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Among the known antimalarial drugs, chloroquine (CQ) and other 4-aminoquinolines have shown high
potency and good bioavailability. Yet complications associated with drug resistance necessitate the
discovery of effective new antimalarial agents. ADMET prediction studies were employed to evaluate a
library of new molecules based on the 4-aminoquinolone-related structure of CQ. Extensive in vitro
screening and in vivo pharmacokinetic studies in mice helped to identify two lead molecules,18and 4,
with promising in vitro therapeutic efficacy, improved ADMET properties, low risk for drug - drug
interactions, and desirable pharmacokinetic profiles. Both18 and 4 are highly potent antimalarial
compounds, with IC50 values of 5.6 and 17.3 nM, respectively, against the W2 (CQ-resistant) strain of
Plasmodium falciparum(for CQ, IC 50= 382 nM). When tested in mice, these compounds were found to
have biological half-lives and plasma exposure values similar to or higher than those of CQ; they are
therefore desirable candidates to pursue in future clinical trials.

Introduction

Two primary reasons for the clinical failure of drug
candidates are poor pharmacokinetic (PKa) properties
and poor toxicity profiles. Therefore, evaluation of critical
physicochemical and pharmacological properties in the
early stages of drug discovery is essential to accelerate the
conversion of hits into qualified development candidates.1

Both in silico and in vitro studies are often employed to
assess PK parameters, such as absorption, distribution,
metabolism, excretion, and toxicity properties (ADMET),
in parallel with structure- activity relationship (SAR)
studies to select potential candidates early in the drug
discovery process.2

Malaria, a devastating infectious disease caused by the
protozoa Plasmodium falciparum, affects about 200- 500
million people worldwide annually, causing mortality in
almost 1% of them.3 Increasing problems associated with
drug resistance warrant the discovery of effective new
antimalarial agents. Although numerous small molecules
demonstrating potent antimalarial activity in vitro are
regularly being discovered, most of these compounds fail
to reach the clinic because of poor PK and toxicity profiles.

Therefore, development of suitable antimalarial agents
demands that a number of ADMET considerations be
evaluated, including metabolic stability, potential interactions
with cytochrome P450 (CYP) enzymes, absorption across the
intestinal barrier, and potential for mutagenicity.

Previously we reported on research to develop potent
antimalarial compounds effective against drug-resistant
strains of P. falciparumby varying the chemical substitutions
around the heterocyclic ring and the basic amine side chain of
the popular antimalarial drug chloroquine (CQ).4,5 In the
current study, we screened a panel of these novel antimalarial
compounds for improved leads based on the evaluated
ADMET properties.

Results and Discussion

Chemical Structures and Efficacy.(a) Structures.A series
of 4-aminoquinoline antimalarial compounds were chosen
to represent the structural diversity for the series and to cover
a range of potencies for in vitro antimalarial activity
(Figure 1). The panel includes a small number of CQ an-
alogues with altered substitutions on the quinoline ring,
although the majority of the compounds in the panel contain
substitutions of the alkyl groups attached to the basic
nitrogen position on the aminoalkyl side chain. The SAR
for this series has revealed that structural modifications
at the basic nitrogen position are important for activity
against CQ-resistant strains ofP. falciparum and that a
range of chemical substitutions are tolerated at this position.
Therefore, it is critical to determine how the structural
variations at these positions affect the ADMET properties
for compounds within this series.

*To whom correspondences should be addressed. Phone: 1-650-859-
2253. Fax: 1-650-859-3153. E-mail: peter.madrid@sri.com.

a Abbreviations: ADMET, absorption, distribution, metabolism,
excretion, and toxicity; CQ, chloroquine; PK, pharmacokinetics; IC50,
concentration of inhibitor resulting in 50% inhibition; SAR, structure-
- activity relationship; CYP, cytochrome P450; RBCs, red blood cells;
LC/MS, liquid chromatography/mass spectrometry; MTD, maximum
tolerated dose; AUC, area under the curve;Cmax, maximum plasma
concentration; t1/2, elimination half-life; tmax, time to maximum
concentration.
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The calculated physical properties of the compounds in this
panel reveal that all of them are compliant with the Lipinski
“rule of five” criteria6 (Table 1). Individual compounds in the
panel differ significantly in their predicted permeability
(ClogD), solubility, and hydrogen bonding properties,
although all these characteristics are well within the acceptable
“druglike” ranges. Therefore, the results of this informative in
silico analysis do not suggest that any of the compounds should
be eliminated from this purely computational assessment.

(b) In Vitro Efficacy. The synthesized compounds were
tested for their ability to inhibit growth of one drug-sensitive
strain of P. falciparum (3D7) and one drug-resistant strain
(W2). The potencies of the compounds, as indicated by their
IC50 values, are summarized in Table 1. The compounds
were all highly active against the 3D7 strain, with potency
values in the lownanomolar range.Most were equally potent
against the W2 strain at the IC50 level (Table 2).

Since the in vitro screening assay involves targeting the
stage of the parasite inside human red blood cells (RBCs),

we hypothesized that the partitioning between human
plasma and RBCs could be an essential property for anti-
malarial activity. The RBC to plasma partition ratio (B/P
ratio) was measured for each of the compounds at 1 and
10 μM. All the compounds partition into RBCs over
plasma with ratios similar to that of CQ at 1 μM (B/P =
3.76; Table 2), but the amount of partitioning in uninfec-
ted RBCs was not significantly correlated with in vitro
activity.

Mutagenicity and Cytotoxicity. Since CQ is known to
intercalate with DNA at a high concentration and to behave
like a weak mutagen,7,8 the compounds were screened for
mutagenicity by the Ames assay.9,10 This assay evaluates the
genotoxicity of a compound by comparing its ability to
induce reverse mutations at selected loci in the employed
bacterial strains. In parallel, the antibacterial activity of
these compounds was assessed by observing substantial
decreases in the number of revertant colonies on the test
plates, clearing or absence of the background bacterial lawn

Figure 1. Structures of 4-aminoquinolines compounds used to profile the ADMET properties for the series.



growth, formation of pinpoint nonrevertant colonies, or
absence of bacterial growth.

None of the tested compounds showed any mutagenic
activity against either the TA98 frame shift mutation or the
TA100 base substitution strains, indicating that compounds
in this class do not have high mutagenicity. Cytotoxic effects
were observed only at high doses (g50 μM) for all tested
compounds.

Metabolic Stability. The parent compound, CQ, is pri-
marily metabolized byN-dealkylation of the ethyl groups on
its aminoalkyl side chain. This factor prompted us to test for
significant changes in the metabolism of drug candidates, a
majority of which carried modifications in this region

(Table 3). For the assessment of metabolic stability, each
of the compounds was incubated with pooled human liver
microsomes in the presence of NADPH, and the disappear-
ance of the parent compound was analyzed by LC/MS/MS.

CQ had a longer half-life than any other compound in
these assays. The ring-substituted compounds with a diethyl
aminoalkyl side chain (1, 2, and 3) had longer half-lives than
the side chain analogues. All the side chains with substituted
tertiary amines had a significantly shorter half-life (<10min)
than CQ. Since CQ is mostly modified in the side chain,
modifications to the basic side chain may have had a
significant effect on the metabolism of these compounds.
Moreover, the structures containing an aromatic group in

Table 1. Calculated Physical Properties of Antimalarial Compound Panel

compd MW (g/mol) ClogD (pH 7) calcd sol.a (mM, pH 7) H-bond donor H-bond acceptor no. Lipinski violations

CQ 319.9 1.7 29 1 3 0

1 377.5 2.9 4.8 1 4 0

2 369.4 2.7 1.6 1 4 0

3 353.4 2.4 2.0 1 3 0

4 367.9 4.2 0.10 1 3 0

5 422 5.5 0.0027 1 4 0

6 412 3.7 0.17 1 4 0

7 462.8 4.8 0.042 2 4 0

8 411.9 4.2 0.037 1 5 0

9 368.9 3.6 0.15 1 4 0

10 413.9 3.3 0.30 2 5 0

11 467.9 4.7 0.0064 2 5 0

12 392.3 4.5 0.030 1 4 0

13 413.9 3.5 0.24 2 5 0

14 451.9 5.4 0.0024 1 4 0

15 415.9 4.7 0.024 1 4 0

16 371.9 4.2 0.076 1 4 0

17 415.9 4.5 0.029 1 4 0

18 369.8 2.1 0.91 2 5 0

19 371.9 1.4 4.9 3 5 0

20 371.9 1.3 6.4 3 5 0

overall range 319-468 1.3-5.5 0.0024-29 1-3 3-5 0
aAll calculations were performed using Advanced Chemistry Development Laboratories (ACD/Laboratories) physiochemical property prediction

software; calcd sol. = calculated solubility.

Table 2. Antimalarial Potency of the Test Articles Measured by (a) Efficacy against the Drug-Resistant (W2) and Drug-Sensitive (3D7) Strains of
P. falciparum and (b) RBC Partitioning Efficiency of the Compounds (Concentration in Blood versus Plasma, B/P Ratio)

RBC Partitioning

compd region of modification in vitro efficacy, 3D7 IC50, nM in vitro efficacy, W2 IC50, nM B/P, 1 μM B/P, 10 μM

CQ 17 382 3.76 4.08

1 heterocycle ring 115 267 4.80 21.31

2 heterocycle ring 62 287 6.12 6.79

3 heterocycle ring 51 290 4.94 5.45

4 3�-amine side chain 14.5 17.3 2.58 3.67

5 3�-amine side chain 20.9 34.6 3.29 5.17

6 3�-amine side chain 50 50 3.21 3.68

7 3�-amine side chain 45 70 5.69 5.36

8 3�-amine side chain 2.0 3.0 1.55 2.58

9 3�-amine side chain 63 66 3.13 2.48

10 3�-amine side chain 5.0 9.3 2.85 2.52

11 3�-amine side chain 6.0 8.0 3.01 1.92

12 3�-amine side chain 7.4 10.9 2.00 1.89

13 3�-amine side chain 1.0 3.9 3.13 2.48

14 3�-amine side chain 71 100 3.20 3.36

15 3�-amine side chain 8.1 80 2.44 2.36

16 3�-amine side chain 13 34 2.74 2.23

17 3�-amine side chain 5.0 12 2.34 2.13

18 2�-amine side chain 2.5 5.6 5.15 3.33

19 2�-amine side chain 13 183.6 5.73 8.77

20 2�-amine side chain 4.7 45.3 2.66 0.91
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amenable forhigh throughput, although they canbemisleading
owing to the lack of metabolizing enzymes and transporters,

and modeling of paracellular absorption. The method is
useful nevertheless because it has the ability to assess the
permeability coefficient (Pe) at a wide range of pH levels, and
pH is often an important factor in drug absorption.

On the basis of a combination of the antimalarial activity
data and the earlier ADMET evaluations, we identified five
major compounds as possible candidates for clinical applica-
tions (1, 3, 4, 18, and 20). We used a double-sink PAMPA
protocol to evaluate their permeability across the gut wall
(Table 5). All the candidates had permeability equal to or
better than that of our parent compound, CQ. Of the five
tested compounds, 3 and 18 had the highest permeability at
pH 7.4. Permeability declined sharply at lower pH values,
indicating that greater absorption would be expected in the
lower gut than in other parts of the digestive tract.

Hepatotoxicity. Numerous studies have reported hepato-
toxicity resulting from use of CQ.19,20 Therefore, we
decided to screen our five lead candidates for any potential
hepatotoxicity in our final stage of ADMET screening
(Figures 4). Two independent methods were used to assess

Figure 2. Relative percentages of metabolites for 8 (A) and 10 (B) identified by LC/MS after incubation with pooled human microsomes.

Figure 3. Inhibition of CYP2D6 enzyme activity by the test articles.
Graph shows the amount of the metabolite 10-OH-bufuralol pro-
duced in the presence of each test article (1 μM) as a percentage of
control (no drug). Values of <70% indicate significant inhibition.
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single oral dose of the secondary amine 18 (AUClast =
2026.66 pmol 3 h/mL) is similar to that of CQ (AUClast =
2639.29 pmol 3 h/mL) except that the maximum plasma con-
centration (Cmax) for 18 is about 2-fold lower than that of
CQ. In contrast, the plasma exposure of the other second-
ary amine, compound 20, was much lower (AUClast =
620.49 pmol 3h/mL and Cmax=65.9 nM). The PK profile
of compound 4 looks quite promising. Compared to CQ,
compound 4 offered a longer period of exposure to the drug
(t1/2 = 15.9 h), a much higher exposure level (AUClast =
6792.4 pmol 3h/mL), and a similar Cmax. Compound 1 had
the shortest half-life; its concentration in the plasma dropped
below 11.8 nMwithin 24 h. The relative bioavailability (Frel)
of each of the candidates was calculated using CQ as the
reference drug. As expected, compound 18 (Frel = 0.7) is
bioequivalent with CQ. Compound 4 (Frel=2.34) appears to
have a better PKprofile thanCQand all the other candidates
tested.

Toxicity Studies in Mice. Toxicity studies were performed
inmale and female CD-1mice to determine potential adverse
effects and maximum tolerated dose (MTD) for two second-
ary amines, compounds 18 and 20, which had quite different
in vitro hepatotoxicity profiles. Both male and female CD-1
mice (n=(5/sex)/(dose group)) were treated for 7 days with
compound 18 at 50, 100, or 200 (mg/kg)/day or with com-
pound 20 at 100, 200, or 400 (mg/kg)/day. All mice survived
until the end of the study except one male mouse adminis-
tered compound 18 at 200 (mg/kg)/day, which was found
dead on day 2. All treated groups showed sporadic tachy-
cardia. The body weights of all treated mice remained
normal for the duration of the study when compared to the
vehicle-treated controls. No biologically significant changes
in clinical pathology were observed on day 8, and histo-
pathology revealed no findings related to the administration
of the test articles. Reductions in absolute liver weight and
liver-to-body-weight ratios were observed after treatment
with compound 20 at various dose levels. Although these
findings suggest a possible effect of compound 20 on the
liver, the absence of hepatic effects in both serum clinical
chemistry and histopathologic evaluations of the liver sug-
gests that this effect is of minimal toxicological significance.
The MTDs in mice are estimated to be 100 (mg/kg)/day for
compound 18 and 400 (mg/kg)/day for compound 20 admi-
nistered by oral gavage for 7 days.

Designing a Progression Decision Matrix To Select Leads.

TheMedicines for Malaria Venture (MMV, www.mmv.org)
is a public-private partnership dedicated to delivering effec-
tive antimalarial treatment to future generations. To im-
prove the success rate of antimalarial drug development,
MMV now recommends a suitable product profile for all
antimalarial drugs against uncomplicated malaria caused by
P. falciparum in adults and children.23 On the basis of
the MMV guidelines and current ADMET data for these
4-aminoquinolines, we have derived a compound progression

Table 7. Efficacy and ADMET Parameters for the Development of a Treatment for Uncomplicated Malaria Caused by Plasmodium falciparum in
Adults and Children

parameter minimum essential ideal 18 4

in silico profiling, Lipinski “rule of five”

violations

<2 0 0 0

in vitro potency (IC50, nM, W2 strain) <2000 <100 5.6 17.3

bacterial mutagenicity, AMES test <3-fold increase

in mutagenicity

no increase

in mutagenicity

no increase

in mutagenicity

no increase

in mutagenicity

metabolic stability, t1/2 human

microsomes

>0.5 h >4 h 1.5 h (1 μM),

4.6 h (10 μM)

0.80 h (1 μM),

1.8 h (10 μM)

permeability, PAMPA

pH 7.4/7.4sink >100 � 10-6 cm/s >1000 � 10-6 cm/s 2400 � 10-6 cm/s 1109 � 10-6 cm/s

in vitro P450 inhibition (inhibition of

CYP isoforms at 1 μM)

only CYP2D6 none none significant none significant

cytotoxicity, primary rat hepatocytes,

ratio TC50 to IC50 W2

>20 >100 1340 2313

t1/2 (h, rodent) >2 >8 6.8 15.9

Cmax (nM, rodent) >80 >200 240 436

AUC (nmol 3 h/L, rodent) >300 >1000 2026 6792

Table 6. Pharmacokinetic Profile in Mice Following a Single Oral Dose

compd dose po (mg/kg) t1/2 (h) tmax (h) Cmax (nM) AUClast (pmol 3h/mL) relative bioavailability (Frel)
a

CQ 50 5.5 0.5 444.3 2639.29 NA

1 50 3.1 0.5 261.4 725.77 0.25

4 50 15.9 0.5 436.6 6792.42 2.34

18 50 6.8 2 240.2 2026.66 0.70

20 50 4.8 4 65.9 620.49 0.21
aRelative bioavailability (Frel) = AUClast,test/AUClast,CQ.

Figure 5. Plasma drug concentration in male CD-1 mice after a
single oral dose at 50 mg/kg.
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dehydrogenase to form the MTT formazan crystals that are
solubilized in acidified isopropanol. The absorbance of the
purple solution is measured spectrophotometrically at 570 nm.
The background absorbance measured at 690 nm is subtracted
from this value to obtain the final reading. The results are
expressed as a percentage of the absorbance obtained in the
control wells, which had cells treated with medium only (no test
article).

LDH Assay. LDH activity of treated cells was measured by
the LDH assay kit (TOX-7, Sigma) according to the manufac-
turer’s instructions, except for minor modifications. Briefly,
freshly isolated hepatocytes were plated, treated with test arti-
cles as before, and incubated for 20-24 h. After incubation, the
cells were rinsed with PBS, lysed with 1/10 volume of lysis
solution, incubated at 37 �C for 45 min, and centrifuged to
collect the supernatant. The supernatant was then diluted 5� by
PBS.Diluted supernatant was thenmixedwith equal volumes of
the LDH assay mixture and incubated at room temperature for
20 min protected from light. Finally incubation was terminated
by the addition of 1/10 volume of 1 N HCl, and the absorbance
was measured spectrophotometrically at 490 nm. The back-
ground absorbancemeasured at 690 nmwas subtracted from the
reading at 490 nm to obtain the final reading. The results were
expressed as a percentage of the absorbance obtained in the
control wells that had cells treated with medium only (no test
article).

Pharmacokinetic Studies in Male CD1 Mice. All animal
studies were carried out in accordancewith SRI International’s
animal care policies. Male CD-1 mice were purchased from
Charles Rivers Laboratories. The plasma pharmacokinetics of
CQ and of compounds 18, 183, and 4 were determined in male
CD-1mice following administration of a single dose (50mg/kg,
n=3) by oral gavage . The vehicle used for CQ and compound 4
was 0.9% saline. Compounds 18 and 20 were administered in
5% DMSO and 95% PEG300. For the PK studies, 0.6 mL of
blood was collected from three mice per test article and at 15,
30, and 60 min and 2, 4, 8, 10, 24, and 48 h after dose
administration. All blood samples were collected from the
retro-orbital sinus under isoflurane anesthesia, then placed
in tubes with EDTA. After collection, blood was processed
to plasma by centrifugation at 2000 rpm for 10-20 min,
and samples were analyzed by LC-MS/MS. PK parameters,
including area under the plasma drug concentration versus
time curve (AUC0-t), maximum plasma drug concentration
(Cmax), time to maximum concentration (Tmax), and elimina-
tion half-life (t1/2), were determined using the WinNonlin
Professional software (Pharsight Corporation, Mountain
View, CA).

Dose-Range-FindingToxicity Studies inMale andFemaleCD-
1 Mice.Male and female CD-1 mice (6-8 weeks, Charles River
Laboratories) were given once daily oral doses of of compound
18 at 50, 100, or 200 mg/kg or of compound 20 at 100, 200, and
400 mg/kg for 7 days (n=(5/sex)/(dose group)). An appropriate
amount of test article was suspended in 5% DMSO/95%
PEG300 v/v on the day of dosing. The control group consisted
of vehicle-treated animals. Body weights were checked prior to
dose administration, on day 4, and prior to necropsy on day 8.
Blood for clinical pathology evaluation was collected on day 8
from the retro-orbital sinus and processed for complete hema-
tology and serum chemistry parameters (e.g., glucose, alkaline
phosphatase, alanine aminotransferase, blood urea nitrogen,
aspartate aminotransferase, total protein, albumin, calcium,
phosphorus, cholesterol, triglycerides, total bilirubin, creati-
nine, globulin, sodium). On the final day, tissues were collected
and retained in 10% neutral buffered formalin for histopathol-
ogy. Toxicology parameters (body weight, clinical pathology,
and organ weight data) were computed as the mean( SD using
the LABCAT In-Life software, version 6.2. All data were
statistically analyzed by one-way ANOVA and a post hoc
Dunnett’s t test.
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