 2008).

Based on our in vitro findings and the results in mice, it can be
speculated that the retroconversion metabolism of PQ and its pharma-
cologically active metabolite PN1 in humans would be a probable
occurrence. Individuals who have a high intrinsic capacity for CYP3A4
may clear PQ and PN1 readily and fail to achieve therapeutic plasma
concentrations. Fortunately, artemisinin drugs used in the fixed ACT
regimens were neither a good substrate of CYP3A4 nor an inhibitor of
CYP3A4 (Xing et al., 2012), indicating a low possibility of interaction of
PQ in ACTs. Compared with mice, PN1 existed in humans as
a disproportionate metabolite (36.2% vs. 8.6% of total exposure). The
significance of the interconversion metabolism in monitoring plasma
levels of PQ and clinical outcome needs to be further evaluated.

In summary, this is the first report on the retroconversion metabolism
of PQ and its pharmacologically active metabolite PN1. The sequential
N-oxidation metabolism of PQ was mainly attributed to CYP3A4. The
reduction metabolism of PN1 back to PQ was mediated by P450s/
FMOs. The rate of N-oxidation was ~20 times faster than that of the
reduction metabolism in HLMs. Quantitative prediction of hepatic
clearance of PQ indicated its slightly decreased elimination in the
presence of futile cycling. The intestinal metabolism and enterohepatic
circulation should not contribute significantly to the slow elimination
of PQ.
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