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Primaquine (PQ) metabolism by the cytochrome P450 (CYP) 2D family of enzymes is required for antimalarial activity in both
humans (2D6) and mice (2D). Human CYP 2D6 is highly polymorphic, and decreased CYP 2D6 enzyme activity has been linked
to decreased PQ antimalarial activity. Despite the importance of CYP 2D metabolism in PQ efficacy, the exact role that these en-
zymes play in PQ metabolism and pharmacokinetics has not been extensively studied in vivo. In this study, a series of PQ phar-
macokinetic experiments were conducted in mice with differential CYP 2D metabolism characteristics, including wild-type
(WT), CYP 2D knockout (KO), and humanized CYP 2D6 (KO/knock-in [KO/KI]) mice. Plasma and liver pharmacokinetic pro-
files from a single PQ dose (20 mg/kg of body weight) differed significantly among the strains for PQ and carboxy-PQ. Addition-
ally, due to the suspected role of phenolic metabolites in PQ efficacy, these were probed using reference standards. Levels of phe-
nolic metabolites were highest in mice capable of metabolizing CYP 2D6 substrates (WT and KO/KI 2D6 mice). PQ phenolic
metabolites were present in different quantities in the two strains, illustrating species-specific differences in PQ metabolism be-
tween the human and mouse enzymes. Taking the data together, this report furthers understanding of PQ pharmacokinetics in
the context of differential CYP 2D metabolism and has important implications for PQ administration in humans with different
levels of CYP 2D6 enzyme activity.

Primaquine (PQ) is the only FDA-approved drug for treatment
of relapsing infections with malarial strains, including Plas-

modium vivax and P. ovale (1–3). PQ belongs to the 8-amino-
quinoline (8AQ) class of antimalarial compounds, among which
several molecules, including PQ, have potent antihypnozoite ac-
tivity (2, 4, 5). Low doses of PQ are also recommended for malaria
transmission-blocking efforts due to PQ’s gametocidal activity (6,
7). PQ’s utility in malaria treatment and potential use in malarial
transmission reduction and malaria eradication efforts require an
understanding of the molecular species involved in its mechanism
of action.

Recent reports have shown that PQ requires metabolic activa-
tion by the cytochrome P450 (CYP) 2D isoenzymes for liver-stage
antimalarial activity in both mouse studies (CYP 2D) and human
studies (CYP 2D6) (8–11). Pybus et al. demonstrated that PQ was
active only in mice capable of metabolizing CYP 2D6 substrates.
Deletion of the mouse enzyme closest to human CYP 2D6 (mouse
CYP 2D22 via deletion of the CYP 2D gene cluster) in mice com-
pletely blocked liver-stage antimalarial activity in vivo (10). The
study by Bennett et al. demonstrated a direct link between CYP
2D6 metabolizer status and PQ efficacy for P. vivax treatment in
several human subjects (8). PQ therapy is of significant impor-
tance for P. vivax radical cure, presumptive antirelapse therapy
(PART), and malaria eradication efforts, and the requirement
of CYP 2D6 metabolism for PQ efficacy is problematic because
CYP 2D6 is highly polymorphic in human populations. Human
CYP2D6 activity is highly variable, and more than 74 CYP 2D6
alleles have been reported to date (see references 12, 13, 14, and 15
for reviews on CYP 2D6 and metabolizer status). CYP 2D6 genetic
and phenotypic differences can contribute to substantial differ-
ences in the metabolism and pharmacokinetics (PK) of CYP 2D6
substrates. There is limited information on the metabolic and

pharmacokinetic consequences associated with differential CYP
2D6 metabolism status for PQ.

We sought to extend our previous studies of CYP 2D6 involve-
ment with PQ activation (10, 11) by determining the pharmaco-
kinetic consequences of differential CYP 2D metabolism for PQ
and several of its metabolites. PQ is extensively metabolized both
in vitro in the presence of hepatic microsomes and in vivo (8–11,
16–18). The predominant and most thoroughly studied metabo-
lite of PQ is the carboxyl form, carboxyprimaquine (CPQ) (19).
PQ also is extensively hydroxylated on the quinoline core (11, 16,
17, 20). The hydroxylated metabolites of PQ at positions 2, 3, and
4 were prepared synthetically as reference standards (see Fasinu et
al. [20]). These reference standards (illustrated in Fig. 1) were
utilized to probe these positions for in vivo hydroxylation. 5-Hy-
droxy primaquine is unstable with respect to both oxygen and
light and is reported to auto-oxidize to a reactive 5,8 quinone-
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imine (21) capable of redox cycling. We found that the auto-oxi-
dation cascade of 5-OH PQ terminates in a chemically stable 5,6-
ortho-quinone species in the presence of oxygen and water (see
the supplemental material). The 5,6-ortho-quinone is a tautomer
of the 6-hydroxy, 5,8-quinone imine of PQ; however, nuclear
magnetic resonance (NMR) analysis indicated that this metabolite
likely exists in the 5,6-ortho-quinone form. This 5,6-ortho-qui-
none species was therefore utilized as a surrogate standard for
species in the 5-hydroxylation pathway. Phenolic hydroxylation at
position 5 is the proposed metabolic activation event required to
produce unstable reactive metabolites capable of redox cycling.
These redox cycling metabolites are the putative species thought
to be responsible for the hemolytic toxicity and, likely, the anti-
malarial efficacy of PQ (10, 11, 16, 17, 21, 22).

The analytical standards shown in Fig. 1 were utilized to profile
PQ pharmacokinetics in mice with differential levels of CYP 2D
metabolism. Wild-type (WT) C57BL/6 mice (extensive metabo-
lizers [EM]), CYPmouse 2D knockout (KO) mice (poor metaboliz-
ers [PM]), and KO/CYPhuman 2D6 knock-in (KO/KI) mice were
selected for this study. PQ has been found to be most active against
Plasmodium berghei in the WT mice (10), which express the CYP
2D22 enzyme, the nearest murine ortholog to human CYP 2D6
(23). PQ is inactive in mice lacking the CYP 2D22 enzyme (dele-
tion of the CYP 2D gene cassette; see reference 24 for strain de-
scription) (10). Pharmacokinetic comparison of PQ in the WT
versus KO mice was predicted to provide insight into pharmaco-
kinetic differences for PQ and PQ metabolites in the mouse EM
and PM phenotypes. Additionally, the CYPmouse 2D knockout
KO/CYPhuman 2D6 knock-in (KO/KI) strain was utilized, as this
strain expresses human CYP 2D6 instead of CYP 2D22, providing
an opportunity to explore the metabolic differences in PQ metab-
olism between the mouse and human 2D isoforms.

MATERIALS AND METHODS
Abbreviations. 8AQ, 8-aminoquinoline; CYP, cytochrome P450; PQ,
primaquine; CPQ, carboxyprimaquine; 2-OH-PQ, 2-hydroxy-prima-
quine; 3-OH-PQ, 3-hydroxy-primaquine; 4-OH-PQ, 4-hydroxy-prima-
quine; 5-OH-PQ, 5-hydroxy-primaquine; WT, wild type; KO, CYP 2D
knockout; KO/KI, CYP 2D knockout/CYP 2D6 knock-in.

Pharmacokinetic measurements. Male 6-to-14-week-old C57BL/6
and 2D knockout and 2D knockout/2D6 knock-in C57BL/6 mice (Tac-

onic, Hudson, NY) were used for PK evaluations. On arrival, animals were
acclimated for 7 days in quarantine. The animals were housed in a cage
maintained at a temperature range of 64 to 79°F and a relative humidity
range of 34% to 68% with a 12-h light/dark cycle. Food and water were
provided ad libitum during quarantine and throughout the study. The
animals were fed a standard rodent maintenance diet. All animal studies
were performed under IACUC-approved protocols. These protocols de-
tail the experimental procedures and designs as well as number of animals
used. The research was conducted in compliance with the Animal Welfare
Act and other federal statutes and regulations relating to animals and
experiments involving animals and adheres to principles stated in the
Guide for the Care and Use of Laboratory Animals (28).

PK studies were performed using oral administration. For each time
point (0, 0.5, 1, 2, 4, 6, 8, and 24 h), three male mice of each corresponding
group were dosed with PQ (20 mg/kg of body weight). PQ was reconsti-
tuted in double-distilled water (ddH2O) and administered at 100 �l/20 g.
For each time point, whole-blood and -liver samples were collected.
Plasma was obtained from whole blood (500 �l) collected by cardiac
puncture. Heparin (Hospira, Lake Forest, IL) (500 �l of 1,000 USP U/ml)
was added to whole-blood samples to prevent coagulation prior to plasma
isolation via centrifugation. Isolated plasma samples were stored at
�80°C until liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis. Liver samples were extracted for each time point and
immediately preserved on dry ice and stored at �80°C until homogeni-
zation, extraction, and LC-MS/MS analysis.

LC-MS/MS analysis. All samples were analyzed using a Waters TQ MS
mass spectrometer (Waters, Milford, MA, USA). Chromatographic sepa-
rations were achieved using a Waters XTerra MS C18 analytical column
(50 mm by 2.1 mm; 3-�m inner diameter [i.d.]), a Waters I class liquid
chromatography system flowing at 0.40 ml/min, and a 6-min linear gra-
dient from 5% to 98% acetonitrile (0.1% formic acid). The samples (10 �l
each) were detected with electrospray ionization in the positive ion mode.
Mass spectrometry conditions were optimized for PQ, CPQ, 2-hydroxy-
primaquine (2-OH-PQ), 3-hydroxy-primaquine (3-OH-PQ), 4-hy-
droxy-primaquine (4-OH-PQ), and the 5,6-o-quinone (see the supple-
mental material for the reference retention times and MS/MS fragments
monitored). Peak areas for PQ, CPQ, 2-OH-PQ, 3-OH-PQ, 4-OH-PQ,
and the 5,6-o-quinone were extracted using Waters Mass Lynx software.
The PQ, CPQ, 2-OH-PQ, 3-OH-PQ, 4-OH-PQ, and the 5,6-o-quinone
plasma standard curves (0.5 to 1,000 ng/ml) and quality control samples
were prepared by spiking blank mouse plasma and serially diluting to the
desired concentration. The PQ, CPQ, 2-OH-PQ, 3-OH-PQ, 4-OH-PQ,
and the 5,6-o-quinone liver standard curves (0.5 to 1,000 ng/ml) and
quality control samples were prepared by spiking blank liver homogenate
and serially diluting to the desired concentration. All standard curves,
quality control samples, and PK samples were prepared for analysis by
extraction with two volumes of acetonitrile with an internal standard
(mefloquine) for each volume of sample. Liver samples were diluted with
5 volumes of water (1 ml/gram of liver) and homogenized prior to extrac-
tion. Each sample was subjected to vortex mixing and centrifuged at
16,000 � g for 10 min at 4°C. The supernatant was transferred to a 96-well
plate for LC-MS/MS analysis. Compound concentrations were interpo-
lated from each corresponding standard curve. Samples with LC-MS sig-
nal responses greater than the response from each corresponding stan-
dard curve (0.5 to 1,000 ng/ml) were diluted and reanalyzed for
concentration determinations.

PK parameter determination. Pharmacokinetic parameters for PQ,
carboxy-PQ, and the different phenolic metabolites in plasma and liver
were determined using noncompartmental analysis via the Phoenix-Win-
Nonlin software package (version 6.3; Pharsight Corp., Mountain View,
CA). The maximum plasma concentration (Cmax) and the time to maxi-
mum concentration (tmax) were directly obtained from the plasma and
liver drug concentration-time curves. The elimination half-life (t1/2) was
calculated from ln2/kel, which is the elimination rate constant calculated
from the concentration-time plot. The area under the concentration-time

FIG 1 Compounds utilized in primaquine pharmacokinetic study. The struc-
tures of primaquine (PQ), carboxy-primaquine (CPQ), and 2, 3, and 4 hy-
droxylated primaquine (OH-PQ) are shown. The marker for 5-hydroxylation
(5,6-ortho-quinone) is also shown. The quinoline rings of PQ and the hy-
droxylated metabolites are numbered for reference.
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curve (AUC) was determined by the linear trapezoidal rule with extrapo-
lation to infinity based on the concentration of the last time point divided
by the terminal rate constant. The apparent clearance rate (CL) was de-
termined by dividing the dose by the AUC from time zero to infinity

(AUCINF). Mean residence time (MRT) was determined by dividing the
area under the first moment curve (AUMC) by AUC. Relative total sys-
temic clearance (CL/F_obs) and the apparent volume of distribution dur-
ing the steady state (VZ/F_obs) were also estimated from the noncompart-
mental analysis. Pharmacokinetic parameter differences were compared
for statistical significance determinations using a Welch’s t test.

RESULTS
Pharmacokinetics of primaquine. The pharmacokinetic profiles
of PQ were assessed in the WT, KO, and KO/KI mice after a single
oral dose of 20 mg/kg. Pharmacokinetic samples were collected at
up to 24 h post-PQ administration. The pharmacokinetic profiles
of PQ in the WT mice, KO/KI mice, and KO mice are shown in Fig.
2. Figure 2A shows PQ plasma pharmacokinetics, while Fig. 2B
shows liver pharmacokinetics. For both matrices, levels of PQ
were highest in the KO mice. PQ has no antimalarial activity in the
KO mice (10), and the pharmacokinetic results shown in Fig. 2
demonstrate that CYP 2D deficiency decreases PQ clearance and
likely prevents metabolism of PQ to the presumed active metab-
olite(s) or at least significantly alters the kinetics of their release.
The profile for the KO/KI mice indicates that initial PQ levels were
similar to those seen with the KO mice; however, PQ levels were
lower from h 4 to h 24, indicating increased PQ clearance com-
pared to the KO strain. PQ is most efficacious in WT C57BL/6
mice (10), and PQ levels were lowest in this strain.

The pharmacokinetic parameters from the profiles shown in
Fig. 2 were calculated using standard noncompartmental analysis
for further comparison of PQ pharmacokinetics in the various
mouse strains. Table 1 contains all the pharmacokinetic parame-
ters determined for PQ in the various mice, including all the PQ
plasma parameters in WT, KO/KI, and KO mice. Additionally, the
P values for each parameter for the KO/KI and KO mice were
determined by comparison to the WT pharmacokinetic parame-
ters. The parent PQ exposure was lowest in the WT strain, as

FIG 2 Pharmacokinetic profiles of primaquine. (A) Primaquine (PQ) pharma-
cokinetics in plasma from the various mouse strains tested. (B) PQ pharmacoki-
netics in liver from the various mouse strains tested. Concentrations shown are in
ng/ml. The error shown for each measurement is the standard deviation from
triplicate analyses. Three animals were utilized for each time point.

TABLE 1 Pharmacokinetic parameters of primaquine tested in micea

Primaquine parameter

Value(s)

WT mice (n � 3)
CYP 2D KO/2D6
KI mice (n � 3)

P value
(WT vs KO/KI)

CYP 2D KO mice
(n � 3)

P value
(WT vs KO)

Plasma
T1/2 (h) 1.5 � 0.4 3.9 � 1.9 0.2 3.5 � 0.9 0.04
Tmax (h) 1.0 � 0.9 2.2 � 1.8 0.4 1.6 � 2.0 0.6
Cmax (ng/ml) 249.0 � 37.0 1,001.3 � 204.6 0.01 1,017.0 � 139.9 0.006
AUC0-last (h · ng/ml) 596.8 � 119.2 4,302.5 � 319.9 0.0003 10,874.3 � 1,470.7 0.007
AUC0-inf (h · ng/ml) 615.8 � 112.9 6,453.5 � 2,248.2 0.05 10,999.8 � 1,342.6 0.006
VZ/F (ml/kg) 73,395.1 � 24,949.1 17,237.8 � 2,950.5 0.6 9,601.8 � 3,673.3 0.05
CL/F (ml/h/kg) 33,259.2 � 6,439.1 3,324.5 � 972.1 0.02 1,836.7 � 227.8 0.01
MRT0-last (h) 1.81 � 0.3 3.4 � 0.5 0.02 6.1 � 0.3 0.00004

Liver
T1/2 (h) 3.6 � 1.2 2.9 � 0.2 0.5 5.0 � 1.5 0.3
Tmax (h) 0.5 � 0 0.5 � 0 NA 0.5 � 0 NA
Cmax (ng/ml) 4,915.5 � 3,068.9 14,064.7 � 3,078.4 0.02 32,184.7 � 9,347.1 0.041
AUC0-last (h · ng/ml) 8,683.8 � 3,749.8 87,629.9 � 7,742.6 0.0005 286,582.4 � 19,777.2 0.002
AUC0-inf (h · ng/ml) 10,355.6 � 4,284.5 87,873.1 � 7,693.9 0.0006 297,827.5 � 10,050.1 0.00002
VZ/F (ml/kg) 11,346.7 � 6,543.3 957.2 � 145.6 0.1 488.2 � 156.7 0.1
CL/F (ml/h/kg) 2,219.8 � 1,068.9 228.8 � 20.0 0.08 67.2 � 2.2 0.08
MRT0-last (h) 1.8 � 0.5 5.0 � 0.6 0.002 6.2 � 0.7 0.003

a Pharmacokinetic parameters from plasma and liver determinations are shown for the various mouse strains. Units for each parameter are indicated, and the errors shown are the
standard deviations of the results from triplicate analyses. P values from comparisons of the KO and KO/KI strains to the WT C57BL/6 mice are also indicated. NA, not applicable;
calculated values were identical and statistical analysis could not be performed.
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reflected by the lowest Cmax, AUC, T1/2, and MRT0-last values. The
calculated values for apparent clearance (CL/F) and apparent vol-
ume of distribution (VZ/F) were highest in the WT strain, indicat-
ing that the WT mice were better able to metabolize, convert, and
clear PQ than the other strains. The PQ parameters calculated
from the KO/KI humanized mice indicated that replacement of
the CYP 2D gene cluster with human CYP 2D6 altered PQ phar-
macokinetics compared to the WT mice. The Cmax and MRT0-last

values in the humanized mice were higher than in the WT (Cmax

P � 0.01, MRT0-last P � 0.02) mice. The humanized mice also had
significantly higher calculated AUC values (AUC0-last P � 0.0003,
AUC0-inf P � 0.05). The apparent clearance was significantly lower
in the humanized mice than in the WT mice (CL/F P � 0.02). The
pharmacokinetic comparison of the humanized CYP 2D KO/KI
mice described above illustrates clear differences in PQ metabo-
lism and clearance in WT versus KO/KI mice.

The results for PQ pharmacokinetics in the KO mice indicated
even greater differences in PK parameters compared to the WT
strain. CYP 2D deficiency increased T1/2 (P value � 0.04), Cmax

(P value � 0.006), AUC (AUC0-last P value � 0.007, AUCINF

P value � 0.006), and MRT0-last (P value � 0.00004) values com-
pared to the WT strain results. The apparent clearance and relative
volume of distribution were significantly lower in the KO mice
than in the WT mice (CL/F P � 0.01, VZ/F P � 0.05).

The changes in PQ pharmacokinetics were also determined in
mouse liver. Liver is the target tissue for PQ antihypnozoite activ-
ity. Liver results are shown in Table 1. Similarly to the plasma
pharmacokinetics, differential CYP 2D metabolism in the human-
ized KO/KI and CYP 2D KO mice resulted in higher MRT0-last and
T1/2 values, higher AUC and Cmax values, and decreased apparent
clearance and relative bioavailability of parent PQ. The liver re-
sults are consistent with the plasma pharmacokinetics and illus-
trate that CYP 2D metabolism has a significant effect on PQ dis-
tribution and clearance in mice.

Pharmacokinetics of carboxy-primaquine. Carboxy-prima-
quine (CPQ) is a well-characterized major metabolite of PQ
formed via the monoamine oxidase pathway (11). CPQ concen-
trations in the various mouse strains were monitored to determine
if differential CYP 2D metabolism would alter CPQ levels in vivo.
CPQ PK results in the various mouse strains are shown in Fig. 3.
Plasma CPQ pharmacokinetic profiles are shown in Fig. 3A and illus-
trate that CPQ levels were highest in the CYP 2D KO mice followed by
the humanized KO/KI mice and that the WT mice had the lowest
levels. There were measurable levels of CPQ in the KO strain through-
out the duration of the experiment; however, CPQ was not detectable
after 24 h postdose in the WT and KO/KI mice. Similar trends were
observed in mouse liver, as shown in Fig. 3B. The CPQ results in the
various matrices also correspond to parent PQ levels. The higher con-
centrations of PQ as a result of decreased CYP 2D metabolism re-
sulted in more PQ conversion to CPQ. The results in the various
mouse strains illustrate a potential difference between human and
mouse PQ pharmacokinetics, as CPQ levels from humans with dif-
ferential CYP 2D6 status were not significantly different (8); however,
the sample size in the clinical trial was limited.

Pharmacokinetics of primaquine phenolic metabolites. PQ
undergoes various oxidations on the quinoline core which are
mediated by CYP 2D6 (10, 11). Phenolic oxidation is thought to
be responsible for the antimalarial activity and hemolytic toxicity
associated with PQ therapy (10, 22). To determine the role of CYP
2D metabolism in relation to production of phenolic PQ metab-

olites in vivo, reference standards for 2-OH-PQ, 3-OH-PQ, and
4-OH-PQ were utilized for quantification (see Fig. 1). Addition-
ally, the 5,6-ortho-quinone of PQ was utilized as a marker for
5-hydroxy-primaquine (5-OH-PQ), as preparations of 5-OH-PQ
in our hands readily oxidize to the stable 5,6-ortho-quinone (see
the supplemental material), which has also been reported as a
product of PQ metabolism by other groups (17, 25). These refer-
ence standards were employed to quantitate concentrations of the
various metabolites. Plasma pharmacokinetic results for the PQ
phenolic metabolites in the various mouse strains are shown in
Fig. 4. Each metabolite is indicated, and the concentrations in the
various strains are shown. The results in panel i of Fig. 4A show
that the 5-OH-PQ marker was not detectable in the KO mice. The
5-OH-PQ marker was detectable in the humanized KO/KI strain
(Fig. 4A, panel ii) and reached a Cmax of 72.5 ng/ml. The concen-
tration of the 5-OH-PQ marker was highest in the WT strain (Fig.
4A, panel iii), reaching a Cmax of 1,091.0 ng/ml.

Concentrations of the 4, 3, and 2 hydroxylated species are
shown in Fig. 4B to D, respectively. Similarly to the 5-OH-PQ
marker, there were no detectable levels of any hydroxylated spe-
cies (panel i) in the KO strain, indicating that phenolic oxidation
of PQ is primarily catalyzed by CYP 2D metabolism in vivo. There
were detectable levels of the 4, 3, and 2 hydroxylated PQ in the
KO/KI mice (panel ii). The 4-OH-PQ concentrations reached
341.6 ng/ml, the 3-OH-PQ concentrations 156.9 ng/ml, and the
2-OH-PQ concentrations 82.4 ng/ml. The results for the WT
strain and the 4, 3, and 2 hydroxylated species in panel iii show
that only the 4 and 2 hydroxylated species were detectable in

FIG 3 Pharmacokinetic profiles of carboxy-primaquine. (A) Carboxy-prim-
aquine (CPQ) pharmacokinetics in plasma from the various mouse strains
tested. (B) CPQ pharmacokinetics in liver from the various mouse strains
tested. Concentrations shown are in ng/ml. The error shown for each measure-
ment is the standard deviation from triplicate analyses. Three animals were
utilized for each time point.
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plasma samples. The 4-OH-PQ concentrations reached 38.4 ng/
ml, and the 2-OH-PQ concentrations reached 7.8 ng/ml.

Measurements of the PQ phenolic metabolites were also con-
ducted in liver samples from the various mouse strains (Fig. 5).
The pharmacokinetic trends for the phenolic species were similar
to those obtained from plasma measurements. The results pre-
sented in panel i of Fig. 5A show that the 5-OH-PQ marker was
detectable at only low levels in the KO mice (peak concentration of
535.3 ng/ml). The 5,6-ortho-quinone levels did not persist long
enough in the KO mice for PK parameter determination. The
5-OH-PQ marker was detectable in the humanized KO/KI strain
(Fig. 5A, panel ii) and reached a Cmax of 2,189.5 ng/ml. The con-
centration of the 5-OH-PQ marker was highest in the WT strain
(Fig. 5A, panel iii), reaching a Cmax of 8,614.0 ng/ml. Concentra-
tions of the 4, 3, and 2 hydroxylated species are shown in Fig. 5B,
C, and D, respectively. There were only very low levels of these
hydroxylated species (panel i) detected in the KO strain compared
to the KO/KI and WT mice. Concentrations of these phenolic
metabolites did not persist long enough in the KO mice for PK
parameter determination. There were detectable levels of the 4, 3,
and 2 hydroxylated PQ in the KO/KI mice (panel ii). The
4-OH-PQ concentrations reached 6,298.7 ng/ml, the 3-OH-PQ
concentrations 6,486.1 ng/ml, and the 2-OH-PQ concentrations
1,126.9 ng/ml. The results for the WT strain and the 4, 3, and 2
hydroxylated species in panel iii show that the 4 hydroxylated
species was detectable in liver samples. The 4-OH-PQ concentra-
tions reached 1,093.5 ng/ml.

The calculated liver exposure values for the phenolic species are
shown in Fig. 6. Liver exposure values reveal striking differences in the
metabolites and the corresponding levels produced between the two
strains. CYP 2D metabolism in the WT mice produced the 5,6-o-
quinone preferentially over all other phenolic species. This is of inter-
est because PQ is most efficacious in the WT strain and 5-OH-PQ has
been suggested to be responsible for PQ’s antimalarial activity and
toxicity (10, 17, 22). The humanized KO/KI strain produced more
4-OH and 3-OH PQ than the other phenolic species. Exposure of the
5-OH-PQ marker in the humanized KO/KI mice was half that seen
with the WT mice, and recent efficacy experiments have shown that
8AQ administration in the humanized KO/KI strain required ap-
proximately 2-fold dose escalation to achieve antimalarial activity
comparable to that seen with the WT strain (26). The results deter-
mined for the various phenolic species also illustrate species-specific
differences between the mouse CYP 2D and the human CYP 2D6
enzymes in PQ metabolism.

DISCUSSION

The work presented in this report demonstrates clear and signifi-
cant differences in PQ pharmacokinetics in a mouse model of
differential CYP 2D metabolism. Decreased metabolism and
clearance via the CYP 2D pathway resulted in increased levels of
exposure to parent PQ as well as to CPQ, a major metabolite
produced via the monoamine oxidase pathway. Increased levels of
PQ were also observed in humans with decreased CYP 2D6 activ-
ity (8). More significantly, 2D-deficient mice had significantly

FIG 4 Plasma pharmacokinetic profiles of primaquine phenolic metabolites. (A) Pharmacokinetics of the 5,6-ortho-quinone of PQ in plasma from the various
mouse strains tested. CYP 2D KO mice results are shown in panel i (diamonds, solid line), CYP 2D KO/2D6 KI mice are shown in panel ii (open squares, dashed
line), and WT mice are shown in panel iii (open circles, solid line). (B) Pharmacokinetics of the 4-hydroxy-PQ in plasma. (C) Pharmacokinetics of the
3-hydroxy-PQ in plasma. (D) Pharmacokinetics of the 2-hydroxy-PQ in plasma. The various groups shown are the same as indicated above. Concentrations
shown are in ng/ml. Insets are provided to magnify the metabolites present at lower levels. The error shown for each measurement is the standard deviation from
triplicate analyses. Three animals were utilized for each time point.
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lower concentrations of phenolic metabolites, theorized to be in-
tegral for PQ efficacy, than the KO/KI and WT mouse strains. This
phenomenon highlights the pharmacogenomic challenge of PQ
administration for prophylaxis, P. vivax treatment, and/or ma-
laria eradication efforts, since CYP 2D6 phenotypic nulls would
likely show no cure and individuals with intermediate CYP 2D6

activity would potentially require higher PQ doses for successful
P. vivax treatment. Additionally, decreased CYP 2D6 activity
would result in higher systemic parent PQ concentrations. Ele-
vated PQ concentrations could exacerbate toxicities and other un-
wanted side effects not normally observed in individuals with nor-
mal CYP 2D6 function generated by the parent drug (to exclude
hemolytic toxicity, as this is likely linked with metabolic activa-
tion). Accumulation of parent 8AQ levels is more likely with 8AQ
molecules (such as tafenoquine and NPC-1161B) with signifi-
cantly longer half-lives than PQ; however, further investigation of
these long half-life 8AQs is required to fully profile the effects of
differential CYP 2D metabolism and 8AQ pharmacokinetics in
both mice and humans.

The pharmacokinetic results presented above for the PQ phenolic
metabolites demonstrate clear differences in the types and quantities
of PQ phenolic metabolites produced in WT and CYP 2D6 KI mice.
This highlights differences in substrate metabolism between the
mouse CYP 2D family of enzymes and human CYP 2D6. Mouse CYP
2D22 shares approximately 74% peptide sequence similarity with hu-
man CYP 2D6 and is likely the enzyme responsible for PQ metabo-
lism in mice (23). Reports have indicated differences in substrate
metabolism between the two enzymes (23, 24), and the results pre-
sented above indicate species-specific differences in PQ metabolism
between the mouse CYP 2D enzymes and human CYP 2D6. Further-
more, our data suggest that, in mice, other CYPs in the 2D gene
cluster may also play a role in PQ metabolism. The pharmacokinetics
of PQ and the various metabolites in this study shows the utility of
profiling 8AQ molecules for interspecies differences in CYP 2D me-
tabolism. While the results presented above shed light on PQ metab-
olism in mice in the context of CYP 2D metabolism, additional clin-

FIG 6 Liver exposure of primaquine phenolic metabolites in the KO/KI and
WT mouse strains. Levels of liver exposure determined from AUCINF (h ·
ng/ml) of 2-, 3-, 4-, and 5,6-o-quinone species of PQ are shown. Metabolites
produced by the WT mice are indicated by black bars and metabolites pro-
duced by the KO/KI mice by gray bars. The error shown for each measurement
is the standard deviation from triplicate analyses.

FIG 5 Liver pharmacokinetic profiles of primaquine phenolic metabolites. (A) Pharmacokinetics of the 5,6-ortho-quinone of PQ in liver from the various
mouse strains tested. CYP 2D KO mice results are shown in panel i (diamonds, solid line), CYP 2D KO/2D6 KI mice are shown in panel ii (open squares, dashed
line), and WT mice are shown in panel iii (open circles, solid line). (B) Pharmacokinetics of the 4-hydroxy-PQ in liver. (C) Pharmacokinetics of the 3-hy-
droxy-PQ in liver. (D) Pharmacokinetics of the 2-hydroxy-PQ in liver. The various groups shown are the same as indicated above. Concentrations shown are in
ng/ml. Insets are provided to magnify the metabolites present at lower levels. The error shown for each measurement is the standard deviation from triplicate
analyses. Three animals were utilized for each time point.
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ical studies are required to determine the relative pharmacokinetic/
dynamic importance of each primaquine phenolic metabolite for PQ
therapy in humans.

The 8AQ class of compounds demonstrates activity against
various life cycle stages of the Plasmodium parasite (27). These
include Plasmodium schizonts, hypnozoites, gameotocytes, and
oocysts (27). These activities make the 8AQ class an attractive
therapeutic class for malaria prophylaxis, treatment, and trans-
mission-blocking efforts. The requirement of CYP 2D6 metabo-
lism for 8AQ efficacy has been shown conclusively only for activity
against the developmental liver stages of the Plasmodium parasite
(8, 10, 26). Additional studies are required to determine if CYP
2D6 metabolism of PQ and other 8AQs is required for all observed
antimalarial activity. Because P. vivax parasites currently cannot
be cultured in vitro easily, and because the CYP 2D knockout
approach is available only in a murine model, P. berghei-based in
vivo models could serve as a viable surrogate for future studies
exploring the role of CYP 2D6 metabolism for all observed 8AQ
antimalarial activity. These studies could include investigations
into PQ’s gametocidal/transmission-blocking activity. Addition-
ally, the gametocidal/transmission-blocking activity of prima-
quine could be directly assessed in human trials in individuals
with known CYP 2D6 metabolizer status (i.e., poor, intermediate,
and extensive CYP 2D6 metabolizers).

The pharmacokinetic information presented here, along with
results from previous efficacy studies (8, 10), demonstrates that
CYP 2D6 metabolism has a significant role in PQ pharmacokinet-
ics and liver-stage antimalarial efficacy. PQ’s CYP 2D6 pharma-
cogenomic liability should be considered by clinicians and policy
makers for current and/or emerging PQ therapies, in the evalua-
tion of patients who relapse after PQ therapy, and in the copre-
scription of drugs that are known CYP 2D6 inhibitors.
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