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ABSTRACT 

Phenoxypropoxybiguanides, such as PS-15, are antimalarial pro-drugs analogous to the 

relationship of proguanil and its active metabolite cycloguanil. Unlike cycloguanil, 

however, WR99210, the active metabolite of PS-15, has retained in vitro potency against 

newly emerging antifolate resistant malaria parasites. Recently, in vitro metabolism of a 

new series of phenoxypropoxybiguanide analogs has examined the production of the 

active triazine metabolites by human liver microsomes.  The purpose of this investigation 

was to elucidate the primary cytochrome P450 isoforms involved in the production of 

active metabolites in the current lead candidate.  Using expressed human recombinant 

isoform preparations, specific chemical inhibitors and isoform specific inhibitory 

antibodies, the primary CYP isoforms involved in the in vitro metabolic activation of 

JPC-2056 were elucidated.  Unlike proguanil which is primarily metabolized by 

CYP2C19, the results indicate that CYP3A4 plays a more important role in the 

metabolism of both PS-15 and JPC-2056.  While CYP2D6 appears to play a major role in 

the metabolism of PS-15 to WR99210, it appears less important in the conversion of JPC-

2056 to JPC-2067.  These results are encouraging, considering the prominence of 

CYP2C19 and CYP2D6 polymorphisms in certain populations at risk for contracting 

malaria, since the current clinical prodrug candidate from this series is less dependent on 

these enzymes for metabolic activation. 
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INTRODUCTION 

Prior to the emergence of resistance, proguanil (PG) had been the drug of choice for 

malaria prophylaxis in pregnant women and children for many years (Phillips-Howard 

and Wood, 1996).  Resistance to antifolate compounds such as cycloguanil (CG) (the 

active metabolite of proguanil) and pyrimethamine is caused by a series of point 

mutations on the Plasmodium falciparum dihydrofolate reductase thymidylate synthase 

(pfDHFR-TS) enzyme that leads to a decreased binding affinity for the drugs (Peterson et 

al., 1990; Biswas, 2001; Curtis et al., 2002; Delfino et al., 2002; Eskandarian et al., 2002; 

Warhurst, 2002; Yuthavong, 2002).  The antifolate compound WR99210, however, was 

demonstrated by Rieckmann in 1973 (Rieckman, 1973) to be potent in vitro against a 

highly chloroquine- and pyrimethamine-resistant strain of malaria. Over the thirty years 

since this discovery, WR99210 continues to demonstrate a high level of efficacy against 

emerging mutant pfDHFR-TS enzymes and is equally effective against antifolate-

resistant and antifolate-sensitive isolates of the malaria parasite (Hastings, 2002; Knight 

et al., 1982; Kinyanjui et al., 1999; Milhous et al., 1985; Rastelli et al, 2000; Rieckmann 

et al., 1996; Yuvaniyama et al., 2003; Warhurst, 1999).   Unfortunately, development of 

WR99210 into an antimalarial chemotherapy was halted because of significant 

gastrointestinal intolerance in animal studies and poor bioavailability. The inherent 

potency of WR99210 and the need to obviate the gastro-intestinal intolerance and 

bioavailability problems, however, led to the development of the 

phenoxypropoxybiguanide prodrug PS-15 which is metabolized in vivo into an active 

triazine metabolite (analogous to the conversion of proguanil to CG) (Rieckmann, 1996; 
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Canfield et al., 1993).  Development of this compound for human use was subsequently 

terminated primarily due to regulatory issues surrounding toxic manufacturing materials 

(Jensen et al., 2001).     

 

We have investigated several potential antimalarial drug candidates based on the 

previously described phenoxypropoxybiguanide analogs (Canfield et al., 1993; Jensen et 

al. 2001). Each of these pro-drug analogs have displayed a high level of antimalarial 

activity in the in vivo mouse model (data not shown) and the respective active metabolites 

have displayed a high degree of potency in in vitro efficacy testing.  Formation of the 

active triazine metabolites of these PS-15-like analogs has previously been demonstrated 

in human and animal liver microsomes (Shearer et al., 2005).  Metabolic formation of CG 

from PG has been extensively investigated in vitro and in clinical patients (Watkins et al., 

1984; Yeo et al., 1994).  Taken together, the literature suggests PG is primarily 

metabolized to CG by CYP2C19 with a minor contribution by CYP3A4 and possibly 

CYP2D6 (Wright et al., 1995; Helsby et al., 1990; Birkett et al., 1994; Lu et al., 2000; 

Coller et al., 1999; Funck-Brentano et al, 1997).  The role of CYP2C19 in the conversion 

of PG to the active metabolite CG has raised several concerns in that approximately 15-

25% of Asian populations are classified as poor metabolizers of CYP2C19 substrates 

(Hoskins et al., 2003; Desta et al., 2002; Wilkinson et al., 1989; Jurima et al., 1985).  In 

addition, several protease pump inhibitors such as omeprazole have been shown to 

competitively inhibit metabolism by CYP2C19 and have been shown to reduce CG 

plasma concentrations in human patients (Funck-Brentano et al., 1997).  The chemical 

structures of PG, PS-15 and JPC-2056 and the respective active dihydrotriazine 
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metabolites are displayed in Figure 1.  The production of the active dihydrotriazine 

metabolites for PS-15 and JPC-2056 as well as other antifolate analogs in this series in 

pooled human liver micorosomes has previously been examined (pHLM) (Shearer et al., 

2005).  The studies described below utilize human recombinant CYP isoforms to identify 

the most likely isoforms involved in the conversion of PG, PS-15 and JPC-2056 to the 

respective active metabolites.  These studies are followed with CYP inhibition studies 

utilizing chemical and specific CYP-inhibiting antibodies to determine the relative 

contribution and importance of each isoform in the production of the active metabolites 

by pHLM.  As previously described, it is well established in the literature by both in vitro 

and in vivo studies that PG is primarily converted to CG by CYP2C19 following in 

importance by CYP3A4 and possibly CYP2D6, respectively.  Given the structural 

similarities of the triazine motifs between PS-15 and JPC-2056, PG was included in each 

study for comparison. 

 

EXPERIMENTAL DESIGN   

Compounds:  PG, CG, PS-15 and WR99210 were obtained from the chemical inventory 

system at Walter Reed Army Institute of Research.  The novel PS-15 analog, JPC2056, 

and the corresponding active metabolite were obtained from Jacobus Pharmaceutical 

Company (Princeton, New Jersey).  The internal standard JPC-2062 was also obtained 

from Jacobus Pharmaceutical Company.  Ketoconazole, ticlopidine, β-Nicotinamide 

adenine dinucleotide phosphate (β-NADP), magnesium chloride, glucose 6-phosphate 

(G6P) and glucose 6-phosphate dehydrogenase (G6PD) were purchased from Sigma 

Chemical Co (St. Louis, MO).  
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Microsomal Assay: Each compound was prepared in a stock solution of acetonitrile and 

water and then added to a mixture containing NADPH regeneration buffer (βNADP+, 

G6P, and MgCl2) and pHLM (BD Biosciences, San Jose, CA) to a final volume of 225 

µl. The mixture was incubated for 5 minutes at 37 ºC and then initiated by the addition of 

25 µl G6PD.  Final component concentrations were1.25 mM βNADP+, 3.3 mM G6P, 3.3 

mM MgCl2, 1 unit/mL G6PD and 1 mg/mL microsomal protein.  Acetonitrile 

concentrations in the final reaction were 0.1% or less.  Each reaction was maintained at 

37 ºC until termination at the specified time point (90 minutes) by the addition of an 

equal volume of ice cold acetonitrile containing analog JPC-2062 as an internal standard.  

A minimum of six reactions were conducted for each compound.  Production of 

metabolites was initially evaluated in pHLM at concentrations ranging from 1 to 50 uM.  

Production of active metabolites for each prodrug was determined to be linear within this 

concentration range (Figure 2).    

 

LC-MS/MS Analysis:  Production of the active triazine metabolites was determined 

using LC-MS/MS on a Thermo Electron Surveyor HPLC coupled to a TSQ Quantum 

AM triple-quadrupole mass spectrometer (ThermoElectron, San Jose, CA). The 

chromatographic separation was performed using a 2.1mm x 50 mm, 3.5 µm Waters 

Xterra C18 column (Waters Corp, Milford, MA). A rapid gradient was employed using 

20% A (0.5% Formic Acid), 75% C (H2O) and 5% D (MeOH) which was held for one 

minute, then ramped to 20% A, 5% C, 75% D in 5 minutes and held for 4 additional 

minutes, followed by returning to the starting conditions and equilibrating for 3 minutes. 
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Selected Reaction Monitoring (SRM) was employed by selecting the parent ion of the 

drug (M+1) in the first quadrupole followed by collision induced disassociation in the 

collision cell (99.999% Argon at a pressure of 1.0 mTorr and collision energy 

experimentally determined) to produce the most intense, characteristic product ion. The 

mass spectrometer was tuned and calibrated according to the manufacturer’s procedure in 

the positive ion, atmospheric pressure ionization mode with the electrospray voltage set 

at 4.7 kV, sheath gas pressure at 30 psi with no auxiliary gas and the heated capillary at 

325 ºC. The peak area ratios (PARs) were determined by the peak area of drug or 

metabolite to the IS and were calculated for each sample. The PARs of the standard curve 

samples were fit by 1/y weighted least squares linear regression to the equation for the 

straight line (y = mx + b), where y = PAR and x = drug or metabolite concentrations. 

Drug or metabolite concentrations in the microsomal incubations were calculated using 

the drug/metabolite to IS PARs obtained by LC-MS/MS and processed by Xcalibur Quan 

Browser Software (Thermo Electron). Each run was checked for accuracy and precision 

of the method using internal quality control (QC) samples spiked with known 

concentrations of each analog and metabolite as appropriate. Two QC samples and 

standard curves were injected at the beginning and end of each sample run. The run was 

accepted if the coefficient of variation (%CV) of the QC samples was less than 20%. 

 

Isoform Specific Metabolism for Antifolate Analogs: Human CYP1A2, CYP2C9*1 

(Arg144), CYP2C19, CYP2D6, and CYP3A4 recombinant enzymes systems containing 

reductase and cytochrome b5 obtained from BD Biosciences (San Jose, CA) were used to 

identify the specific isoforms capable of metabolizing the antifolate analogs. In this 
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assay, isoforms were diluted in NADPH regeneration buffer (final assay concentrations 

of 1.25 mM β-NADP, 3.3 mM G6P, and 3.3 mM MgCl2) to a CYP450 concentration of 

20 pmoles for CYP1A2, CYP2C9, CYP2D6 and CYP3A4 isoforms and 40 pmoles for 

CYP2C19.  The test compounds were added to the mixture to obtain a final concentration 

of 10 µM.  The final concentration of acetonitrile in the assays was 0.1% or less.  The 

mixture was incubated for 5 minutes at 37 ºC and then initiated by the addition of 25 µl 

G6PD (1 unit/ml final assay concentration). The reaction was stopped following a 60 

minute reaction time by addition of 1 volume of ice cold acetonitrile containing 125 nM 

of Jacobus Pharmaceutical analog JPC-2062 as internal standard.  The samples were 

centrifuged for 5 minutes at 13000 rpm and the supernatant was transferred to clean vials 

for LC-MS/MS analysis. 

 

Chemical Inhibition studies: Selective chemical inhibition studies were performed to 

investigate the role of CYP2C19 and CYP3A4 in the metabolism of the antifolate 

analogs. The well-characterized inhibitors ticlopidine (TCP) (Ki = 1.2 µM), ketoconazole 

(KTZ) (Ki = 0.2 µM) and quinidine (QDN) (Ki = 0.3 µM) were used to evaluate the role 

of CYP2C19, CYP3A4 and CYP2D6 specific isoforms in the metabolism of the 

antifolate analogs, respectively.  The metabolism of each analog was tested in the 

presence of each chemical inhibitors at two concentrations (the lowest concentration was 

close to the Ki reported for the specific enzyme and the highest concentration was 

approximately 10- to 20-fold higher than the reported Ki.  For the chemical inhibitors 

KTZ and QDN, concentrations of 0.5 and 5 µM were employed.  Experiments with TCP 

utilized concentrations of 1.25 and 10 µM.  Each antifolate analog was tested at single 
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concentration of 50 µM which is approximately equal to the Km for PS-15 or Km/2 for PG 

and JPC-2056 (Shearer et al., 2005).  The substrate concentration and concentration of 

the pHLM used in these reactions was previously determined to be within the linear range 

for production of the active metabolites.  Each test compound was added into a mixture 

of pHLM and NADPH regeneration buffer containing various concentrations of the 

appropriate chemical inhibitor.  Final assay conditions contained organic solvent 

concentrations of 0.1% or less.  This complete mixture was initiated with G6PD and 

incubated for 90 minutes following standard metabolism procedures described above. 

 

Antibody inhibition study for antifolates analogs:  Monoclonal antibodies against 

specific P450 isoforms (CYP1A2, CYP2C8, CYP2C19, CYP2D6 and CYP3A4) were 

preincubated for 15 minutes with pHLM at room temperature.  NADPH regeneration 

buffer containing test compound (final assay concentrations were 1.25 mM β-NADP, 3.3 

mM G6P, and 3.3 mM MgCl2) was added to the microsomes (1mg/mL final 

concentration)/antibodies mixture and incubated for 5 minutes at 37oC in water bath.   

The reaction was initiated by the addition of G6PD (1 unit/ml final assay concentration) 

and incubated for 90 minutes following standard metabolism procedures described above. 

All drugs were tested at 50 µM and the amounts of antibodies used were per 

manufacturer’s specifications to produce significant inhibition of each isoform. Control 

samples contained pre-immune IgG from rabbit.  The inhibitory monoclonal antibodies 

(IgG1) against human CYP1A2, CYP2C19 CYP2D6 and CYP2C8, and the inhibitory 

monoclonal antibodies (IgM) against human CYP3A4 were purchased from Xenotech, 
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LLC (Kansas City, KS, USA).  Control pre-immune IgG from rabbit was also purchased 

from Xenotech. 

 

RESULTS 

Metabolism of Antifolate Analogs by Pooled Human Liver Microsomes 

The production of active metabolites was observed in pooled human liver microsomes 

(pHLM) over substrate concentrations ranging from 1 to 50 µM.  Formation of 

cycloquanil, WR99210 and JPC-2067 was observed to be linear over this concentration 

range.  Substrate concentration dependent production of the active metabolites in pHLM 

is exhibited in Figure 2.  At the substrate concentrations utilized in these experiments, 

both WR99210 and JPC-2067 were generated at a higher rate than cycloguanil.  At the 

lowest, but perhaps most physiologically relevant concentration of 1 µM, JPC-2067 and 

WR99120 were generated at rates of approximately 3- and 4-fold higher than 

cycloguanil, respectively.      

 

Metabolism of Antifolate Analogs by Selected CYP Isoforms 

In order to identify possible CYP isoforms involved in the production of each active 

metabolite and focus the chemical and antibody inhibition studies, initial experiments 

utilized human recombinant CYP isoforms.  Each parent compound was individually 

incubated with one of the five primary drug metabolizing CYPs:  recombinant human 

CYP1A2, CYP2C9*1 (Arg144), CYP2C19, CYP2D6, or CYP3A4 (Figure 3).  Production 

of CG from PG was observed following incubation with expressed CYP2C19 and 

CYP3A4 isoforms as previously reported. (Wright et al., 1995; Helsby et al., 1990; 
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Birkett et al., 1994; Lu et al., 2000; Coller et al., 1999; Funck-Brentano et al, 1997).  

Interestingly, incubation of PG in CYP2D6 isoforms produced a similar amount of CG as 

was observed in the CYP3A4 isoforms (as expressed as pmol/min/pmol enzyme).   No 

CG could be detected following incubation of PG in CYP1A2 or CYP2C9*1(Arg144) 

isoforms.  The highest production of WR99210 (the active dihydrotriazine of PS-15) was 

observed following incubation in expressed CYP3A4 isoforms.  CYP2D6 and CYP2C19 

isoforms also produced a significant amount of WR99210 while a relatively small 

amount of WR99210 could be detected following incubation in CYP1A2.  Conversion of 

JPC-2056 to JPC-2067 was observed following incubation in the CYP3A4, CYP2C19 

and CYP2D6 isoforms.  In comparison to PS-15, conversion of JPC-2056 to JPC-2067 

following incubation with CYP2C19 and CYP2D6 was relatively minor compared to the 

production of JPC-2067 following incubation with the CYP3A4 isoform.  A similar 

amount of JPC-2067 was converted in the presence of CYP1A2 as was observed for 

WR99210.  The active metabolite of JPC-2056 was not observed following incubation 

with the CYP2C9*1(Arg144) isoform.  Based on these results, the chemical inhibition 

studies focused on the role of CYP isoforms CYP2C19, CYP3A4 and CYP2D6.    

 

Inhibition by Selective Chemical Inhibitors 

Selective and potent chemical inhibitors for CYP2C19, CYP3A4 and CYP2D6 were used 

to further examine the role of these isoforms in the conversion of PG, PS-15 and JPC-

2056 to their respective active metabolites in pHLM.  First, the potent CYP2C19 

inhibitor ticlopidine (TCP) (Ki ~ 1.2 µM) was used to investigate the role of CYP2C19 

(Ha-Duong et al., 2001; Ko et al., 2000).  TCP was a potent inhibitor of the conversion of 
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PG to CG with more than 50% inhibition at 10 µM.  TCP was slightly less potent in 

inhibiting the production of WR99210 and JPC-2067 from their respective parent 

compounds (approximately 40%).  The selective CYP3A4 inhibitor ketoconazole (KTZ) 

(Ki ~ 0.2 µM) (Zhang et al., 2002) was used to investigate the role of CYP3A4.  KTZ (5 

µM), inhibited the production of CG and WR99210 from there respective parent 

compounds by approximately 45% while the production of JPC-2067 form JPC-2056 was 

inhibited by more than 60%.  The selective CYP2D6 inhibitor quinidine (QDN) (Ki ~ 0.3 

µM) was used to investigate the role of CYP2D6 (Otton et al., 1984).  Activation of PG 

to CG was not significantly inhibited in the presence of 5 µM of QDN.  In contrast, 5 µM 

of QDN inhibited the production of WR99210 by more than 60%.  Formation of JPC-

2067 from JPC-2056 was moderately inhibited in the presence of 5 µM QDN.  The 

results of the chemical inhibition studies are presented in Figure 4 and summarize in 

Table 1.     

 

Inhibition by Selective Monoclonal Antibodies 

Monoclonal antibodies against CYP1A2, CYP2C8, CYP2C19, CYP2D6 and CYP3A4 

were used to evaluate the contribution of the respective P450 enzymes to the in vitro 

metabolism of antifolate analogs in pHLM.  Activation of PG to CG was most 

significantly inhibited by the presence of anti-CYP2C19 antibodies.  The production of 

CG was moderately inhibited by the CYP3A4-specific antibodies (approximately 30%) 

but not the anti-CYP2D6, CYP1A2 or CYP2C8 antibodies.  In contrast, production of 

WR99210 was not significantly inhibited by anti-CYP2C19 antibodies while the 

production of JPC-2067 was only slightly inhibited by anti-CYP2C19.  However, the 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 15, 2007 as DOI: 10.1124/dmd.106.013920

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #13920 

 14

activation of both PS-15 and JPC-2056 to their respective active metabolites was 

markedly reduced in the presence of the CYP3A4 antibodies.  Anti-CYP3A4 inhibited 

WR99210 and JPC-2056 production by approximately 70% and 80%, respectively.  Anti-

CYP2D6 also significantly inhibited the production of WR99210 and JPC-2067 by 35 

and 25%, respectively.  No significant inhibition of WR99210 production was observed 

in the presence of the CYP2C8 or CYP1A2-specific antibodies.  A small but significant 

level of inhibition (approximately 10-15%) in the production of JPC-2056 was observed 

in the presence of the CYP1A2 and CYP2C8 antibodies.  Inhibition of CG, WR99210 

and JPC-2067 formation by selective CYP monoclonal antibodies is summarized in 

Figure 5 and Table 1.  

 

DISCUSSION 

Inhibitors of plasmodium dihydrofolate reductase are an important class of antimalarials 

in clinical use today.  Unfortunately, drug resistance to these agents has emerged owing 

to a series of point mutations in the Plasmodium falciparum dihydrofolate reductase 

thymidylate synthase (pfDHFR-TS) enzyme.  Efforts have been made to develop novel, 

third generation antifolate analogs that retain efficacy against mutant pfDHFR-TS 

enzymes, and with antifolate-resistant and antifolate-sensitive strains of the malaria 

parasite.  Analog JPC-2056 is a biguanide selected as a development candidate due to the 

high in vitro efficacy of its active metabolite, JPC-2067, against P. falciparum strains D6 

and W2.  Because JPC-2056 is a prodrug similar to PG in that it requires metabolic 

activation for antimalarial activity, a detailed understanding of the metabolism including 

the role of different metabolizing enzymes is critical to the clinical development of this 
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compound.  For this reason, this study was initiated to investigate the role of specific 

P450 isoforms in the conversion of JPC-2056 to its active and primary metabolite. A 

series of experiments employing pHLM, recombinant CYP isoforms, selective CYP 

chemical inhibitors, and specific anti-CYP inhibitory antibodies were conducted to 

elucidate which CYP isoforms are primarily involved in the production of the active 

metabolite of JPC-2056.  Because JPC-2056 and its metabolite are structurally similar to 

PG and CG, respectively, PG was included in these studies as a reference compound.   

The previous clinical candidate for this series of compounds, PS-15, was also included 

for comparison.   

 

While the structures of PG, PS-15 and JPC-2067 are remarkably similar at the triazine 

site of metabolic conversion, initial experiments indicated that there was a significant 

difference in the rate of formation of the respective metabolites.  The metabolic 

conversion of PG to CG has been extensively characterized in several studies both in 

vitro and in vivo (Watkins et al., 1984; Birkett et al., 1994; Lu et al., 2000; Coller et al., 

1999; Funk-Brentano et al, 1997).  The bulk of the literature generally agrees that the 

primary isoform responsible for the conversion of PG to CG is CYP2C19, however, 

several studies have indicated possible contributions from both CYP3A4 and CYP2D6 

(Birkett et al., 1994; Lu et al., 2000; Coller et al., 1999; Funk-Brentano et al, 1997).   The 

results for PG were similar to previous observations in that CYP2C19, CYP2D6 and 

CYP3A4 are important isoforms in the conversion of PG to CG.  These results were 

confirmed by the chemical and antibody inhibition studies in pHLM.  CG production was 

potently inhibited by the CYP2C19 inhibitor TCP and the anti-CYP2C19 antibody.  The 
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production of CG was also reduced by approximately 50% by the CYP3A4 inhibitor 

KTZ and approximately 30% by the anti-CYP3A4 antibody.  Although a moderate 

amount of CG was produced in the presence of the recombinant CYP2D6 isoform, 

chemical inhibition studies in pHLM did not reveal a significant role of CYP2D6.   

 

Initial experiments with the recombinant enzyme systems revealed isoforms CYP2C19, 

CYP3A4, CYP2D6 and possibly CYP1A2 were important in conversion of both PS-15 

and JPC-2056 to their respective active metabolites.  However, relative to the production 

of CG from PG, the studies with the recombinant isoforms indicated that CYP3A4 may 

be more predominant than CYP2C19 or CYP2D6.  Chemical and antibody inhibition 

studies confirmed these early indications provided by the recombinant enzyme system in 

that production of the active metabolites from PS-15 and JPC-2056 was also potently 

inhibited by the CYP3A4 inhibitor KTZ and the anti-CYP3A4 antibodies, 45 to 60 and 

70 to 80%, respectively.  The recombinant enzyme studies also indicated CYP2D6 may 

be more important in the conversion of PS-15 to WR99210 relative to the production of 

either CG or JPC-2067 from the respective parent compounds.   Chemical and antibody 

inhibition studies also confirmed these results in that both the 2D6 inhibitor QDN and the 

anti-2D6 antibodies significantly inhibited the production of WR99210 while production 

of CG was not inhibited and the production JPC-2067 was only moderately inhibited in 

these experiments.  In contrast to CG, WR99210 and JPC-2067 formation was not 

significantly inhibited by TCP at a concentration of 1.25 µM.  However, both WR99210 

and JPC-2067 production was inhibited by 45 and 43%, respectively, with 10 µM TCP 

(see Figure 4 and Table 1).  TCP is also a relatively potent inhibitor of CYP2D6 with a 
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reported Ki of 3.4 µM (Ha-Duong et al., 2001; Ko et al., 2000).  WR99210 and JPC-2067 

production in pHLM is clearly somewhat dependent on CYP2D6 based on the data 

presented herein.  For this reason, the high percent inhibition of WR99210 and JPC-2067 

formation by 10 µM TCP may be due predominantly to CYP2D6 inhibition and/or a 

combination of CYP2D6 and CYP2C19 inhibition.  Given the low inhibition of 

WR99210 and JPC-2067 formation in the presence of the anti-CYP2C19 antibody, the 

former is more likely the case.  Interestingly, moderate amounts of WR99210 and JPC-

2067 were produced in the presence of the recombinant CYP1A2 isoform, however, 

production of these metabolites was not significantly inhibited by anti-CYP1A2 

antibodies in pHLM.  Chemical inhibition studies were not performed to further 

investigate the role of CYP1A2 in the production of WR99210 and JPC-2067.    

 

The series of experiments described here indicate that (in vitro) CYP3A4 is the primary 

enzyme responsible for the activation of JPC-2056 to JPC-2067.  Based on CYP3A4 

inhibition studies with KTZ and anti-CYP3A4 antibodies, CYP3A4 appears to be 

responsible for approximately 70% of the production of JCP-2067 in pHLM.  CYP2D6 

may be responsible for as much as 20-30% of the remaining JPC-2067 formation while 

CYP2C19 and perhaps CYP1A2 may play a minor role as well.  Interestingly, while 

CYP3A4 also appeared to play the major role in the metabolism of the previous clinical 

candidate and structurally similar compound PS-15, some of the evidence suggests that 

CYP2C19 and particularly CYP2D6 were also important enzymes.   
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The primary purpose of this work was to identify the major P450 isoforms(s) involved in 

the in vitro metabolism of JPC-2056.  The results presented here clearly indicate that 

CYP3A4 is the major enzyme involved in these reactions.  Unlike its precursor, PG, the 

metabolic activation of JPC-2056 to JPC-2067 appears to be much less dependent on the 

activity of CYP2C19.  If confirmed in vivo, these results could play an important role in 

the consideration of clinical studies and treatment using JPC-2056 in the future.  

Considering the prominence of CYP2C19 and CYP2D6 polymorphisms in certain 

populations at risk for contracting malaria, it is encouraging that the current clinical 

prodrug candidate from this series appears to be less dependent on these enzymes for 

metabolic activation.  In addition, CYP3A4 is generally expressed in human liver and gut 

at much higher concentrations than CYP2C19.  The in vitro experiments presented here 

indicate that JPC-2056 may be converted at a 3-4 fold higher rate than PG perhaps due to 

higher levels of CYP3A4 in the pHLM.  It will be interesting to observe how this 

difference will affect the pharmacokinetics of JPC-2056 and its active metabolite JPC-

2067 with respect to PG in the clinical setting.  However, in light of the apparent 

importance of CYP3A4, treatment with JPC-2056 will have to consider possible drug-

drug interactions with potent CYP3A4 inhibitors. 
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Figure 1.  Structures of proguanil, PS-15, JPC-2056 and there respective active 

metabolites (cycloguanil, WR99210, and JPC-2067). 

Figure 2.  Production of active metabolites (cycloguanil, WR99210, and JPC-2067) from 

proguanil, PS-15 and JPC-2056 in pooled human liver microsomes.  Each parent 

compound was incubated for 90 minutes over initial substrate concentrations ranging 

from 0.1 to 50 µM.  

Figure 3.  Production of active metabolites (cycloguanil, WR99210, and JPC-2067) from 

proguanil, PS-15 and JPC-2056 in the presence of selected recombinant CYP isoforms.  

Each parent compound was incubated for 60 minutes with an initial concentration of 10 

µM.  

Figure 4.  Inhibition of the metabolic activation of each analog to their respective active 

metabolites by the following specific CYP inhibitors:  the 2C19 inhibitor ticlopidine 

(TCP), the 3A4 inhibitor ketonazole (KTZ) and the 2D6 inhibitor quinidine (QDN).  

Each parent compound was incubated for 90 minutes in pooled human liver microsomes 

(pHLM) with an initial concentration of 50 µM. 

Figure 5.  Inhibition of the metabolic activation of each analog to their respective active 

metabolites by selected, specific P450 inhibiting monoclonal antibodies.  Each parent 

compound was incubated for 90 minutes in pooled human liver microsomes (pHLM)with 

an initial concentration of 50 µM. 
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Table 1.  Percent Inhibition of Active Metabolite Production by Chemical Inhibitors and 

Isoform Specific Antibodies. 

 
Cycloguanil WR99210 JPC-2067 CYP450 

Isoform Chemical 
Inhibitiona 

Antibody 
Inhibition 

Chemical 
Inhibitiona 

Antibody 
Inhibition 

Chemical 
Inhibitiona 

Antibody 
Inhibition 

CYP2C19 27, 53% 45% 5, 43% 5% NS, 45% 13% 
CYP3A4 47% 30% 45% 67% 62% 78% 
CYP2D6 NS 10% 62% 44% 28% 28% 
CYP1A2 NT NS NT NS NT 14% 

 

aFor the inhibition of CYP2C19 with TCP, the values for both the 1.25 and 10 µM 

concentration are listed (1.25, 10 µM).  For KTZ and QDN only the percent inhibition at 

the 5 µM concentration is listed. 

NS = not significantly inhibited 

NT = not tested 
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