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Cytochrome P450 (CYP) 2D metabolism is required for the liver-stage antimalarial efficacy of the 8-aminoquinoline molecule
tafenoquine in mice. This could be problematic for Plasmodium vivax radical cure, as the human CYP 2D ortholog (2D6) is
highly polymorphic. Diminished CYP 2D6 enzyme activity, as in the poor-metabolizer phenotype, could compromise radical
curative efficacy in humans. Despite the importance of CYP 2D metabolism for tafenoquine liver-stage efficacy, the exact role
that CYP 2D metabolism plays in the metabolism and pharmacokinetics of tafenoquine and other 8-aminoquinoline molecules
has not been extensively studied. In this study, a series of tafenoquine pharmacokinetic experiments were conducted in mice
with different CYP 2D metabolism statuses, including wild-type (WT) (reflecting extensive metabolizers for CYP 2D6 sub-
strates) and CYP ... 2D knockout (KO) (reflecting poor metabolizers for CYP 2D6 substrates) mice. Plasma and liver pharma-
cokinetic profiles from a single 20-mg/kg of body weight dose of tafenoquine differed between the strains; however, the differ-
ences were less striking than previous results obtained for primaquine in the same model. Additionally, the presence of a 5,6-
ortho-quinone tafenoquine metabolite was examined in both mouse strains. The 5,6-ortho-quinone species of tafenoquine was
observed, and concentrations of the metabolite were highest in the WT extensive-metabolizer phenotype. Altogether, this study
indicates that CYP 2D metabolism in mice affects tafenoquine pharmacokinetics and could have implications for human tafeno-
quine pharmacokinetics in polymorphic CYP 2D6 human populations.

he 8-aminoquinoline class of antimalarial compounds is the

only molecular scaffold with proven efficacy against relaps-
ing strains of malaria (1-5). Currently, the only FDA-approved
drug from this class that is available for clinical use is prima-
quine. Primaquine has been utilized for over 6 decades in treat-
ing malaria (6). Despite the long history of primaquine therapy
for malaria treatment, primaquine has several disadvantages,
including the hemolytic toxicity associated with glucose-6-
phosphate dehydrogenase (G6PD) deficiency; its relatively
short elimination half-life in humans, which requires daily ad-
ministration; and the potential requirement for cytochrome
P450 (CYP) 2D6-mediated activation for radical curative ac-
tivity (7-11). The 8-aminoquinoline molecule tafenoquine,
currently under late-stage clinical development, has a signifi-
cantly longer elimination half-life than primaquine (12-16)
and has single-dose radical curative activity in humans (3).
Tafenoquine is also being developed as a chemoprophylactic
agent and has demonstrated efficacy against Plasmodium vivax
and Plasmodium falciparum (17-21). Despite the pharmacological
advantages of tafenoquine over primaquine, both molecules seem
to have the same pharmacogenomic liability of CYP 2D6-medi-
ated activation for liver-stage antimalarial activity (7, 10, 22, 23)
and are not free of hemolytic liability in G6PD deficiency (24).
This recent discovery suggests that the 8-aminoquinoline class of
molecules require CYP 2D6 metabolism for efficacy. This CYP
2D6 requirement has unknown pharmacokinetic (PK) and phar-
macodynamic implications in humans for the 8-aminoquino-
lines. Recently, the studies of Potter et al. and Bennett et al. dem-
onstrated clear differences in primaquine pharmacokinetic
profiles in both mouse and human models of differential CYP 2D6
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metabolism (7, 25). Diminished CYP 2D6-mediated clearance re-
sulted in higher concentrations of the parent primaquine in vivo.
Prior to this study, there were no reports of the pharmacokinetic
profiles of tafenoquine in animals or humans with decreased CYP
2D6 metabolism.

We sought to extend our previous studies of CYP 2D6 (22)
involvement in tafenoquine activation by determining the phar-
macokinetic consequences of altered CYP 2D6 metabolism. To
explore tafenoquine pharmacokinetics in the context of differen-
tial CYP 2D6 metabolism, a series of pharmacokinetic experi-
ments were conducted in mice with different CYP 2D6 substrate
metabolizer statuses. The two strains of mice selected were wild-
type (WT) C57BL/6 mice, and CYP 2D knockout (KO) C57BL/6
mice (for a description of the KO strain, see reference 26). WT
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FIG 1 Compounds utilized in the tafenoquine pharmacokinetic study. Shown
are the structures of tafenoquine (A) and 5,6-ortho-quinone (B) of the tafeno-
quine standards utilized. The quinoline ring of tafenoquine is numbered for
reference.

mice express CYP 2D22, which is the mouse cytochrome P450
ortholog closest to human CYP 2D6 (27). Tafenoquine is active
when tested in a liver-stage malaria model against Plasmodium
berghei that utilizes the WT C57BL/6 mouse strain (10, 22). The
CYP 2D KO strain contains a deletion of the entire CYP 2D gene
cassette and therefore cannot express CYP 2D22. Tafenoquine is
inactive against liver stages of P. berghei when tested in KO mice
(22). These two strains replicate the human extensive-metabolizer
(WT mice) and poor-metabolizer (KO mice) CYP 2D6 pheno-
types.

Pharmacokinetic measurements of tafenoquine were made,
utilizing the analytical standards illustrated in Fig. 1. The structure
of the parent tafenoquine is shown in Fig. 1A. In addition to mon-
itoring for the parent tafenoquine, the presence of a 5,6-ortho-
quinone species was also investigated. The structure of the tafeno-
quine 5,6-ortho-quinone is shown in Fig. 1B. Tafenoquine has a
bulky aryl substitution at the 5 position of the quinoline ring,
while primaquine has a hydrogen. It has been proposed that hy-
droxylation of primaquine at the 5 position produces a reactive
metabolite(s) that is likely responsible for efficacy and toxicity (10,
28-31). The slow kinetics of metabolic dearylation of the carbon at
the 5 position of the quinoline core (C5) of tafenoquine is chal-
lenging to study using traditional in vitro metabolism techniques
due to the extreme stability of the molecule in microsomal prep-
arations in vitro. The metabolite shown in Fig. 1B for tafenoquine
corresponds to the stable oxidation product of the 5-dearylation
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pathway. A related metabolic pathway (C5 hydroxylation) was
recently shown to be affected by mouse CYP 2D metabolism for
primaquine (25). The existence of such a phenolic metabolite for
tafenoquine has not been demonstrated in vivo. The existence of this
C5 phenolic metabolite for tafenoquine, along with other phenolic
metabolites similar to those produced by primaquine metabolism,
would further indicate a common CYP 2D6-mediated metabolic
pathway for 8-aminoquinoline radical curative activity.

MATERIALS AND METHODS

Materials and reagents. Tafenoquine succinate and the 5,6-ortho-qui-
none metabolite standards were obtained from the Walter Reed Army
Institute of Research chemical repository.

Pharmacokinetic measurements. Experiments were conducted as
described by Potter et al. (25). Briefly, male 6- to 14-week-old C57BL/6
and 2D knockout C57BL/6 mice (Taconic, Hudson, NY) were used for PK
evaluations. On arrival, the animals were acclimated for 7 days in quaran-
tine. The animals were housed in a cage maintained at a temperature
range of 64 to 79°F and 34 to 68% relative humidity 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 mainte-
nance diet. All animal studies were performed under IACUC-approved
protocols. These protocols detail the experimental procedures and de-
signs, as well as the 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
adhered to principles stated in the National Research Council publication
Guide for the Care and Use of Laboratory Animals, 2011 edition.

PK studies were performed using oral administration. At each time
point (0, 0.5, 2, 4, 8, 24, 48, 96, 168, 240, and 336 h), three male mice from
each group were dosed with tafenoquine (20 mg/kg of body weight based
on free base molecular weight). Tafenoquine succinate was reconstituted
in double-distilled H,0 (ddH,0O) and administered at 100 wl/20 g. For
each time point, whole-blood and liver samples were collected. Plasma
was obtained from whole blood (500 pl) collected by cardiac puncture;
500 .l of 1,000-USP unit/ml heparin (Hospira, Lake Forest, IL) was added
to the whole-blood samples to prevent coagulation prior to plasma isola-
tion via centrifugation. The 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 immedi-
ately preserved on dry ice and stored at —80°C until homogenization,
extraction, and LC-MS-MS analysis.

LC-MS-MS analysis. All samples (5 pl each) were analyzed using an
AB Sciex 4000 QTrap mass spectrometer (AB Sciex, Framingham, MA,
USA). Chromatographic separations were achieved using a Waters
XTerra MS C,4 (50-mm by 2.1-mm; 3-um) analytical column, a Waters I
class liquid chromatography system flowing at 0.40 ml/min, and a 4-min
linear gradient from 5 to 98% acetonitrile (0.1% formic acid). The ana-
lytes were detected with electrospray ionization in the positive ion mode.
The mass spectrometry conditions were optimized for each analyte. The
peak areas were extracted using AB Sciex Analyst software. Standard
curves (0.5 to 1,000 ng/ml) and quality control samples were prepared by
spiking blank mouse plasma or liver homogenate and serially diluting it to
the desired concentration. Liver samples were diluted with 5 volumes of
water (1 ml/g of liver) and homogenized prior to extraction. Standard
curves, quality control samples, and PK samples were prepared for anal-
ysis by extraction with 2 volumes of acetonitrile with an internal standard
(mefloquine) for each volume of sample. Each sample was vortexed and
centrifuged at 16,000 X g for 10 min at 4°C. The supernatant was trans-
ferred to a 96-well plate for LC-MS-MS analysis.

Pharmacokinetic parameter determination. Pharmacokinetic pa-
rameter determination was performed as described by Potter et al. (25).
Briefly, pharmacokinetic parameters for tafenoquine and the 5,6-ortho-
quinone in plasma and liver were determined using noncompartmental
analysis via the Phoenix-WinNonlin software package (version 6.3; Phar-
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FIG 2 Tafenoquine pharmacokinetics in WT and KO mice. (A) Plasma phar-
macokinetic profiles for tafenoquine in CYP 2D KO and WT mice. (B) Liver
pharmacokinetic profiles for tafenoquine in CYP 2D KO and WT mice. The
error bars show the standard deviations from replicate analyses (WT, n = 3;
KO, n = 4).

sight Corp., Mountain View, CA). The maximum concentration of drug
in plasma (C,,,,) and time to maximum concentration (T,,,,) were ob-
tained directly from the plasma and liver drug concentration-time curves.
The elimination half-life (,,,) was calculated from In,/k_, which is the
elimination rate constant calculated from the concentration-time plot.
The area under the curve (AUC) was determined by the linear trapezoidal
rule, with extrapolation to infinity (AUC; ;) based on the concentration of
the last time point divided by the terminal rate constant. The apparent
clearance rate (CL) was determined by dividing the dose by the AUC, .
The mean residence time (MRT) was determined by dividing the area
under the first moment of the curve (AUMC) by the AUC. The relative
total systemic clearance (CL/F) and apparent volume of distribution dur-
ing steady state (V,/F) were also estimated from the noncompartmental
analysis.

RESULTS
Plasma pharmacokinetics of tafenoquine in WT and KO mice.
The pharmacokinetic profile of tafenoquine was assessed in the
WT and KO mouse strains after a single oral 20-mg/kg dose of
tafenoquine. Figure 2A shows plasma tafenoquine pharmacoki-
netics in the WT strain and in the KO strain. In both cases, tafeno-
quine remained in the plasma throughout the duration of the
sampling period (336 h). However, while tafenoquine concentra-
tions in the KO strain were initially similar to those observed in the
WT strain, at the later time points (>100 h), the KO strain had
higher plasma tafenoquine concentrations than the WT strain.
The pharmacokinetic parameters from the profiles shown in
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Fig. 2A were determined and are indicated in Table 1. The plasma
half-life of tafenoquine in the KO strain was longer than in the WT
strain (72.4 h for the KO versus 53.8 h for the WT). However, it
was not statistically significantly different (P = 0.1). There were
no notable differences in the T,,,, (P = 0.4) or C,., (P = 0.3)
values between the two strains for plasma. The calculated
AUC,_;,¢values (123.2 h - pg/ml for the KO versus 85.6 h - pg/ml
for the WT; P = 0.03) were higher in plasma for tafenoquine in the
KO strain than in the WT mice. Apparent clearance was decreased
in the KO strain compared to the WT animals for plasma profiles
(164.5 ml/h/kg for the KO versus 238.0 ml/h/kg for the WT; P =
0.01). The plasma pharmacokinetic results for tafenoquine in the
two strains indicate that decreased CYP 2D metabolism in the KO
mice had an effect on the terminal elimination kinetics of tafeno-
quine, resulting in higher overall exposure of the unmodified par-
ent molecule.

Liver pharmacokinetics of tafenoquine in WT and KO mice.
Tafenoquine radically curative antimalarial activity is presumed
to occur in the host liver against the hypnozoite stage of the Plas-
modium parasite. To further investigate tafenoquine pharmacoki-
netics in the presumed target tissue and in the context of differen-
tial CYP 2D metabolism, liver pharmacokinetic measurements
were made for tafenoquine. The liver results are shown in Fig. 2B.
Despite higher overall concentrations of tafenoquine in liver ver-
sus plasma, the overall profiles of tafenoquine in the KO and WT
strains were similar to those observed from plasma measure-
ments. Initially, tafenoquine levels were comparable in both
strains; however, over several weeks, the concentration of tafeno-
quine fell more rapidly in the WT mice than in the KO strain.

TABLE 1 Pharmacokinetic parameters of tafenoquine tested in mice”

Value
CYP 2D KO P value
Parameter WT (n = 3) (n=4) (WT vs KO)
Plasma
t,), (h) 53.8 £ 3.5 724 * 155 0.1
Toax () 5.0 £ 3.0 10.0 = 9.8 0.4
Cinax (g/ml) 1.2 = 0.02 1.4 +0.3 0.3
AUC, .o 84.7 = 14.1 113.9 = 6.3 0.01
(h- pg/ml)
AUC_i¢ 85.6 £ 14.1 123.2 £ 17.4 0.03
(h- pg/ml)
V/F (liter/kg) 18.5 = 3.7 199 = 1.6 0.5
CL/F (ml/h/kg)  238.0 = 35.9 164.5 = 20.8 0.01
MRT,_,., (h) 70.9 % 0.4 94.1 = 4.9 0.0005
Liver
ty), (h) 83.5 £ 2.3 80.1 = 12.9 0.8
Trax (h) 4.7 £ 3.1 45+25 0.8
Cioax (og/ml) 29.3 + 0.6 85.8 = 15.5 0.002
AUC_jase 3,242.2 = 602.4  9,328.6 = 2,557.3 0.01
(h- pg/ml)
AUCq ¢ 3,447.9 £ 659.6 10,317.7 = 2,009.5 0.002
(h- pg/ml)
V,/F (liter/kg) 0.7 £ 0.1 0.2 +0.08 0.002
CL/F (ml/h/kg) 6.0 1.2 2.0*0.4 0.002
MRT, . (h) 96.2 £ 6.0 88.5 = 12.3 0.4

Antimicrobial Agents and Chemotherapy

“ Pharmacokinetic parameters are shown for the mouse strains from plasma and liver
determinations. The units for each parameter are indicated, and the errors shown are
the standard deviations from triplicate analyses. P values are also indicated from
comparison of the KO versus the WT C57BL/6 mice.
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FIG 3 Tafenoquine 5,6-ortho-quinone pharmacokinetics in WT C57BL/6 and
CYP 2D KO mice. (A) Plasma pharmacokinetic profiles for tafenoquine 5,6-
ortho-quinone in CYP 2D KO and WT mice. (B) Liver pharmacokinetic pro-
files for tafenoquine 5,6-ortho-quinone in CYP 2D KO and WT mice. The
error bars show the standard deviations from replicate analyses (WT, n = 3;
KO, n =4).

The pharmacokinetic parameters from the profiles shown in
Fig. 2B were determined and are indicated in Table 1. The liver
half-life of tafenoquine in the KO strain was not statistically
significantly different from that in the WT strain (80.1 h for the
KO versus 83.5 h for the WT; P = 0.8). There was no notable
difference in the T,,,, (P = 0.8); however, the C,,,, was higher
in the KO mice than in the WT mice (85.8 ng/ml for the KO
versus 29.3 ng/ml for the WT; P = 0.002). The AUC,, ;¢ value
for the KO mice was higher than for the WT mice (10,317.7 h -
pg/ml for the KO versus 3,447.9 h - wg/ml for the WT; P =
0.002). The CL/F value was lower in the KO mice than in the
WT mice (2.0 ml/h/kg for the KO versus 6.0 ml/h/kg for the
WT; P = 0.002). Similar to plasma pharmacokinetic results for
tafenoquine, the liver pharmacokinetic parameters from the
two strains indicate that decreased CYP 2D metabolism had a
systemic effect on the terminal elimination kinetics of tafeno-
quine, resulting in higher overall exposure of the unmodified
parent molecule in KO mouse livers.

Pharmacokinetic evaluation of the tafenoquine 5,6-ortho-
quinone metabolite. The results presented above indicate that
differential CYP 2D metabolism in mice has an effect on the
overall pharmacokinetic profile of tafenoquine and primarily
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FIG 4 Relative fold changes of primaquine and tafenoquine KO pharmaco-
kinetic parameters from reference (WT) parameters in mouse liver. Indicated
are the fold changes of primaquine and tafenoquine pharmacokinetic param-
eters in the CYP 2D KO strain compared to WT C57BL/6 mice. A value of 1
represents no relative change in the pharmacokinetic parameter between the
KO and WT mice. The shading is provided for visual clarity. The error bars
show the standard deviations of relative fold changes for KO pharmacokinetic
parameters compared to WT mean pharmacokinetic parameter values. The
primaquine comparison was conducted using results from Potter et al. (25).

alters elimination kinetics in vivo. To further investigate the
effect of differential CYP 2D metabolism on tafenoquine phar-
macokinetics, the presence of a 5,6-ortho-quinone metabolite
of tafenoquine was probed in both plasma and liver matrices.
The pharmacokinetic results obtained for the tafenoquine 5,6-
ortho-quinone metabolite are shown in Fig. 3. The plasma pro-
file is shown in Fig. 3A and indicates that the metabolite was
present in plasma from WT mice and reached a mean maxi-
mum concentration of 6.1 ng/ml. A small amount of this me-
tabolite was also detected in plasma from the KO animals, al-
beit at considerably lower levels. The liver profiles of the
tafenoquine 5,6-ortho-quinone metabolite are shown in Fig. 3B
and indicated trends similar to those in the plasma pharmaco-
kinetic profiles. The metabolite was at the highest abundance in
the WT animals, reaching a maximum concentration of 172.6
ng/ml. Interestingly, the half-life of the 5,6-0rtho-quinone me-
tabolite in the WT species was similar to that of the
parent tafenoquine (tafenoquiney,., t,,, = 83.5 h; 5,6-ortho-
quinoney,, t;, = 61.8 h). The similar half-lives likely resulted
from slow release of the 5,6-ortho-quinone species in vivo from
CYP 2D-mediated metabolism of tafenoquine. Additional evi-
dence that supports metabolic release of the 5,6-ortho-quinone
species from tafenoquine is the significantly shorter half-life and
the pharmacokinetic profile of the same 5,6-ortho-quinone me-
tabolite when dosed independently (5,6-ortho-quinone from
tafenoquine [f,,, jver = 61.8 h] versus 5,6-ortho-quinone dosed
independently [#,,, jiver = 4.0 h]) in WT animals (see the supple-
mental material). The lower levels of the 5,6-ortho-quinone me-
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tabolite in the KO animals indicates that these animals were less
efficient at metabolizing tafenoquine than the WT animals. Addi-
tionally, the lower levels of the 5,6-ortho-quinone metabolite in
the poor-metabolizer mice indicates that there is likely an addi-
tional, less efficient metabolic pathway capable of producing the
5,6-ortho-quinone species. These results indicate possible meta-
bolic switching of tafenoquine phenolic metabolism to another,
less efficient cytochrome P450 enzyme(s) in the absence of CYP
2D metabolism.

DISCUSSION

The pharmacokinetic analysis presented above for tafenoquine
aids in the understanding of tafenoquine efficacy in the context of
CYP 2D6 metabolism/activation. Tafenoquine’s long in vivo elim-
ination half-life (mouse, ~60 h; human, ~325 h) and in vitro
stability have complicated in-depth metabolism studies (13, 16).
The results presented above provide in vivo evidence that tafeno-
quine pharmacokinetics differ depending on CYP 2D metabolizer
status in mice. The changes in pharmacokinetic profiles for
tafenoquine in the KO strain versus WT mice were of lower mag-
nitude than what was observed previously for primaquine (25).
These differences in the KO versus WT mouse strains for both
molecules in the liver are summarized in Fig. 4 as fold changes in
PK parameters (KO versus WT). Decreased CYP 2D enzyme ac-
tivity had no major impact on either the primaquine or tafeno-
quine half-life or T,,,, in mouse liver. C,,,,, values were higher for
both primaquine (8.8-fold) and tafenoquine (2.9-fold) in the KO
mice than in the WT strain. AUC,,¢is another parameter that was
elevated for both primaquine (34-fold) and tafenoquine (2.9-
fold) in the KO strain compared to the WT mice. These changes
likely arise from decreased CYP 2D-mediated clearance of both
molecules, as indicated by decreased liver CL/F parameters for
primaquine (25-fold) and tafenoquine (3-fold) in the KO mice
compared to the WT strain.

These pharmacokinetic results suggest that all 8-aminoquino-
line molecules that are processed by CYP 2D6 for radical curative
activity will likely have variable pharmacokinetics in humans. Hu-
mans with the poor-metabolizer CYP 2D6 phenotype, who can-
not metabolize tafenoquine to an active metabolite(s), will likely
have decreased tafenoquine clearance and elevated AUC values
compared to individuals of the CYP 2D6 extensive-metabolizer
phenotype. A controlled clinical study of tafenoquine pharmaco-
kinetics in human CYP 2D6 poor-, intermediate-, and extensive-
metabolizer genotypes/phenotypes is required to confirm these
results. Changes in tafenoquine CYP 2D6-mediated clearance
could potentially exacerbate any parent molecule-mediated tox-
icity despite drastically reducing its liver-stage efficacy mediated
through CYP 2D6 metabolism. Measurements of drug-associated
toxicity were not taken during these pharmacokinetic experi-
ments, and further toxicological studies could be conducted in
WT and CYP 2D KO mice to determine if there is a difference due
to altered CYP 2D metabolism. The tafenoquine-CYP 2D interac-
tion is also problematic due to the likelihood of CYP 2D6-medi-
ated drug-drug interactions in humans with other antimalarial
drugs and commonly prescribed medications. It is currently un-
known if these interactions exist and how they would alter efficacy
and toxicity.

In addition to parent tafenoquine pharmacokinetics, the for-
mation of a dearylated metabolite was confirmed in plasma and
livers of tafenoquine-treated mice. The exact role that the 5,6-
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ortho-quinone species plays in tafenoquine efficacy and/or hemo-
Iytic toxicity remains to be determined; however, its presence in-
dicates that mouse CYP 2D metabolism is capable of producing
metabolites for tafenoquine similar to those previously reported
for primaquine (25). The 5,6-ortho-quinone species of tafeno-
quine would likely be a stable oxidative product of the 5-dearyla-
tion pathway. The 5 position of primaquine is open for oxidative
modification and differs from that of tafenoquine in that tafeno-
quine has a 5-O-aryl group that prevents the 5 position from di-
rect oxidation. Tafenoquine has been previously reported to un-
dergo oxidative cleavage of the O-aryl moiety (32), presumably via
arene oxide formation and subsequent hydrolytic cleavage (33). It
is likely that human CYP 2D6 also catalyzes the conversion of
tafenoquine to the 5,6-ortho-quinone species, in addition to pro-
ducing other phenolic metabolites. One or more of these metab-
olites are likely capable of redox cycling and generating oxidative
stress that is responsible for tafenoquine radical cure activity.
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