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ABSTRACT The new 2-aminomethylphenol, JPC-3210, has potent in vitro antimalar-
ial activity against multidrug-resistant Plasmodium falciparum lines, low cytotoxicity,
and high in vivo efficacy against murine malaria. Here we report on the pharmacoki-
netics of JPC-3210 in mice and monkeys and the results of in vitro screening assays,
including the inhibition of cytochrome P450 (CYP450) isozymes. In mice, JPC-3210
was rapidly absorbed and had an extensive tissue distribution, with a brain tissue-to-
plasma concentration ratio of about 5.4. JPC-3210 had a lengthy plasma elimination
half-life of about 4.5 days in mice and 11.8 days in monkeys. JPC-3210 exhibited lin-
ear single-oral-dose pharmacokinetics across the dose range of 5 to 40 mg/kg of
body weight with high oral bioavailability (�86%) in mice. Systemic blood exposure
of JPC-3210 was 16.6% higher in P. berghei-infected mice than in healthy mice. In
vitro studies with mice and human hepatocytes revealed little metabolism and the
high metabolic stability of JPC-3210. The abundance of human metabolites from oxi-
dation and glucuronidation was 2.0% and 2.5%, respectively. CYP450 studies in hu-
man liver microsomes showed JPC-3210 to be an inhibitor of CYP2D6 and, to a
lesser extent, CYP3A4 isozymes, suggesting the possibility of a metabolic drug-drug
interaction with drugs that are metabolized by these isozymes. In vitro studies
showed that JPC-3210 is highly protein bound to human plasma (97%). These desir-
able pharmacological findings of a lengthy blood elimination half-life, high oral
bioavailability, and low metabolism as well as high in vivo potency have led the
Medicines for Malaria Venture to select JPC-3210 (MMV892646) for further ad-
vanced preclinical development.
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Although antimalarial drugs continue to reduce malaria-related morbidity and
mortality, there were still 212 million malaria cases and 429,000 deaths from

malaria in 2015 (1, 2). Currently, the most effective antimalarials are artemisinin-based
combination therapies (ACTs), such as artesunate-mefloquine and dihydroartemisinin-
piperaquine. The ACTs are recommended for first-line treatment of uncomplicated
malaria, with the artemisinin derivative rapidly reducing the parasite biomass and the
slower-acting partner drug preventing recrudescence (3). However, the development
and spread of resistance (2) to both partner drugs in ACTs in Southeast Asia (4–6),
particularly in the Greater Mekong subregions, are of immense concern, with health
authorities trying to instigate ACT resistance containment and elimination measures (7).
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For example, in western Cambodia (2012 to 2014) and southern Vietnam (2014 and
2015), dihydroartemisinin-piperaquine failure rates were reported to be as high as 54%
(8) and 26% (9), respectively. Along the Thailand-Myanmar border, the efficacy of
artesunate-mefloquine also continues to decline, from 100% in 2003 to 81% in 2013,
and those patients with both Plasmodium falciparum K13 (PfK13) propeller mutations (a
molecular marker for artemisinin resistance) and multiple copies of P. falciparum mdr1
(a molecular marker for mefloquine resistance) are 14 times more likely to fail treatment
(10).

The demise of ACTs with resistance to both partner drugs highlights the need to
develop new antimalarial drugs. In addition to developing fast-acting nonartemisinin
derivatives, newer longer-acting partner drugs are urgently required. We recently
reported on the preclinical development of a 2-aminomethylphenol antimalarial com-
pound, JPC-2997 (11), that resulted from comprehensive structure-activity relationship
(SAR) studies of this class of molecule. These SAR studies have subsequently identified
a superior trifluoromethyl pyridine analog of 2-aminomethylphenol, JPC-3210 (12), with
improved in vitro and in vivo activity and a longer elimination half-life in mice (13). Thus,
JPC-3210 has replaced JPC-2997 as the lead compound and is currently in preclinical
development by the Medicines for Malaria Venture (MMV) and given the number
MMV892646.

To aid the preclinical development of JPC-3210, we have assessed the pharmaco-
kinetics (PK) of JPC-3210 in healthy mice, infected mice, and healthy monkeys. More-
over, we also determined the oral bioavailability, red blood cell partitioning, and plasma
protein binding of JPC-3210 and its concentrations in whole blood and mouse brain
tissue. Finally, we determined the in vitro metabolism and the potential influence of
JPC-3210 on the activity of cytochrome P450 (CYP450) isoforms.

RESULTS AND DISCUSSION
Pharmacokinetics of JPC-3210 in healthy and infected mice. The mean plasma

concentration-versus-time profiles of JPC-3210 in mice administered single escalating
oral doses of 5 to 80 mg/kg of body weight of JPC-3210 are shown in Fig. 1. JPC-3210
was rapidly absorbed, with the maximum concentration (Cmax) occurring within 0.5 to
1 h after dosing, and thereafter, plasma concentrations declined in a biphasic fashion,
with a terminal elimination half-life (t1/2) of about 108 h across the five doses evaluated.
Although the Cmax of JPC-3210 increased less than dose proportionally, linear PK were
seen across the range of 5 to 40 mg/kg, with the values of the area under the
concentration-time curve (AUC) and apparent oral clearance (CL/F) being proportional
to the dose (Table 1). For example, following 40 mg/kg of JPC-3210, the plasma Cmax

was 2,397 ng/ml, the time to Cmax (Tmax) was 0.5 h, and t1/2 was 109 h. The blood
concentration-versus-time curves of JPC-3210 paralleled the plasma profiles, with the
blood-to-plasma AUC ratios being 0.63 for 5 mg/kg, 0.66 for 10 mg/kg, 0.62 for 20
mg/kg, 0.67 for 40 mg/kg, and 1.12 for 80 mg/kg, suggesting that JPC-3210 does not
associate with red blood cells (data not shown). This is contrary to the findings for other
quinoline antimalarials, such as chloroquine (14), desethylamodiaquine (15), piper-
aquine (16), and pyronaridine (17), which concentrate in red blood cells.

JPC-3210 is extensively distributed to tissues with a mean apparent volume of
distribution (V/F) of 40 � 5 liters/kg and has a low CL/F of 271 � 23 ml/h/kg across the
dose range of 5 to 40 mg/kg. The lengthy t1/2 and high V/F of JPC-3210 are in accord
with the compound being lipophilic, with a relatively high calculated partition coeffi-
cient between n-octanol and water (clogP) of 5.63 (unpublished data). The adminis-
tered doses of JPC-3210 were well tolerated in mice, with no adverse events being
observed.

A comparison of the PK of JPC-3210 in healthy and P. berghei-infected mice after a
single oral dose of 80 mg/kg of JPC-3210 is presented in Table 2. In the present study,
the mean � standard deviation (SD) parasitemia was 6.9% � 2.2% before treatment. As
previously reported, JPC-3210 is not a rapidly acting antimalarial drug (13). By day 4
posttreatment, 4 of 5 mice were still parasitemic, but by day 5, all mice were blood film
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negative after the single oral dose of 80 mg/kg of JPC-3210, with no recurrence of
malaria over a 28-day follow-up period.

The blood Cmax and AUC of JPC-3210 were 1.16-fold and 1.20-fold higher, respec-
tively, in mice infected with P. berghei than in healthy mice. This reflects the fact that
the rate of absorption (Cmax) and the extent of exposure (AUC) of JPC-3210 were higher
in infected mice than in healthy mice. Although it is quite possible that parasitized red
blood cells accumulate JPC-3210, a contraction in the volume of distribution (i.e., a
reduction in the tissue/organ concentrations of JPC-3210) could also contribute to the
increase in the blood concentrations of JPC-3210 due to infection (V/F, 46 liters/kg
versus 78 liters/kg). The Tmax of JPC-3210, about 1 h, was comparable between healthy
and infected mice. The t1/2 of JPC-3210 in blood was estimated to be 106 h in healthy
mice and 152 h in infected mice. The corresponding t1/2 values in plasma were 137 h
and 125 h.

High oral bioavailability of JPC-3210. The plasma concentration-versus-time pro-
files of JPC-3210 following oral (16 mg/kg) or intravenous (2 mg/kg) administration of
JPC-3210 to healthy mice are shown in Fig. 2, and the PK data are summarized in the
supplemental material. After intravenous administration, the plasma concentrations of
JPC-3210 declined in a monophasic fashion, with the mean values of the PK parameters

FIG 1 Mean � SD plasma concentration-versus-time profiles of JPC-3210 in mice administered a single
oral dose of 5, 10, 20, 40, or 80 mg/kg of JPC-3210. (Inset) Mean � SD plasma concentration-time profiles
of JPC-3210 over the first 48 h after dosing with 5, 10, 20, 40, or 80 mg/kg of JPC-3210. Each data point
represents the mean JPC-3210 concentration from 5 mice.

TABLE 1 Pharmacokinetic properties of JPC-3210 in healthy mice administered a single
oral dose of JPC-3210 of between 5 mg/kg and 80 mg/kga

Dose
(mg/kg)

Cmax

(ng/ml) Tmax (h) t1/2 (h)
AUC
(�g · h/liter)

V/F
(liters/kg)

CL/F
(ml/h/kg)

5 622 1 112 20,691 39 242
10 1,357 0.5 90 37,893 34 264
20 2,117 1 94 69,134 39 289
40 2,397 0.5 109 138,509 45 289
80 4,015 1 137 199,951 79 400
aData were derived from plasma concentration-versus-time profiles.
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being as follows: Cmax, 847 ng/ml; Tmax, 0.083 h, and t1/2,139 h. The corresponding PK
values after oral dosing were 1,180 ng/ml, 2 h, and 169 h. The area under the
concentration-time curve from 0 h to the last data point (AUC0¡last) after oral dosing
was 111,000 �g · h/liter, whereas AUC0¡last after intravenous dosing was 16,100 �g ·
h/liter. The oral bioavailability of JPC-3210 was high at 86.2% (AUC0¡last, 13,875 �g ·
h/liters/16,100 �g · h/liters).

JPC-3210 distributes to mouse brain tissue. The extent of drug partitioning into
brain tissue may affect the efficacy and/or toxicity of drugs, including antimalarials. In
the present study, JPC-3210 was found to concentrate in the brain, with a mean � SD
brain tissue-to-plasma ratio (Kp) of 4.6 � 1.4 at 2 h, 5.0 � 0.7 at 24 h, and 6.7 � 1.3 at
72 h after oral administration of JPC-3210 in mice, which are in accord with its relatively
high apparent volume of distribution and lipophilic properties. In comparison to
JPC-3210, mefloquine, a drug that can cause neurological disturbances in some indi-
viduals due to its highly lipophilic properties and extensive distribution to tissues, has
a Kp of 3.9 at 24 h after intravenous administration of the drug in mice (18). However,
Kp is based on a crude homogenization of brain tissue and as such ignores the
compartmentalization of the brain. A high Kp may favor nonspecific binding to brain
lipids rather than unbound brain concentrations at the requisite site of action (19).
Further in vitro, in vivo, and in silico studies are required to assess JPC-3210’s potential
neurotoxicity and permeability across the blood-brain barrier, including distinguishing
the total JPC-3210 concentration from the unbound brain concentration.

TABLE 2 Pharmacokinetic properties of JPC-3210 in healthy and Plasmodium berghei
(ANKA strain)-infected mice following a single oral dose of 80 mg/kg of JPC-3210

Compartment and
animal status

Cmax

(ng/ml) Tmax (h) t1/2 (h)
AUC
(�g · h/liter)

V/F
(liters/kg)

CL/F
(ml/h/kg)

Plasma
Healthy 4,015 1 137 199,951 79 400
Infected 2,652 1 125 219,018 66 365

Blood
Healthy 2,929 1 152 224,244 78 357
Infected 3,407 0.5 106 268,886 46 298

FIG 2 Mean � SD plasma concentration-versus-time profiles of JPC-3210 in mice administered a single
oral dose (16 mg/kg; closed circles) and an intravenous dose (2 mg/kg; open circles) of JPC-3210. (Inset)
Mean � SD plasma concentration-time profiles of JPC-3210 over the first 24 h after dosing with a single
oral dose (16 mg/kg; closed circles) and an intravenous dose (2 mg/kg; open circles) of JPC-3210. Each
data point represents the mean JPC-3210 concentration from 3 mice.
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Pharmacokinetics of JPC-3210 in monkeys. JPC-3210 was well tolerated in cyn-
omolgus macaque monkeys after administration of 10 mg/kg given once daily for 3
days, with no serious adverse events being observed (see the supplemental material).
Hematology and biochemical indices were comparable before and after dosing (see the
supplemental material). The mean blood and plasma concentration-versus-time profiles
of JPC-3210 in the monkeys are shown in Fig. 3. The enterically coated, extended-
release tablets of JPC-3210 were designed to prevent the dissolution or disintegration
of the dosage form in the stomach of the monkeys. The slow release of JPC-3210 is
expected to reduce the peak blood concentrations of the compound, which should
assist in minimizing toxicity compared with that of noncoated tablets of JPC-3210.

The slow absorption of JPC-3210 was evident, with plasma JPC-3210 concentrations
being below the limit of quantification (0.5 ng/ml) at 1 h after the first dose in all 3
monkeys and only one monkey having measureable JPC-3210 concentrations at 3 h
after dosing. By 6 h after the first dose, all monkeys had measureable JPC-3210
concentrations, with a mean plasma value of 34 � 54 ng/ml (median, 3.8 ng/ml; range,
1.2 to 96 ng/ml). Before the next dose at 24 h and 48 h, the mean plasma JPC-3210
concentrations were 108 � 28 ng/ml and 125 � 20 ng/ml, respectively. With the
sampling schedule used, the Cmax of JPC-3210 was 221 � 23 ng/ml, which was
achieved at 72 h after starting the 3-day regimen. Following achievement of the Cmax,
plasma JPC-3210 concentrations declined biphasically, with a mean area under the
concentration-time curve from the last data point to infinity (AUC0¡∞) of 44,901 �

4,581 �g · h/liter and a lengthy t1/2 of 284 � 42 h. Blood JPC-3210 concentrations
paralleled the plasma profile for each monkey, with a mean AUC0¡∞ of 54,914 � 2,678
�g · h/liters and a t1/2 of 286 � 42 h. The mean blood-to-plasma JPC-3210 concentra-
tion ratio was 1.23 � 0.06.

JPC-3210 has an association with human red blood cells. Human red blood cell
partitioning in vitro revealed a mean � SD blood cell-to-plasma concentration ratio of
1.16 � 0.01, suggesting uptake by blood cells. This value was in accord with the
blood-to-plasma JPC-3210 concentration ratio of 1.23 measured in the cynomolgus

FIG 3 Mean � SD blood and plasma concentration-versus-time profiles of JPC-3210 in cynomolgus
macaque monkeys administered 10 mg/kg of JPC-3210 daily for 3 days (red circles, blood; black circles,
plasma). (Inset) Mean � SD blood and plasma concentration-time profiles of JPC-3210 over the first 168
h after dosing with 10 mg/kg of JPC-3210 daily for 3 days. Each data point represents the mean JPC-3210
concentration from 3 monkeys.
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macaque monkey study. In contrast, in mice there was a limited association of JPC-3210
with red blood cells, with a blood-to-plasma JPC-3210 concentration ratio of approxi-
mately 0.65 across the dose range of 5 to 40 mg/kg, which suggests differences in
JPC-3210 uptake in blood cells between monkeys and mice in vivo.

JPC-3210 is highly plasma protein bound. In undiluted human plasma, the
protein binding of JPC-3210 was very high, with no evidence of concentration depen-
dence being detected at concentrations between 500 nM (97.62% � 0.04%) and 5,000
nM (97.66% � 0.29%). The corresponding mean � SD values for desethylamodiaquine
were 82.26% � 1.87% and 84.14% � 1.80%, and those for tafenoquine were �99.5%
at both 500 nM and 5,000 nM. The protein binding values obtained in the present study
for desethylamodiaquine and tafenoquine are in accord with the findings by others of
86% for desethylamodiaquine (20) and �99.5% for tafenoquine (21), using equilibrium
dialysis.

JPC-3210 is metabolically stable with low metabolism. Because hepatocytes are
metabolically competent with respect to a wide range of phase I and II pathways, they
provide very useful mechanistic, metabolic, and potential toxicity information for new
chemical entities (22). JPC-3210 was metabolically stable at 10 �M in hepatocytes from
mice, dogs, monkeys, and humans (�5% conversion at 10 �M after 4 h of incubation).
At 1 �M JPC-3210, �5% was converted in mouse and dog hepatocytes, whereas �11%
was converted in monkey and human hepatocytes. In contrast, rat hepatocytes con-
verted over 50% and 20% of JPC-3210 at 1 �M and 10 �M of the compound,
respectively.

Investigations of JPC-3210 metabolites using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) of hepatocyte extracts resulted in the tentative identification
of 10 metabolites, with oxidation (metabolite M414/1-2) and glucuronidation (metab-
olite M574/1) being the major routes of JPC-3210 metabolism. Consistent with the
metabolic stability data, JPC-3210 was the predominant component in mouse, dog,
monkey, and human hepatocytes. M414/1-2, M574/1, and M590/3 (oxidation and
glucuronidation) were identified as minor metabolites in mouse and dog hepatocytes,
accounting for �1.6% of the total drug-related components. In contrast, �12.1% of the
total drug-related components were metabolites in monkey hepatocytes, with M414/2
being the most abundant metabolite, accounting for 10% and 7.4% in hepatocyte
incubations with 1 �M and 10 �M JPC-3210, respectively. In human hepatocytes,
�7.1% of JPC-3210 was metabolized, with M574/1 being the most abundant metab-
olite (4.5% at 1 �M and 2.5% at 10 �M), followed by M414/2 (2.4% at 1 �M and 2.0%
at 10 �M) (Fig. 4), and with other metabolites (M414/1, M428/1, M430/2, and M590/1-4)
each accounting for �0.2% of the total drug-related components.

Cytochrome P450 inhibition profile for JPC-3210. In expectation that JPC-3210
will be developed as a partner drug for malaria treatment, there is the possibility that
PK drug-drug interactions (DDI) will lead to the reduced efficacy or toxicity of the
coadministered drugs. Because the cytochrome P450 (CYP450) enzymes play a major
role in the metabolism of drugs, inhibition of CYP450 enzymes is one of the most
common causes of DDI and is screened as early as possible in drug development (23).

FIG 4 Structures of JPC-3210 and the two main metabolites identified in human hepatocytes in vitro after
4 h of incubation. Percentages of original JPC-3210 are shown. MH, mouse hepatocytes; RH, rat
hepatocytes; DH, dog hepatocytes; MKH, monkey hepatocytes; HH, human hepatocytes.
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To predict a potential clinical DDI, we evaluated the time-dependent inhibition of
human cytochrome P450 enzymes by JPC-3210, which showed the compound to be a
reversible potent inhibitor of CYP2D6 with a 50% inhibitory concentration (IC50) of 1.1
�M, whereas the IC50 of paroxetine is 1.2 �M. No evidence for mechanism-based
inhibition of CYP2D6 was observed. JPC-3210 was a moderate inhibitor of CYP3A4
(testosterone) with potential mechanism-based inhibition (IC50 preincubation, 16.5 �M
without NADPH versus 4.9 �M with NADPH; IC50 fold shift, 3.4). The compound was not
an inhibitor of CYP1A2, CYP2B6, CYP2C8, CYP2C9, or CYP2C19, with IC50s being �40
�M. These findings suggest that a DDI could occur between JPC-3210 and other
antimalarial drugs that are metabolized significantly by either CYP2D6 or CYP3A4, such
as primaquine (24), piperaquine (16), pyronaridine (25, 26), and mefloquine (27). Of
note, pyronaridine, the latest ACT long-acting partner drug marketed as Pyramax, has
the same inhibitory effect (IC50, 1.1 �M) on CYP2D6 as JPC-3210. The clinical impor-
tance of an antimalarial DDI has recently been reported with the coadministration of
pyronaridine and primaquine, leading to a decrease in the oral clearance of primaquine,
presumably due to pyronaridine’s inhibition of CYP2D6 and/or CYP3A4 (28). Thus, the
clinical relevance of JPC-3210’s inhibitory effect on CPY2D6 does require in vivo
investigations and will be dependent on its blood exposure and protein binding.

Conclusions. MMV (www.mmv.org) has defined ideal and minimally acceptable
characteristics of clinical candidate molecules which are needed to treat and prevent
malaria (29). Of the four target candidate profiles (TCPs) defined, JPC-3210 appears to
meet the criteria for both TCP 2 (a long-duration partner to complete the clearance of
the blood-stage parasites) and TCP 4 (chemoprotection). The long elimination half-life
of JPC-3210, together with its lengthy protective effect, suggests that it may have
potential as a chemoprophylactic agent. MMV has listed JPC-3210 as part of its pipeline
of new antimalarial compounds for further preclinical evaluation (30).

JPC-3210 is a potent new antimalarial compound with linear PK across the dose
range of 5 to 40 mg/kg; it has a high oral bioavailability of 86% and a long elimination
half-life of about 4.5 days in mice. In cynomolgus monkeys, the plasma elimination
half-life was also lengthy, at about 11.8 days. JPC-3210 has a low level of hepatic
metabolism but has some CYP2D6- and CYP3A4-inhibitory activity. The favorable
pharmacological properties make JPC-3210 suitable for further development as an ACT
partner drug in a two- or three-drug combination and/or as a chemoprophylactic
agent. Toxicological studies of JPC-3210 in rats and targeted drug metabolism PK
studies are now being planned by MMV.

MATERIALS AND METHODS
Drugs. 4-(tert-Butyl)-2-[(tert-butylamino)methyl]-6-[5-fluoro-6-(trifluoromethyl)pyridin-3-yl]phenol

(JPC-3210; chemical formula, C21H26F4N2O; molecular weight, 398.44) and its stable deuterated analog
(internal standard for LC-MS/MS), 4-(1,1-di(methyl-d3)ethyl-2,2,2-d3)-2-((tert-butylamino)methyl)-6-(5-
fluoro-6-(trifluoromethyl)pyridin-3-yl)phen-3,5-d2-olhydrochloride(JPC-3302;chemical formula,C21H16D11

ClF4N2O; molecular weight, 445.97), were provided by Jacobus Pharmaceutical Company. The synthesis
will be described in detail elsewhere. Desethylamodiaquine (the active metabolite of amodiaquine) was
obtained from the WorldWide Antimalarial Resistance Network Reference Standard Programme (Bang-
kok, Thailand), and tafenoquine was obtained from Sigma-Aldrich (St. Louis, MO).

Pharmacokinetics of JPC-3210 in healthy and infected mice. For the PK studies, Swiss outbred
ARC (Animal Resource Centre, Murdoch, Western Australia) female mice (age, 6 to 8 weeks; weight range,
22 g to 39 g) were used. For the single-escalating-dose study of JPC-3210, groups (n � 5) of healthy mice
were given 5, 10, 20, 40, or 80 mg/kg of JPC-3210 by oral gavage. For the infection study, groups (n �
5) of healthy mice were inoculated intraperitoneally with 2 � 106 erythrocytes infected with Plasmodium
berghei of the chloroquine-sensitive ANKA strain. For the determination of parasitemia, blood (�0.020
ml) was collected from the tail vein of mice on day 4 after parasite inoculation for producing thin blood
films, with an expected parasitemia of 6 to 9%. The mice were then treated with a single oral dose of 80
mg/kg of JPC-3210 by oral gavage. This dose was selected as it was expected to clear an established
infection of P. berghei, without recrudescence. In contrast, a lower dose of 40 mg/kg of JPC-3210 does
not prevent the reappearance of infection (unpublished data) and, thus, would not provide the
opportunity to characterize the disposition of JPC-3210 over the 28-day follow-up period. Blood films
were collected on days 4 and 5 after JPC-3210 administration and then intermittently every 3 to 4 days
until day 28 of follow-up after commencement of treatment. Blood films were Giemsa stained at 10% for
5 min and read by a WHO-certified level 1 microscopist.
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JPC-3210 was prepared in ethanol-Tween 80-distilled water (10:10:80 [vol/vol/vol]). For the PK studies
in healthy and infected mice, groups of 5 mice were used at each of the 18 PK sampling time points. The
mice, anesthetized with carbon dioxide, were bled by cardiac puncture at 0 h (before dosing), at 0.25, 0.5,
1, 2, 3, 6, 12, and 24 h, and then at days 2, 3, 4, 5, 7, 11, 14, 21, and 28 after JPC-3210 administration. Blood
samples (0.7 ml) were collected using EDTA as the anticoagulant. After aliquoting 0.2 ml of blood, the
remaining blood was centrifuged at 16,000 � g for 5 min at 4°C and the plasma was collected. Blood and
plasma samples were then stored at �80°C until analyzed by LC-MS/MS.

Oral bioavailability. The oral bioavailability of JPC-3210 in groups of 3 CD-1 male mice (age, 7 to 8
weeks; weight range, 28 g to 35 g; Charles River Laboratories, Wilmington, MA) was performed by
PharmOptima (Portage, MI) as described by Sietsema (31). Thirty-six mice were administered an intra-
venous dose of 2 mg/kg of JPC-3210, and 36 mice were administered an oral dose of 16 mg/kg of
JPC-3210. The intravenous dose of JPC-3210 was prepared in ethanol–5% Tween 80 in phosphate-
buffered saline solution (1:49 [vol/vol]) and administered by bolus (slow-push) injection in the tail vein.
The oral dose of JPC-3210 was prepared as a uniform suspension in hydroxyethylcellulose-Tween
80-distilled water (0.5:0.1:99.4 [vol/vol/vol]) and administered by oral gavage. At the time points 0, 0.5,
1, 2, 8, 24, 48, 72 h and then days 7, 10, 14, 21, and 28 for oral dosing and 0, 0.083, 0.5, 1, 2, 8, 24, 48,
72 h and then days 7, 14, 21, and 28 for intravenous administration, the mice were anesthetized with
carbon dioxide and blood was collected by cardiac puncture using EDTA as the anticoagulant. Blood
samples were centrifuged at 1,500 � g for 10 min at 4°C, and the plasma was separated. The plasma
samples were stored at �20°C until analyzed by LC-MS/MS.

Mouse brain tissue concentration of JPC-3210. Because the chlorophenylphenol, WR 194,965,
which was used to derive the synthesis of aminomethylphenols, such as JPC-3210, produced dose-
limiting central nervous system effects (e.g., light-headedness and nausea) in humans (32), it was
considered pertinent to determine the brain penetration of JPC-3210. The mouse brain tissue concen-
trations were determined by PharmOptima (Portage, MI) in 3 groups of 4 CD-1 male mice (age, 7 weeks;
weight range, 28 g to 31 g) administered 16 mg/kg of JPC-3210 by oral gavage. At the time points 2, 24,
and 72 h, mice (n � 12) were anesthetized with carbon dioxide, blood was collected by cardiac puncture
using EDTA as the anticoagulant and centrifuged, and plasma was collected and stored at �20°C until
analyzed. Following blood collection, the mice were perfused with phosphate-buffered saline to remove
residual blood from the brain vasculature and the brains were removed and stored at �80°C. Each brain
was placed in a Precellys 24 Dual tube (containing mixed ceramic beads), and a consistent aliquot of
50:50 methanol-water per milligram of total brain weight was added to each tube. Brain samples were
homogenized (at a Precellys temperature of between �10°C to 0°C) at 5,500 rpm for 3 cycles of 30 s each
with 20-s pauses between cycles. The concentrations of JPC-3210 in brain and plasma samples were
analyzed by LC-MS/MS, and the brain tissue homogenate (in nanograms per gram)-to-plasma (in
nanograms per milliliter) ratio (the most commonly used parameter for measuring brain penetration) was
calculated.

Pharmacokinetics of JPC-3210 in monkeys. Three male cynomolgus macaque (Macaca fascicularis)
monkeys (mean age, 3.4 � 0.3 years; mean body weight, 5.3 � 0.5 kg; body weight range, 5.0 kg to 5.9
kg) were used for the PK study. The three monkeys were administered enterically coated, extended-
release tablets containing 50 mg of JPC-3210 as the free base (equivalent to �10 mg/kg of JPC-3210;
total dose, 30 mg/kg). The preparation of the enterically coated, extended-release tablets will be reported
elsewhere. The monkeys received one tablet per day for three consecutive days at 24-h intervals. The
tablet was placed at the tip (precut) of the Kendall 18 Fr feeding tube (Covidien, Norwalk, CT). An Argyle
catheter (Covidien, Norwalk, CT) (going through the Kendall catheter) was used as a stylet to push the
tablet into the animal’s stomach.

Blood samples (0.5 ml on each occasion) for PK analysis were collected from the femoral and
saphenous veins of the monkey at 0 (before dosing), 1, 3, 6, 24, 25, 27, 30, 48, 49, 51, and 54 h and then
at 3, 7, 10, 14, 21, 25, 28, 35, 42, 48, 49, 56, 63, 70, and 77 days after commencement of JPC-3210
administration. Blood samples were collected in BD Microtainer NaFl-EDTA tubes (Becton, Dickinson and
Company, Franklin Lakes, NJ). The blood samples were transferred to Eppendorf LoBind tubes (Sigma-
Aldrich, St. Louis, MO) and centrifuged at 1,350 � g at 4°C for 10 min. The separated plasma samples
were transferred to clean LoBind tubes and stored at �80°C. The samples were shipped to the Australian
Army Malaria Institute (AMI; Brisbane, Australia) on dry ice for LC-MS/MS analysis. Additional blood
samples were collected on day �14 before treatment with JPC-3210 and 54 h and day 	77 after starting
treatment to establish values for complete blood counts and blood chemistries. These blood collections
were prior to drug dosing, at 6 h after the last dose of the 10 mg/kg for 3 days JPC-3210 regimen, and
at the conclusion of the study (see the supplemental material). For tolerability assessment, the monkey’s
appetite, attitude, and body weight were recorded during the study, and the data are shown in the
supplemental material.

Red blood cell partitioning of JPC-3210. The in vitro blood partitioning of JPC-3210 was deter-
mined using an LC-MS/MS-based depletion assay that measures the concentration of JPC-3210 in plasma
that has been equilibrating with red blood cells as previously described (33). Briefly, JPC-3210 was spiked
in duplicate into fresh human whole blood and plasma (single donor) to a targeted concentration of 500
ng/ml. Both the spiked whole blood and plasma control were mixed gently and then incubated at 37°C
for 60 min. The whole-blood samples were then centrifuged at 3,000 � g for 5 min to yield the plasma.
The plasma samples from both incubations were analyzed by LC-MS/MS. The red blood cell partitioning
ratio was calculated as the measurement of JPC-3210 in the plasma control against the measurement of
JPC-3210 in the plasma equilibrated with the red blood cells.
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JPC-3210 plasma protein binding. Plasma protein binding was investigated using an ultrafiltration
method (34). This procedure uses centrifugation through a semipermeable membrane to separate small
molecules, such as antimalarial drugs, from plasma proteins and protein-drug complexes. Briefly, 500 �l
of fresh human plasma was spiked with JPC-3210 in duplicate at both 500 nM (199.2 ng/ml) and 5,000
nM (1,992 ng/ml) and incubated at 37°C for 1 h to allow drug-protein binding to occur. The control drugs,
desethylamodiaquine (500 nM [308.6 ng/ml] and 5,000 nM [3,086 ng/ml]) and tafenoquine (500 nM
[231.7 ng/ml] and 5,000 nM [2,317 ng/ml]) were set up in parallel. Centrifugal filter devices (Microcon
Ultracel 10K; Merck Millipore, Bayswater, VIC, Australia) were prepared by centrifuging 400 �l of the
nonionic surfactant, 5% Tween 80, at 2,000 � g for 30 min to reduce nonspecific binding of drug to the
device (35). After the 1 h of incubation, duplicate 50-�l samples were taken and transferred to
microcentrifuge tubes, labeled as prefiltration samples, and stored at �80°C. Four hundred microliters of
each plasma-drug mix was then loaded into a prepared ultrafiltration device and spun at 2,000 � g for
30 min. Fifty-microliter samples of eluate were collected in duplicate from each device and assayed by
LC-MS/MS together with the prefiltration samples. The percent drug binding to plasma protein was
determined by calculating the fraction of drug that passed through the filter membrane.

Drug and pharmacokinetic analysis. Blood and plasma concentrations of JPC-3210 were measured
by LC-MS/MS. The lower limit of quantification of JPC-3210 was 0.5 ng/ml in both blood and plasma, with
an inaccuracy of �7.8%, using 50 �l of sample, as previously described (13), with the modification that
JPC-3302 (m/z 410.3/337.4) was used as the internal standard. The interassay precision of the analysis
(percent coefficient of variation [CV]) for JPC-3210 in blood over the concentration range of 0.5 ng/ml to
1,000 ng/ml was �7.4% (n � 10), and that in plasma over the concentration range of 0.5 ng/ml to 2,000
ng/ml was �6.6% (n � 10).

PK parameters were the maximum concentration (Cmax), the time to reach the maximum concen-
tration (Tmax), area under the concentration-time curve from 0 h to the last data point (AUC0¡last) and
from the last data point to infinity (AUClast¡∞), terminal elimination half-life (t1/2), apparent oral clearance
(CL/F), and apparent volume of distribution (V/F). These parameters were determined from the blood and
plasma concentration-time data by noncompartmental analysis (36). The blood-to-plasma concentration
ratio was calculated using the ratio of AUC0¡∞ for blood to AUC0¡∞ for plasma. For the determination
of oral bioavailability (F [in percent]), the AUC0¡last value after oral administration was dose normalized
for comparison with the AUC0¡last value after intravenous administration, and the ratio of the AUC after
oral administration/AUC after intravenous administration, expressed as a percentage, was calculated.
Blood and plasma concentrations of JPC-3210, including PK data, are summarized as means � SDs.

In vitro metabolic studies of JPC-3210 in hepatocytes. The in vitro hepatocyte studies were
performed using established methods (37, 38). JPC-3210 and JPC-3302 were prepared in methanol (final
methanol concentration, �1%) in hepatocyte cultures from cryopreserved stocks (Celsis In-Vitro Tech-
nologies, Inc., Baltimore, MD). The cryopreserved hepatocytes were from mice (CD-1), rats (Sprague-
Dawley), dogs (beagle), monkeys (cynomolgus), and humans (mixed gender, pooled from �3 individu-
als). Hepatocyte concentrations were adjusted to 1 � 106 viable cells/ml in hepatocyte incubation
medium in 48-well cell culture plates. JPC-3210 at 1 �M and 10 �M was separately incubated in triplicate
with mouse, rat, dog, monkey, and human hepatocytes at 37°C in a climate-controlled incubator (5% CO2,
95% air and 60 to 80% humidity) for 0, 0.25, 0.5, 1, 2, and 4 h. The incubations were terminated by the
addition of ice-cold methanol containing 0.5 �M JPC-3302 as an internal standard. The extracts were
subjected to LC-MS/MS analysis. The metabolic stability of JPC-3210 in hepatocyte incubation extracts at
each incubation time point and for each species was determined by LC-MS/MS. The amounts of
unchanged JPC-3210 at each time point were compared to that at 0 h of incubation for the calculation
of JPC-3210 metabolic stability. After an additional 4 h of incubation, samples were prepared with 50 �M
JPC-3210 and 50 �M JPC-3302 for metabolite identification analysis. Semiquantitation of metabolite
abundance was based on comparison of the area under the curve of chromatographic peaks putatively
identified to be the specific metabolites. Hepatocyte cell viability was assessed at 0, 2, and 4 h of
incubation for JPC-3210 using trypan blue exclusion. Positive controls, 7-ethoxycoumarin (Sigma-Aldrich,
St. Louis, MO) and 7-hydroxycoumarin (Sigma-Aldrich, St. Louis, MO) at 100 �M, were run concurrently
to assess phase I and phase II metabolic activities in hepatocytes. JPC-3210 in the incubation medium
without hepatocytes was used as a negative control to determine the stability of JPC-3210.

Metabolite characterization and identification were carried out by LC-MS using a Thermo LTQ-
Orbitrap mass spectrometer (Waltham, MA). The metabolites were tentatively identified by interpretation
of MS fragmentation pathways. A metabolite code (i.e., Mxxx/x, where M represents metabolite, xxx
represents the monoisotopic mass of the compound, and/x is a sequential compound number) was used
for compound identification. Semiquantitation of metabolite abundance was based on comparison of
the areas under the curve of the chromatographic peaks putatively identified to be the specific
metabolites.

In vitro CYP450 activities by JPC-3210. Studies of cytochrome P450 (CYP450) inhibition of JPC-3210
were conducted in a time-dependent manner as previously described (39). Briefly, JPC-3210 at seven
increasing concentrations (0.01, 0.1, 0.4, 1, 4, 10, and 40 �M) was preincubated in triplicate for 30 min
with human liver microsomes (HLM) with and without the presence of 2 mM NADPH in 100 mM
potassium phosphate (pH 7.4) containing 5 mM magnesium chloride. After 30 min of preincubation,
probe substrate, including tacrine at 25 �M for CYP1A2, amodiaquine at 5 �M for CYP2C8, tolbutamide
at 100 �M for CYP2C9, mephenytoin at 100 �M for CYP2C19, dextromethorphan at 5 �M for CYP2D6,
midazolam at 2.5 �M and testosterone at 50 �M for CYP3A4/5, and bupropion at 100 �M for CYP2B6,
was added to the preincubation reaction mixture and 2 mM NADPH was added to the preincubation
reaction mixture without NADPH. Selective CYP inhibitors at various concentrations, furafylline for
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CYP1A2, gemfibrozil glucuronide for CYP2C8, mifepristone for CYP3A4/5, paroxetine for CYP2D6, tienilic
acid for CYP2C9, and ticlopidine for CYP2C19 and CYP2B6, were run in parallel as positive controls. After
optimal incubation at 37°C (for 5 to 60 min, based on the substrate), the reactions were terminated by
addition of methanol containing an internal standard (propranolol) for analytical quantification. The
quenched samples were incubated at 4°C for 10 min and then centrifuged at 1,500 � g for 10 min
at 4°C. The supernatant was removed and analyzed by LC-MS/MS for the probe metabolite. A
decrease in the formation of the metabolite compared to the vehicle control was used to calculate
an IC50 (the test concentration which produces 50% inhibition) with and without NADPH preincu-
bation and to determine the fold shift in the IC50 with NADPH preincubation versus the IC50 without
NADPH preincubation.

Animal ethics. The mouse studies for characterizing the PK of JPC-3210 following single oral
escalating doses and murine malaria infection were approved by the Army Malaria Institute Animal Ethics
Committee (AMIAEC 04-2013 and AMIAEC 12-2013) and the Defense Animal Ethics Committee (DAEC
03-2016) in accord with the Australian Code for the Care and Use of Animals for Scientific Purposes. The
mouse studies for oral bioavailability and brain tissue concentrations of JPC-3210 were approved by the
PharmOptima Institutional Animal Care and Use Committee (IACUC 13-02-04). The monkey studies for
characterizing the PK of JPC-3210 were approved by the Mannheimer Foundation, Inc., Institutional
Animal Care and Use Committee (IACUC 2015-02).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01335-17.
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