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Review

Malaria burden
Malaria is preventable and curable, yet it remains 
one of the world’s deadliest diseases. Approxi-
mately half of the world’s population is at risk 
from contracting malaria, especially young 
children and pregnant women in Sub-Saharan 
Africa [1]. In addition, there is a strong correla-
tion between malaria endemic regions and world 
poverty. A vast majority of malaria victims live 
in the poorest regions of the world, where the 
cost of prevention and treatment can consume 
30% of a family’s income [2]. The protozoan, 
Plasmodium falciparum, is the primary causative 
agent of this infectious disease in humans, which 
resulted in 200–300 million cases and 655,000 
deaths in 2010 [1]. While this disease has been 
eradicated from the USA, it still remains a major 
public health concern throughout more tropical 
regions. 

In the past decade, there has been a re-ener-
gized effort to develop antimalarial treatments. 
These include strategies to replenish the drug 
pipeline with new small-molecule therapeutics, 
develop combination drug therapies against 
resistance and realize an effective vaccine. These 
efforts have been largely driven by new public–
private partnerships, such as the Medicines for 
Malaria Venture, the Roll Back Malaria Cam-
paign, the President’s Global Health Initiative 
and the Bill and Melinda Gates Foundation. 
These public–private partnerships have registered 
a number of new antimalarials based on com-
bination therapies of older mainline treatments 
(e.g., Eurartesim® and Pyramax®) [3]. Given the 
relative maturity of the malaria drug portfolio, 
there has been a shortage of new chemical entities 
entering the malaria drug pipeline. There are, 

however, signs that new collaborative approaches 
to discovery may soon pay significant dividends. 

Parasite life cycle
The malaria parasite is transmitted between hosts 
through the female Anopheles mosquito [1]. Fol-
lowing a blood meal, the mosquitoes deposit spo-
rozoites from their salivary glands. These sporozo-
ites invade host hepatocytes where they begin the 
next parasitic stage [4]. Here, the parasite develops 
into hepatic schizonts and eventually merozoites, 
which are released into the bloodstream, initiat-
ing the intraerythrocytic stage [5]. It is during this 
stage of infection that erythrocytes are destroyed 
and parasitic toxic waste is discharged, causing 
the characteristic symptoms of fever and chills 
in the victims. Once the merozoite enters the 
red blood cell it begins to mature into a ring 
form, continues to grow to a trophozoite, and 
finally differentiates into an erythrocytic schiz-
ont before the red blood cell ruptures. For each 
originally infected erythrocyte, approximately 20 
new merozoites are then expelled into the blood-
stream and remain there until they encounter 
another erythrocyte to invade, allowing infection 
to continue [6]. Throughout this process, a few of 
the merozoites enter into the sexual parasite stage 
where gametocytes are formed. The gametocytes 
continue to circulate within the bloodstream 
until they are taken up by a mosquito through 
a blood meal and can then undergo fertilization 
and maturation within the parasite before being 
transmitted to another human host. A majority of 
the antimalarials currently on the market target 
the parasite specifically in the intraerythrocytic 
stage [5]. However, if malaria is to be completely 
eradicated, novel drugs must be developed 
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Key Terms

Trophozoite: The stage of the 
intraerythrocytic life cycle 
where the greatest amount of 
hemozoin is present in the 
parasite. 

Hemozoin: A nontoxic crystal 
formed by the Plasmodium 
species in response to 
ferriprotoporphryin IX 
accumulation within the acidic 
digestive vacuole. 

b-hematin: The synthetic 
analog of hemozoin, found to 
have identical structural and 
spectrophotometric properties. 

Chloroquine: A 
4-aminoquinoline antimalarial 
drug that has been found to 
target hemozoin formation. 
Strains of Plasmodium falciparum 
acquired resistance to this drug 
by decreasing its local 
concentration in the digestive 
vacuole, causing this drug to no 
longer be effective.

Plasmodium falciparum 
chloroquine-resistant 
transporter: Transporter 
protein found in the membrane 
of the digestive vacuole that is 
the primary determinant of 
chloroquine resistance. 

that target all three (hepatic, erythrocytic and 
gametocyte) stages. 

Heme detoxification pathway
During the trophozoite stage of the intraerythro-
cytic life cycle, P. falciparum ingests up to 80% of 
the host hemoglobin through a protozoan, phago-
cytic organelle known as the cytostome (Figure 1) 
[7]. The cytostome then transports hemoglobin 
into an acidic digestive vacuole. Here, it is bro-
ken down by proteolytic enzymes in an ordered 
catabolic process into small peptides to be used 
as nutrients by the parasite [8]. Consequently, for 
every molecule of hemoglobin that is consumed, 
four molecules of heme (ferriprotoporphyrin IX, 
[Fe(III)PPIX]) are released. Due to the high tox-
icity of free heme, organisms must rapidly convert 
this molecule into an inert form, many through 
the enzyme heme oxygenase [9,10]. Hematopha-
gous organisms, such as the Plasmodium, Schis-
tosoma and Boophilus species, do not contain any 
functional heme oxygenase activity [10]. Instead, 

they must utilize a unique pathway to crystal-
ize heme into a nontoxic biomineral, known as 
hemozoin [10]. Similar to the tight regulation 
of intracellular heme levels in vertebrates, these 
parasites do not tolerate high levels of free heme 
without harmful effects [11]. Thus, it is likely 
that both the catabolism and crystallization of 
heme must occur at comparable rates to rid the 
cell from any harm. Egan et al. found the kinet-
ics for the conversion of heme to hemozoin to 
be so fast that the fraction of toxic Fe(III)PPIX 
would never exceed 1% of the total heme found 
in the parasite, even if hemoglobin degradation 
occurred at a constant rate [12]. 

Hemozoin is a biologically unique dimer of 
five coordinate Fe(III)PPIX linked by recipro-
cating monodentate carboxylate linkages from 
one of the protoporphyrin IX’s propionate moi-
eties. The biomineral is composed of an extended 
network of these dimeric units hydrogen bonded 
together via the second propionic acid group of 
protoporphyrin IX (Figure 2) [13]. More recently, 
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Figure 1. Proposed representation of hemozoin formation within the intraerythrocytic life 
cycle of Plasmodium falciparum. Host hemoglobin is taken up by the parasite and transported to 
the digestive vacuole through the cytostome. In this acidic organelle the hemoglobin is digested 
into small peptides and four toxic heme units (ferriprotoporphyrin IX). Neutral lipid bodies mediate 
the detoxification of the heme byproduct through the formation of hemozoin.
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the crystal structure of purified Plasmodium 
hemozoin was solved using powder x-ray dif-
fraction, revealing that these cross-linked dimers 
form a network of sheets with 11.0 Å thickness 
[14]. The sheets are held together through p–p 
interactions, causing iron atoms to be partially 
exposed to the solvent, which allows for small 
molecule and ligand interaction with the metal. 
The formation of such an insoluble biomineral 
sequesters the bulk of the reactive iron, prevent-
ing any deleterious reactions. Disruption of this 
process has been demonstrated to be a prime 
target for antimalarial drugs, primarily since 
hemozoin is unique to the parasite [8]. 

For the past 20 years, investigators have pon-
dered the mechanism of formation of the unique 
heme crystallite, hemozoin. Theories include 
enzyme-catalyzed heme polymerases [15], pro-
teins (specifically histidine-rich protein and heme 
detoxification protein) [16,17] and lipid mediation 
[18], or a combination of the two [19]. However, 
the most recent data suggests that neutral lipids 
are sufficient to effectively mediate the formation 
of hemozoin. One piece of evidence to support 
this finding is the discovery of neutral lipids pres-
ent in the digestive vacuoles of early trophozo-
ite stage parasites [20]. Analysis of transmission 
electron micrographs illustrated these lipid nano-
spheres surrounding hemozoin crystals, provid-
ing strong evidence that hemozoin formation is 
a lipid-mediated process [20]. Through ESI–MS/
MS, the composition of the lipid nanospheres 
was identified as a specific blend of mono- and 
di-glycerols: monostearic, monopalmitic, dipal-
mitic, dioleic and dilinoleic glycerol in a specific 
4:2:1:1:1 ratio [20]. In the presence of the lipid 
blend under physiologically relevant conditions, 
b-hematin (abiological hemozoin) formation was 
found to have a half-life of approximately 2 mins 
[21]. Hoang et al. demonstrated the partitioning 
of Fe(III)PPIX into neutral lipid droplets through 
the quenching of a lipid-specific fluorescent probe 
(nile red) following the addition of heme [22]. The 
in vitro kinetics of b-hematin formation medi-
ated by neutral lipids is kinetically competent to 
handle the necessary flux of monomeric Fe(III)
PPIX to prevent it from reaching toxic levels 
physiologically. While heme begins to localize 
and accumulate within this parasitic organelle, 
the acidic environment containing neutral lipid 
bodies allows for the rapid detoxification of this 
lethal molecule. The requirement for lipids in 
this process is exemplified through favored for-
mation of the iron (III)–carboxylate bond in a 
hydrophobic environment [23]. Lipid mediation of 

hemozoin formation was also found to be more 
efficient than autocatalysis, as the digestive vacu-
ole membrane could serve as a scaffold or nucle-
ation site for the growing crystal [24]. Furthermore, 
Kapishnikov et al. observed crystals lying on their 
long axis along the digestive vacuole membrane, 
an unlikely orientation unless the lipid membrane 
was involved in crystal growth nucleation [25]. 
These results not only provide the criteria for lipid-
mediated formation of hemozoin, but also critical 
information for the development of approaches to 
prevent this detoxification from occurring. 

In the 1940s, chloroquine became the most 
widely used antimalarial drug and continued to 
be effective against P.  falciparum for the next 
40 years, until resistance spread throughout all 
endemic regions [26]. Despite this resistance and 
diminished efficacy of quinine and its derivatives, 
hemozoin remains a suitable target for antima-
larial drugs. Resistance to these drugs arises 
from mutations or changes in expression levels 
in two membrane proteins found in the digestive 
vacuole, namely the P. falciparum chloroquine-
resistant transporter protein (PfCRT) [27] and a 
homolog of P-glycoprotein (Pf PGH1) in the case 
of mefloquine [28]. These proteins are believed 
to reduce drug concentrations in the digestive 
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Figure 2. b-hematin molecular crystal (only the unit cell of the major 
phase is illustrated). (A) The Fe(III)PPIX (heme) monomer, (B) stacking of the 
Fe(III)PPIX dimers along the [010] direction, and (C) the hydrogen bond between 
the free propionic acid groups.  
In some of the illustrations, hydrogen atoms are not illustrated for clarity [13]. 
Blue: Nitrogen; Gray: Carbon; Red: Oxygen; Violet: Iron; White: Hydrogen. 
This figure can be viewed in full color at: www.future-science.com/doi/
full/10.4155/FMC.13.113
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vacuole, as PfCRT appears to actively or passively 
move chloroquine out of this compartment [29,30]. 
The putative target of these drugs (Fe[III]PPIX) 
arises from the host and is not under genetic 
control of the parasite, rather it is a chemically 
fixed structure and is invariantly present in large 
amounts in the environment in which the para-
site lives. Thus, the parasite would appear to have 
little choice but to produce hemozoin, making it 
a unique drug target pathway. 

Antimalarial hemozoin inhibitors
In the 1600s, an extract of the Cinchona bark 
was found to contain antimalarial properties [31]. 
This natural product extract, known as quinine, 
inspired numerous antimalarials, including chlo-
roquine and halofantrine, which have been dem-
onstrated to act as hemozoin inhibitors. Chlo-
roquine, once the most successful antimalarials, 
is a neutral, weak base that is distributed evenly 
throughout the cytoplasm, but accumulates 
within the acidic digestive vacuole through an 
ion-trapping mechanism [26]. Upon entering the 
acidic environment, chloroquine is protonated 
and becomes membrane impermeable, causing 
it to reach millimolar concentrations compared 
with nanomolar concentrations in the plasma 
[32]. This property allowed for low doses of chlo-
roquine to be administered to malaria victims, 
as it is concentrated in the location of biological 
activity. 

In vitro studies have reported quinoline anti-
malarial compounds to decrease the rate of 
b-hematin formation [33]. However, it was only 
within the last 5 years that crystallographic infor-
mation of the interaction between antimalarials 
and heme was obtained. Prior to this, the only 
analysis available was solution proton NMR (1H 
NMR) spectra that provided evidence of a p–p 
complex between Fe(III)PPIX and chloroquine 
[34]. This was supported through isothermal 
titration calorimetry experiments, which sug-
gested a cofacial p–p complex of chloroquine 
with two heme µ-oxo dimers [35]. Furthermore, 
using solid-state 13C and 15N NMR, de Dios 
et al. determined that chloroquine coprecipitates 
with Fe(III)PPIX under acidic conditions and 
the aggregates consisted of covalent chloroquine-
Fe(III)PPIX complexes [36]. This covalent com-
plex would prevent coordination of the carboxyl-
ate–iron covalent bond in the dimeric units and 
ultimately, the formation of hemozoin. 

In 2008, de Villiers et al. provided the first 
example of a crystal structure of Fe(III)PPIX 
with an antimalarial drug. The crystal structure 

revealed that the hydroxyl group of halofantrine 
coordinated to the iron (III) center of the heme 
monomer with a bond length of 1.840 Å, while 
the phenanthrene group interacted with the por-
phyrin rings through p-stacking in a 1:1 ratio. 
Hydrogen bonding between a propionate group 
of Fe(III)PPIX and the protonated nitrogen of 
the compound was also observed [37]. In 2012, de 
Villiers et al. solved two additional crystal struc-
tures of heme–antimalarial complexes (quinine 
and quinidine) (Figure 3). The benzylic alco-
hol of the compounds forms a five-coordinate 
complex with the iron center of the porphyrin 
ring, containing Fe–O bond lengths of 1.866 
and 1.862 Å for quinine and quinidine, respec-
tively [38]. Furthermore, p-stacking between the 
quinoline aromatic components and the porphy-
rin pyrrole rings was observed. Together, these 
crystal structures provide important structural 
paradigms for the future rational drug design of 
possible hemozoin inhibitors.

While it is established that quinoline molecules 
inhibit hemozoin formation, the mechanism for 
how this occurs is not fully understood; however, 
there are many hypotheses throughout the litera-
ture. One possible mode of action is through the 
formation of a complex with the Fe(III)PPIX 
monomer prior to its biomineraliziation. Chlo-
roquine binds to Fe(III)PPIX with a dissociation 
constant between 10-7 and 10-6 M [39]. This indi-
cates high affinity for and specific tight association 
between chloroquine and heme. One hypothesis 
is that this noncovalent interaction could occur 
immediately following hemoglobin digestion, yet 
before the heme byproduct partitions into the 
neutral lipids. If Fe(III)PPIX is bound between 
two chloroquine molecules, then nucleation of 
the hemozoin crystal cannot occur. While direct 
evidence of this is absent, quinoline molecules 
have been found to significantly increase the time 
for crystals to form, indicating they may prevent 
nucleation [40]. Alternatively, chloroquine may be 
interacting with heme inside of the neutral lipid 
bodies, after hemozoin formation has already 
been initiated. In this case, chloroquine could 
cap the end of the hemozoin crystal, preventing 
additional heme units from extending growth. 
A theoretical model of the interaction of hemo-
zoin and quinolines demonstrates the ability of 
the protonated drug to noncovalently bind to the 
fast-growing face of the crystal, but has yet to be 
confirmed [41]. Even if a mechanism is established 
for one hemozoin inhibitor, it may not coincide 
with every compound known to target this path-
way. Consequently, further studies are required 
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to provide more insight into the mechanisms of 
action of the quinoline drugs. 

The xanthone family of compounds was seren-
dipitously discovered to have antimalarial activity 
after being extracted from the sea urchin, Stron-
gylocentrotus purpuratus [42]. Approximately 17 
xanthone derivatives were subsequently screened 
for activity against P. falciparum, with the two 
most active having IC

50
 values of approximately 

40  nM [43]. Not only were these compounds 
found to be potent in the parasite, but their 
mechanism of action was also determined to be 
similar to that of chloroquine. When xanthones 
were incubated with hemin under physiological 
conditions, soluble heme–xanthone complexes 
were observed spectroscopically. The formation 
of these complexes suggests inhibition of the 
biomineralization of b-hematin [44]. Kelly et al. 
also investigated the interactions of the xanthone 
family with heme using 1H NMR and  p–p stack-
ing between the aromatic portion of the drug and 
the pyrrole rings of heme was observed, similar 
to that of the quinoline family [45]. Their results 
show that xanthones interact with heme dimeric 
units, preventing large aggregates from forming. 
Further evidence of xanthones acting as hemozoin 
inhibitors was found in their accumulation within 
the digestive food vacuole. This was illustrated 
through laser scanning confocal microscopy, as 
the aromatic core contains intrinsic fluorescent 
properties allowing the colocalization with Lyso-
tracker® Red to be observed [43]. Despite the cor-
relation observed between inhibitory activity in 
the in vitro heme biomineralization assay and the 
parasite growth assay, the mode of action for xan-
thones must still be confirmed within the parasite 
[46]. Applying this information on the mechanism 
of interaction and structural properties between 
xanthones and Fe(III)PPIX, additional deriva-
tives of this family can be synthetically designed 
for optimal activity against this target. 

Another example of an antimalarial derived 
from a natural product extract is artemisinin. In 
the 1970s, artemisinin was isolated from a Chi-
nese medicinal drug, known as qinghao, and since 
then other endoperoxide molecules have also been 
found to have antimalarial properties [47]. While 
the exact mechanism of action of the artemis-
inin family of compounds is highly debated, it is 
generally agreed that the endoperoxide bridge of 
these molecules is activated by iron, causing free 
radicals to form inside the parasite [48]. The free 
radicals can then continue to alkylate heme and 
possibly even proteins, inducing parasite death 
either by creating redox-active heme adducts [49] 

or by damaging DNA and disrupting cell divi-
sion [50]. Further evidence of this was observed 
through the addition of free radical scavengers 
and iron chelators, which resulted in antago-
nistic properties [48]. The endoperoxide moiety 
is essential for biological activity, as derivatives 
of artemisinin without this bridge do not pos-
sess antimalarial activity. Another hypothesis 
of artemisinin activation is the requirement 
of hemoglobin uptake  [51]. Klonis et al. deter-
mined that ring-stage parasites, which have low 
amounts of digested hemoglobin, were less sensi-
tive to artemisinin activity compared with later 

Figure 3. Solved crystal structures of heme–antimalarial complexes. 
(A) Quinine–Fe(III)PPIX and (B) quinidine–Fe(III)PPIX illustrating the atomic 
numbering scheme. Hydrogen bonds are illustrated as broad dashed lines (red). 
Displacement ellipsoids are drawn at the 50% probability level and solvent 
molecules and non-relevant hydrogen atoms have been removed for clarity [38].  
Blue: Nitrogen; Cyan: Iron; Gray: Carbon; Red: Oxygen; White: Hydrogen. 
This figure can be viewed in full color at: www.future-science.com/doi/
full/10.4155/FMC.13.113
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stage parasites. While these results may suggest 
that hemoglobin itself may be an activator for 
artemisinin, it could also support the findings 
of other studies that indicate metal-dependent 
activation as iron is released during the hemoglo-
bin digestion process. Paradoxically, even though 
hemoglobin was found to be an activator for arte-
misinin, this compound also inhibited its uptake 
by the digestive vacuole, causing hemoglobin to 
accumulate in the parasite [51,52]. Following oxy-
gen activation, it is proposed that artemisinin 
can form adducts with monomeric heme units 
to prevent hemozoin formation from occurring. 
Upon mixing hemin and radioactive-labeled 
artemisinin in an aqueous solution, adducts were 
observed using HPLC and TLC, which possessed 
unique retention times from the individual reac-
tants [50]. Once the hemin–artemisinin adduct is 
incorporated into the growing crystal structure, 
further heme unit additions can be prevented [53]. 

Hartwig et al. co-localized artemisinin com-
pounds to the digestive food vacuole through the 
use of fluorescently labeled synthetic peroxides. 
Trophozoites were treated with adamantane-
linked fluorescent 1,2,4-trioxolanes and allowed 
to incubate prior to confocal microscopy. Fluo-
rescence was observed solely within spherical 
neutral lipid bodies that were closely associ-
ated with the digestive vacuole [54]. However, 
cyclohexane-linked fluorescent trioxolanes were 
observed uniformly throughout the cytoplasm, 
indicating the importance of the endoperoxide 
moiety for specific localization (Figure 4). One 
potential target for these endoperoxide com-
pounds is the inhibition of hemozoin formation 
since they are found to accumulate within these 
lipid droplets, the location of this process [55]. 

While hemozoin inhibition is one hypothesis 
for the mechanism of action, Haynes et al. pro-
vides evidence that artemisinin derivatives are not 
correlated with this process. Dihydroartemisinin 
was found to be inactive in a b-hematin inhibi-
tory activity assay (which identifies ligands that 
bind hematin via p–p interactions), but retained 
activity in a heme biomineralization assay (con-
firming axial binding with the porphyrin iron) 
[56]. According to these screens, endoperoxide 
compounds do not interact with heme in a simi-
lar fashion to quinolines and are not involved 
in hemozoin inhibition. Crystallographic stud-
ies with Fe(III)PPIX may be one way to help 
distinguish these conflicting hypotheses and 
can then be applied to the development of high-
throughput assays for determining mechanisms 
of interaction. 

While a great deal of knowledge regarding 
current antimalarial drugs has been elucidated, 
definitive evidence concerning the exact modes 
of action has yet to be determined. Discover-
ing the precise location within the digestive 
vacuole of hemozoin inhibition could indicate 
whether the drug binds to monomeric heme or 
an already nucleated crystal. Even still, it is vague 
as to whether each compound within the class 
of hemozoin inhibitors function through iden-
tical mechanisms. Once such necessary studies 
have been performed, scaffolds can be altered to 
possess preferential properties, such as aromatic 
rings, weak bases and hydrogen bonding to 
improve efficacy. 

High-throughput screening
High-throughput screening (HTS) allows for the 
rapid screening of large libraries of compounds to 
measure their ability to affect a specific process 
or pathway [57]. Once the exclusive domain of 
pharmaceutical companies, HTS is increasingly 
employed by academia not only for drug screens, 
but also to help understand fundamental biologi-
cal processes [58]. There are two main approaches 
for HTS: phenotypic and target-based screens. 
A phenotypic screen simply identifies if a com-
pound affects the phenotype of a cell or ani-
mal, but the relevant target must subsequently 
be identified. The alternative approach is to 
directly test for activity against a known biologi-
cal target of interest. It is debated as to which 
strategy is more advantageous. Starting with a 
well-validated target that accurately represents 
the physiology allows for the rapid reduction of 
hit compounds, but may require a longer assay 
development period. Phenotypic screens result 
in higher variability in the types of compounds 
discovered, potentially leading to greater success; 
however, it can be more challenging to elucidate 
the target pathway of a specific compound [59]. 

Phenotypic screening for antimalarial 
activity
Several in vitro antimalarial drug susceptibility 
high-throughput assays have been published, 
including fluorescence-based and ELISAs. Fluo-
rescent nucleic acid intercalating dyes, such as 
SYBR® Green I and PicoGreen®, have been used 
to measure parasite growth in erythrocytes [60]. 
This method is reliant on the fact that mature 
erythrocytes do not possess nuclei and thus, 
the only DNA present in culture is that from 
the parasite. This provides a simple, robust and 
inexpensive approach to monitoring parasite 
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growth following treatment with small mol-
ecules. An alternate ELISA-based assay detects 
the Plasmodium enzyme pLDH [61]. Since gly-
colysis is the main energy source of the parasite, 
pLDH is present in great quantities, providing 
a standard by which to measure parasite growth 
[62]. In earlier studies, this enzyme was found 
to be structurally distinct between parasite and 
host, allowing for specificity [63]. 

In 2009, GlaxoSmithKline (Middlesex, 
UK) screened their library of approximately 
two million compounds against the Plasmodium 
falciparum 3D7 strain by measuring the amount 
of pLDH present. This screen resulted in 13,533 
compounds identified to inhibit parasite growth 
above an 80% threshold [63]. Novartis (Surrey, 
UK) conducted a similar screening of approxi-
mately 1.7 million compounds in the same strain 
using the SYBR Green  I f luorescence-based 
assay [64]. They identified 6549 compounds with 
over 50% inhibitory activity and potent enough 
to be a possible drug lead [64]. Since the malaria 
disease is not a priority for commercial business, 
the structures of these hit compounds and their 
pharmacological data were released to the pub-
lic. This ‘open innovation strategy’ is recently 
gaining popularity allowing for collaborations 
among large corporations and academia [65]. In 
order to help facilitate drug-lead identification, 
researchers were encouraged to test these hits 
further using target-based assays [66].

In vitro b-hematin inhibition 
Following the initial primary screen for pheno-
typic activity, the hit compounds can then be 
tested in secondary screens developed for spe-
cific target pathways, such as heme detoxifica-
tion. Garavito et al. report about 70% of the free 
heme found within the digestive vacuole to be 
catabolized by the enzyme reduced glutathione, 
with the remaining heme being converted into 
hemozoin. As a result, they developed an in vitro 
micro assay to detect molecules that inhibit this 
heme-reduced glutathione-dependent degrada-
tion [67]. Therefore, hit compounds from this 
study combined with those of hemozoin inhi-
bition screens will result in a more effective 
drug molecule than simply testing for a single 
detoxification method. Comparing the results 
of this assay with those of hemozoin inhibition 
screens may also provide more specific insights 
into the mechanisms of various antimalarials. 
For instance, quinine testing reported similar 
values of remaining reduced glutathione to chlo-
roquine and amodiaquine, but was significantly 

less active at inhibiting hemozoin formation [68]. 
This indicates that quinine activity is more tai-
lored towards preventing interactions between 
heme and reduced glutathione than hemozoin 
crystal growth. 

In addition, there are high-throughput assays 
developed to test for in vitro b-hematin inhibi-
tion. b-hematin has been demonstrated to be 
the synthetic analog to hemozoin chemically, 
spectroscopically and crystallographically, and 
can be grown in the laboratory under condi-
tions mimicking the physiology of the parasite 
[8]. Prior to screening of compound libraries, the 
assays were first validated using antimalarials 
with well-determined target pathways. Quino-
line derivatives were most commonly used as 
positive controls for hemozoin inhibition, while 
antifolates or mitochondrial inhibitors were cho-
sen as negative controls [68]. Originally, assays 
developed to screen for b-hematin inhibition 
relied on the incorporation of radioactive [14C] 
hemin into the growing crystal, followed by 
quantitation using a scintillation counter [69]. 
While this is a simple and sensitive assay, it is 
more expensive and requires the use of radioac-
tive materials. Other in vitro assays were later 
developed to resolve the complications of work-
ing with radioactive material through using the 
innate absorption properties of hemin or through 
colorimetric quantification. While these meth-
ods do not require radiolabeled hematin, other 
limitations include centrifugation and transfer 
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Figure 4. Parasites were incubated with 500 nM of (5) trioxolane or (7) 
inactive trioxolane. Fluorescence from the adamantyl-tagged trioxolane (5) is 
seen only within spherical neutral lipid droplets. By contrast, the inactive 
trioxolane derivative (7) distributes indiscriminately in the parasite, suggesting 
specific neutral lipid droplet localization requires endoperoxide activation. 
Images illustrate merged fluorescence with phase contrast view. Scale bars 
represent 5 µm. 
Data taken from [54]. 
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steps and lengthy (24 h) incubation times, which 
decrease the throughput of the assay [70]. Tween® 
20 was found to be a good initiator for b-hematin 
formation, allowing for an inexpensive, simple 
and quick (4-h incubation) assay without any 
purification or transfer steps [71]. However, the 
IC

50
 dose–response values of known antima-

larials, such as chloroquine, were tenfold greater 
with Tween 20 than reported with the blend of 
physiological neutral lipids [71]. The increased 
value may indicate that Tween 20 does not accu-
rately mimic the biological nature found within 
the parasite and may instead initiate hemozoin 
formation through an alternative method. 

More recently, chemical colorimetric high-
throughput assays have been developed and 
used to screen compound libraries. Results from 
these screens were subsequently examined for 
parasite efficacy, which previously mentioned 
assays failed to test. Due to differential solubility 
characteristics of heme and b-hematin through 
the addition of pyridine, the amount of heme 
that was not converted into the crystal can be 
quantified spectrophotometrically [72]. One spec-
trophotometric assay was developed for 384-well 
microtiter plates, which incubated a hemin solu-
tion at 60°C for 2 h before quantifying with pyri-
dine [73]. While rapid, this assay did not effec-
tively recapitulate the biology that is occurring 
in the digestive food vacuole. In fact, the mecha-
nism of formation for b-hematin in this assay is 
a complex phase-transfer catalysis mechanism 
that is most likely not occurring in the parasite. 
Consequently, of the 644 pathway hits that they 
identified from their pilot screen of 16,000 com-
pounds, only 17 (2.6%) were active against the 
parasite. Carter et al. created a high-throughput 
in vitro detergent based assay that more closely 
represented the biological environment in which 
hemozoin formation occurs. This method elimi-
nated the use of radioactive materials and trans-
fer steps, and additionally only required a short 
(4 h) incubation time, increasing the throughput 
of the assay. Not only did the positive and nega-
tive controls of known antimalarials hold true 
using the NP-40 detergent, but also chloroquine 
(53.0 µM) and amodiaquine (21.0 µM) testing 
resulted in similar dose–response concentrations 
to the values reported of the native lipid environ-
ment (85.3 and 23.1 µM, respectively) [74]. This 
detergent-mediated assay was subsequently used 
in a pilot screen of 38,400 compounds to test for 
b-hematin activity (Figure 5) [74]. A total of 161 
inhibitors of b-hematin were identified from this 
screen conducted in 384-well microtiter plates, 

which correlated to a 0.42% hit rate and 113 
compounds exhibiting IC

50
 values less than the 

positive control drug, amodiaquine. The com-
pounds identified as b-hematin inhibitors were 
then screened for in vitro parasite activity and 48 
(30%) were found to inhibit more than 90% of 
parasite growth in a chloroquine-sensitive strain 
(D6), while 40 compounds retained activity in 
a multidrug-resistant strain (C235). The fact 
that this screen resulted in a high percentage of 
parasite active hits, with a low false-positive hit 
rate (0.016%), demonstrates the importance for 
development of an assay that accurately replicates 
the physiological environment present in vivo [74].

Validation of target pathway
Hits from compound library screens can begin 
to be prioritized based on their potencies found 
from both the drug susceptibility and in vitro 
target-based screens. However, even if a com-
pound is able to inhibit b-hematin in vitro and 
reduce parasitic growth, it is not definitive that 
hemozoin inhibition is the sole cause of para-
site death. In order to establish this target in 
the parasite, the levels of intracellular heme and 
hemozoin, following drug treatment, must be 
compared. An increase in the ratio of free heme 
to hemozoin with increasing drug concentration, 
corresponding with death of the parasite, would 
suggest the compound is inhibiting hemozoin 
formation. On the other hand, if elevated drug 
concentration does not alter the heme to hemo-
zoin ratio, but the parasite still dies, then another 
biological mechanism is likely the in vivo target. 

Combrinck et  al. provided the first direct 
evidence that chloroquine prevents hemozoin 
formation within the malaria parasite. Follow-
ing chloroquine treatment, free heme levels rose 
within a chloroquine-sensitive P.  falciparum 
strain (D10) in a dose-dependent fashion, cor-
relating strongly with parasite survival (Figure 6) 
[75]. Other suspected hemozoin inhibitors (amo-
diaquine and mefloquine) similarly demon-
strated a rise in heme and decrease in hemozoin 
levels compared with the control culture (with-
out drug treatment). As expected, antifolate 
compounds such as pyrimethamine, and the 
combination therapy sulfanilamide–pyrimeth-
amine, provided no significant perturbation 
on the levels of free heme or hemozoin in the 
parasite. While this is the first assay to directly 
correlate a rise in free heme levels with parasite 
survival following a drug treatment, it remains 
a laborious and lengthy one. There is a need to 
adapt this process to an HTS format to examine 

Key Term

High-content screening: 
An automated imaging approach 
that measures the phenotypic 
cellular processes that occur as 
a result of compound activity. 
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the multitude of identified b-hematin inhibitors 
in the primary screens aforementioned. Once 
compounds have been determined to inhibit 
b-hematin, possess antimalarial activity and 
decrease hemozoin levels within the parasite, 
then pharmacokinetic studies can be prioritized. 

High-content screening as a tool
Another approach to overcome this bottle-
neck in drug discovery is through the use of 
high-content screening (HCS) [76]. HCS can 
be utilized in the antimalarial drug-discovery 
process as a secondary screen in observing the 
morphology and phenotypic analysis of the para-
site following treatment. Cervantes et al. dem-
onstrated the potential of HCS of P. falciparum 
through the use of RNA probes. Similar to flu-
orescence-based drug susceptibility assays, they 
found a relationship between parasitemia and 
fluorescence intensity from the probes. How-
ever, in addition to determining IC

50
 values, 

the HCS allowed the observation of cell cycle 

arrest, enlargement of the digestive vacuole 
and a decline in hemozoin formation following 
treatment, information that cannot be obtained 
with a simple fluorescence or radioactive-based 
assay (Figure 7) [77]. High-content imaging can 
also provide further analysis of P.  falciparum 
under drug pressure during various stages of the 
intraerythrocytic life cycle and even cytotoxic 
effects on erythrocytes [78]. 

By designing an appropriate high-content 
screen, it will be possible to more directly observe 
the target and activity of a potential lead com-
pound. The unique autofluorescence properties 
of hemozoin (excitation wavelength: 632.5 nm; 
emission wavelength: 655–700 nm) provide a 
valuable handle on which to base such a screen, 
particularly given the lack of fluorescence for 
Fe(III)PPIX [79]. In fact, previous reports have 
utilized this intrinsic fluorescence property to 
image the fate of hemozoin in host cells [80,81]. 
Thus, one could imagine a high-content screen 
tailored to observe hemozoin autofluorescence in 
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the parasite following drug treatment. A dose–
responsive decrease in autofluorescence would 
provide direct evidence of a compound’s ability to 
inhibit hemozoin formation in the parasite. Cou-
pling this with a DNA-intercalating dye, such as 
SYBR Green I, parasite survival could be deter-
mined simultaneously. Furthermore, through 
high-content imaging the morphology of the 
parasite can be assessed, as previously described, 
to further analyze the effects of drug compounds 
on organelle and overall parasite morphologies. 
In the future, such a high-content screen will 
facilitate the determination of the target pathway 
in comprehensive phenotypic assays. 

Future perspective 
With the rising increase of resistance to current 
antimalarial drugs, especially along the Thai–
Cambodian border, there is a great need for novel, 
inexpensive and more effective compounds to be 
discovered. The Medicines for Malaria Venture 

has several new initiatives to help spawn research 
on this disease and has made open collaboration 
easier through releasing the screening results from 
GlaxoSmithKline, Novartis, and St Jude Chil-
dren’s Research Hospital (TN, USA) to the pub-
lic [82]. Using the information from these screens, 
research groups can focus on target pathway vali-
dation of the hit compounds in hopes of finding 
antimalarial compounds that are potent against 
the resistant strains of P.  falciparum. Through 
confocal microscopy, MS and various other meth-
ods of analysis, we will be able to gain further 
knowledge as to how drugs are interrupting the 
biological pathways of the parasite. Advances in 
x-ray crystallography may allow for additional 
structures to be solved of hemozoin inhibitors 
bound to heme. This structural information will 
provide evidence of the molecular interactions 
occurring and will allow for a rational drug design. 

Similarly, further R&D is required for a 
simple and more high-throughput assay for 
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Figure 6. Iron and heme species in untreated and drug-treated trophozoites exposed to 
varying concentrations of chloroquine or other antimalarials at 2.5-times their respective 
IC50 values. Parasites were synchronized with sorbitol and cultured for 32 h with or without drug. 
Fraction of total heme present as (A) free heme and (B) hemozoin. Asterisks indicate statistical 
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CQ: Chloroquine; P: Pyrimethamine; SP: Sulfanilamide–pyrimethamine. 
This figure can be viewed in full color at: www.future-science.com/doi/full/10.4155/FMC.13.113 
Reproduced with permission from [75] © American Chemical Society.
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target validation within the parasite. Not only 
validation of the hemozoin formation pathway, 
but also for determining the mode of action 
for compounds not inhibiting the formation 
of hemozoin. Tools such as MS and NMR can 
begin to look at the metabolome of P. falciparum 
as it develops throughout the intraerythrocytic 
life cycle [83,84]. Eventually, the regulation of 

metabolites following treatment may even be 
able to provide evidence as to which target path-
way that a drug may inhibit. By determining 
the mechanism of action of lead compounds, 
they can be optimized against resistant strains 
in addition to creating combination therapies 
to effectively eliminate the parasite through 
multiple biological pathways [85].
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Figure 7. Morphological analysis of Plasmodium falciparum with IC80 concentrations of extracts. Infected erythrocytes were 
synchronized and live parasites were stained with RNA probe 132A. (A) Images of the Plasmodium falciparum 3D7 strain without any 
drug treatment at the ring and mature stage (control). (B) Displays the phenotype of extract G-0580-3, and the arrowheads indicate 
the enlarged food vacuoles at the early stages of the cell cycle.  
Reproduced from [78]. 

Executive summary

Heme detoxification pathway

�� In the quest for a more effective antimalarial, one of the main target pathways being researched is hemozoin formation due to its 
uniqueness to the Plasmodium species. 

�� The hemozoin crystal is formed through a biomineralization of ferriprotoporphryin IX within the acidic digestive food vacuole as a way 
to combat the toxicity of this hemoglobin degradation byproduct. 

Antimalarial hemozoin inhibitors

�� Many of the current antimalarial drugs target this biological pathway, including the quinoline and xanthone families of compounds. 
Their mechanism of action has been proposed through spectroscopic as well as structural (NMR and x-ray crystallography) information. 

Phenotypic screening for antimalarial activity

�� GlaxoSmithKline (Middlesex, UK), Novartis (Surrey, UK) and St Jude Children’s Research Hospital (TN, USA) screened their chemical 
libraries for activity against the malaria parasite (Plasmodium falciparum), resulting in over 30,000 potential antimalarial compounds. 

�� Following the initial phenotypic screens, secondary target-based screens were conducted to test the hit compounds for their 
effectiveness against inhibiting the formation of b-hematin in vitro.

Validation of target pathway

�� Even with the combination of these two screens, one cannot definitively conclude that the hit compounds are in fact acting against 
this biological pathway in the parasite. Recently, a heme speciation assay was developed to provide further evidence that the hemozoin 
formation pathway is being targeted in the parasite. 

High-content screening as a tool

�� In the past year, high-content screening has been utilized in observing the morphology of the parasite following the addition of RNA 
probes. This concept can be adapted in secondary screens of lead compounds to give additional information on the mechanism of 
action. 

�� Understanding the biological pathway that lead compounds target is essential to discovering a more potent antimalarial. In addition, 
more high-throughput methods must be developed in order to more efficiently determine the mode of action targeted within the 
malaria parasite. 
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