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Evidence for a role of hemozoin in metabolism and gametocytogenesis
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Abstract
Hemozoin is generally considered a waste deposit that is formed for the sole purpose of detoxification of free heme that results
from the digestion of hemoglobin by Plasmodium parasites. However, several observations of parasite multiplication, both in
vertebrate and invertebrate hosts are suggestive of a wider, but overlooked, metabolic role for this product. The presence of
clinical peripheral blood samples of P. falciparum with high parasitemia containing only hemozoin-deficient (non-pigmented)
asexual forms has been repeatedly confirmed. Such samples stand in contrast with other samples that contain mostly pigmented
circulating trophozoites and gametocytes, indicating that pigment accumulation is a prominent feature of gametocytogenesis.
The restricted size, i.e. below detection by light microscopy, of hemozoin in asexual merozoites and ringforms of P. falciparum
implies its continuous turnover, supporting a role in metabolism. The prominent interaction of hemozoin with several antimalarial drugs, the involvement of proteins in hemozoin formation, and the finding of plasmodial genes coding for a hemeoxygenase-like protein argue for a wider and more active role for hemozoin in the parasite’s metabolism. The observed
association of hemozoin with crystalloids during ookinete development is consistent with a useful function to it during parasite
multiplication in the invertebrate host. Finally, alternative mechanisms, other than hemozoin formation, provide substitute or
additional routes for heme detoxification.

1 Introduction

are detectable, even at very high levels of parasitemia that
may exceed 10%, reflecting the occurrence of multiple cycles of replication. Such samples constitute a significant
percentage of the total number of clinical samples examined
(5/10 in Delahunt’s study [9] and 25/45 in my previous
work [7]). Yet no hemozoin pigment is detectable in the
parasite forms circulating in blood, which are mostly ringforms and young trophozoites. In these two studies the technique of dark-field microscopy (DF), which is considered
the gold standard for hemozoin detection was used. While
my study relied on manual examination, Delahunt et al. [9]
used image analysis software that recognises hemozoin, for
cell-by-cell comparison between DF-examination and conventional Giemsa-staining.
Using a different technique, i.e. flow cytometry, Rebelo
et al. [10], reported the absence of detectable hemozoin in
ten blood samples from patients with P. falciparum in
whom parasitemia (as determined by SYBR green and
Giemsa staining) ranged from 0.5 - to 7%.
These studies confirm the century-old observation of P.
falciparum samples lacking pigmented forms (Bignami and
Bastianelli – cited by Sherman et al. [11]. Still, the inability
to detect pigment by the more sensitive techniques such as
DF microscopy and flow-cytometry came as a surprise.
Despite their rarity in peripheral blood due to such factors as sequestration (see below), rupture, or phagocytosis
[12], asexual pigmented forms of P. falciparum, e.g. schizonts or pre-schizont trophozoites, are still occasionally
observable, especially in very heavy infections. It should
therefore be emphasised that the failure to detect such forms
in pigment-deficient samples may not completely rule out
their presence at a level that is below the sensitivity of the

Hemozoin (malaria pigment) is a crystalline dimer of βhematin (ferriprotoporphyrin IX) that is formed upon digestion of hemoglobin by the malaria parasite [1-6]. The longheld view is that the formation of hemozoin serves in the
detoxification of free heme molecules by converting them
into an inert crystalline form. However, several observations
have accumulated in the past years that indicate that the role
of hemozoin is not likely to be restricted to this aspect.
Some of these observations have led me previously to an
alternative hypothesis in which hemozoin, which prominently accumulates during sexual differentiation, is likely to
serve a useful function for the parasite in the invertebrate
host [7,8]. Hemozoin's deficiency in various samples of P.
falciparum indicate that it is continuously formed and broken down in the metabolically active asexual multiplication
stages [8]. This hypothesis is re-visited here in light of recent independent supportive data.

2 Hemozoin-deficient and hemozoin-rich peripheral blood samples of P. falciparum
2.1

Pigment-deficient samples

The presence of frequent clinical samples of P. falciparum
in which no hemozoin can be detected by conventional
Giemsa staining or more sensitive techniques such as darkfield microscopy, as reported previously [7], has now been
confirmed in recent studies. Thus, Delahunt et al. [9] described samples from P. falciparum-infected patients in
whom only hemozoin-deficient young ring-stage parasites
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Table 1. Pigmented trophozoites in P. falciparum.
Type
Multiplication
Destination
Frequency in peripheral blood
Sequestration
Pigment location
Pigment clumping

Pre-schizont
Asexual
Schizont
Rare
Yes
Residual body
Yes

techniques used.
Finally, the inability to detect hemozoin in pigmentdeficient samples of P. falciparum does not indicate that it is
not formed at all but only that it does not accumulate to the
size required for its detection by the aforementioned techniques used. This point can be resolved by electron microscopy by which hemozoin formation is generally observable
in similar samples in close association with hemoglobin
digestion in the food vacuole [13,14]. In addition, hemozoin
accumulation in pigment-deficient samples can be induced
by several factors, e.g. incubation in tissue culture medium
or treatment with various agents such as Tween 20 or Jasplankinolide (see below).

2.2

detection techniques such as DF. Their relative rarity in peripheral blood may thus be adequately explained by sequestration. The situation differs for mature (pigmentcontaining) trophozoites. These forms exhibit two distinct
behaviours in P. falciparum, i.e. complete absence from
peripheral blood in pigment-deficient samples and frequent
presence in pigment-rich samples. These behaviours can
best be explained by proposing two types of mature trophozoites, i.e. those that will become schizonts and those that
will differentiate into gametocytes. Sequestration can explain the rarity of the first type in pigment-deficient samples. On the other hand, the abundantly present pigmented
trophozoites in pigment-rich samples will be difficult to
account for as a stage of the asexual replication cycle and
must be considered as a different, second type. This dilemma can only be resolved by proposing that these second type
trophozoites represent stages of sexual differentiation.
In conclusion, sequestration cannot explain the complete
absence of pigmented trophozoites in some samples of P.
falciparum and their abundance in other samples. For sequestration to explain this observation, it has to be almost
100% efficient, in the first type of samples and to completely cease working in the second type.

Pigment-rich samples

The pigment-deficient samples described above stand in
stark contrast with other clinical peripheral blood samples of
P. falciparum in which the majority of circulating forms are
more developed ring-forms of trophozoites containing easily
detectable pigment [7]. These samples became more noticeable with techniques directed at hemozoin pigment detection, such as DF microscopy although their occurrence in
field specimens is not rare (38% in my study [7], and 3/10 in
Delahunt et al. [9]). They are also recognisable in Giemsa
stained blood films as samples containing more developed
ring-form trophozoites (CDC DPx slides [15]). Pigmentation in this type of samples is considered to reflect the normal expected pattern of maturation. Therefore, these samples did not raise any curiosity as in the case of pigmentdeficient samples. However, the occurrence of these two
clearly-distinguishable patterns of pigmentation (hemozoindeficient and hemozoin-rich) of the same species of parasite
calls for a satisfactory explanation. Less frequently, a mixed
pattern of hemozoin-containing and hemozoin-lacking
trophozoites is observed [7,9].

4 Pre-schizont and pre-gametocyte trophozoites
In order to understand the above-described two common
patterns of pigmentation in P. falciparum samples, distinction must be made between mature trophozoites committed
to either of the asexual or sexual pathways. Mature trophozoites are defined here as those that contain easily-visible
hemozoin pigment. Table 1 summarises the expected properties of these two types of mature pigmented trophozoites.
The distinction between pre-schizont and pre-gametocyte
trophozoites will be reflected in their external antigens as
revealed by stage-specific antibodies and by surface receptors that result in their binding to endothelium [18].

3 Sequestration

5 Synchronisation

Sequestration, i.e. the sticking of erythrocytes infected with
P. falciparum parasites to the endothelium of the inner capillaries has long been recognised [11] and is an essential
feature of severe P. falciparum pathology [16,17]. It is considered a main factor for the rare appearance of schizonts
and pre-schizont mature (pigmented) trophozoites in peripheral blood during the asexual development cycle of this species.
Schizonts contain a significant amount of clumped pigment and are thus easily detectable by sensitive pigmentMalariaWorld Journal, www.malariaworld.org. ISSN 2214-4374

Pre-gametocyte
Sexual
Gametocyte
Common
No
Body of trophozoites
No

Synchronisation in P. falciparum generally refers to the shift
in the pattern of parasite in peripheral blood from nonpigmented rings or young trophozoites to mature pigmented
trophozoites. There are two possibilities for the, apparently
synchronised, transition between a pigment-deficient pattern
and a pigment-rich pattern. One possibility is that this transition occurs during asexual multiplication, the other is that it
is a feature of sexual development.
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persist in peripheral blood, which is a necessary condition
for gametocyte transmission to the mosquito vector. This is
in distinction with schizonts, and, presumably, pre-schizont
trophozoites, which tend to sequester within internal tissues.
Finally, the fate of pigmented trophozoites (either as preschizont or pre-gametocyte) could be determined by staining
with stage-specific monoclonal antibodies [18].

6 Pigment location in P. falciparum schizonts
In schizonts, pigment appears outside the boundaries of the
forming daughter merozoites, i.e. in the region designated
‘residual body’ [14]. Pigment increases and clumps within
the vacuole of the residual body. The feeding apparatus
(cytosome) of the original mother cell remains associated
with the residual body while daughter merozoites are separated by their individual cell membranes. The residual body
is devoid of a nucleus but maintains active hemoglobin degradation. A significant amount of hemozoin accumulates in
the residual body. Consistent with the widely held view, this
pigment behaves as an inert waste product that is released
by cell rupture. Pigment in daughter merozoites or in the
subsequent early ringforms or early asexual trophozoites of
P. falciparum does not accumulate to a detectable level by
BF or DF microscopy. This indicates the presence of a fundamental difference in the mechanism of pigment accumulation between the asexual and sexual cycles.
The presence of pigment in the schizont, as such, indicates that the mechanism of hemozoin synthesis is functioning in the asexual cycle as it is in the sexual cycle leading to
gametocytogenesis. However, the accumulation of pigment
only in the residual body of the schizont, but not in the metabolically-active dividing merozoites or subsequent rings
and early trophozoites suggests that hemozoin is most likely
formed but broken down in merozoites and early rings before it reaches a size detectable by light microscopy (see
below). Less likely, pigment accumulation in the merozoites
and rings of P. falciparum, in contrast to schizonts, may
cease before hemozoin reaches a detectable level, without
necessarily being utilised. Besides, no system of pigment
secretion or transfer from merozoites to the residual body
has been observed, in contrast to hemoglobin transfer in
malaria where an extensive actin-dependent system has been
described [22].

Figure 1. Pigment rodlets in an unstained preparation of P. falciparum gametocyte (x1000).

In the first possibility, pigment-deficient and pigmentrich types of P. falciparum may represent synchronised
consecutive broods of asexual maturation stages on the way
to schizogeny. Synchronised asexual multiplication can be
induced in cell culture with sorbitol treatment in which pigment becomes visible after 30 hours [17] or earlier (10-16
hrs) if viewed by DF microscopy [9].
However, in clinical samples containing high levels of
parasitemia, many random cycles of multiplication must
have occurred making it unrealistic to achieve such a tight
level of synchronisation so as to produce samples with almost complete pigment deficiency. No such tight synchronisation is observed with other species of human malaria. In
fact, synchronisation is less expected in P. falciparum in
which the rhythm of schizogeny is frequently less regular
than in other species [19]. In heavy P. falciparum infection,
all stages of asexual multiplication (ringforms, trophozoites,
schizonts) are simultaneously observed [20]. Immune serum can reverse sequestration [21]. These observations do
not support tight synchronisation as a cause of pigment-rich
samples being a stage of asexual development.
In the likely absence of complete synchronisation of
asexual parasite division, the mixed presence of both pigment-deficient and pigment-containing trophozoites would
be expected in all clinical samples if pigment-rich trophozoites were part of asexual development. As this is not the
case, a different mechanism, other than synchronisation,
must therefore be operative to account for the observed occurrence of totally pigment-deficient samples.
In distinction to asexual multiplication, two observations
support the idea that synchronised, pigment accumulation in
the trophozoites of pigment-rich P. falciparum samples constitutes a stage along sexual differentiation. First, the mature
sexual forms, gametocytes, contain a large amount of distinct pigment rodlets, their number reaching 30-40, which
accumulate in the cytoplasm during gametocyte development (Figure 1). This is also the case in trophozoites of
pigment-rich samples in which pigment accumulates in the
body of the trophozoites. In schizonts, in contrast, pigment
accumulates only in the residual body (see below).
Second, gametocytes and pigment-rich trophozoites both
MalariaWorld Journal, www.malariaworld.org. ISSN 2214-4374

7 Commitment to gametocytogenesis
The large amount of pigment seen in the gametocyte indicates that pigment accumulation must proceed in the trophozoites that are committed to gametocytogenesis. Sexual
commitment to gametocytogenesis is a major development
in the life-cycle of the malaria parasite. A collective shift
from an asexual multiplication to gametocytogenesis, i.e.
waves of gametocytemia, in a multiplying parasite population have been observed and attributed to host immune response, or haematological factors [23-26]. Diffusible factors, e.g. phorbol diesters, cAMP, antimalarial drugs, etc.
have been suggested to induce gametocytogenesis by activating specific signal transduction pathways [26].
Commitment to gametocytogenesis is also affected by
3
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9 Pigment utilization
The fact that hemozoin is limited to a small size in growing
asexual stages of P. falciparum but enlarges in the residual
body of schizont and during sexual differentiation is best
explained by its continuous formation and breakdown during asexual multiplication. Evidence for the breakdown of
hemozoin in these forms is a testable hypothesis. A breakdown hypothesis may invoke re-examination of the relationship of hemozoin to protein or enzymatic factors in the parasite. Such factors may be essential for a controlled mechanism of breakdown. While the currently accepted structure
of hemozoin favours a non-enzymatic process for its crystallization, the discovery of a protein that accelerates the process of hemozoin formation (re-labelled Heme Detoxification Protein-HDP [28]) has lent support to a role for an enzyme-driven process. Involvement of enzymes in accelerating hemozoin formation would make it easier to envisage a
mechanism for reversing this process, thereby leading to
controllable degradation.

10 Hemozoin in the invertebrate host
Figure 2. Asexual multiplication cycle (A) and sexual differentiation (B) in P. falciparum.

Hemozoin remains visible in malarial stages in the mosquito
gut [8]. It has generally been observed in association with
crystalloid particles in the ookinete and oocysts [29]. Such
an association is interesting and needs to be further investigated. Crystalloids have recently been suggested to play an
important role in protein trafficking and sporozoite development [29].

the parasite's own genetic programme. Recently, Kafsack et
al. [27] showed that the expression of the DNA binding protein PfAP2-G correlates strongly with gametocyte formation. This protein is activated by a transcriptional switch
to serve as a master regulator of sexual development.
A collective shift to gametocytogenesis offers the most
plausible explanation for the two patterns of pigmentation of
P. falciparum, i.e. pigment-deficient and pigment-rich. Circulating pigmented trophozoites in pigment-rich samples
would thus represent the expected precursors to gametocytes
[7,8]. The occurrence of these forms in bulk is consistent
with induction by a diffusible environmental host factor.

11 Hemozoin and antimalarial drugs
Several of the main antimalarial drugs, including chloroquine and artemisinin, act via inhibition of hemozoin production [1,30-40]. Other agents with antimalarial activity
(e.g. clometrazole [41], quaternary ammonium compounds
[42]) similarly act by inhibiting hemozoin formation. The
inhibition of β-hematin formation has been taken as a mechanism for killing the parasite by preventing the detoxification of free heme. It remains possible that any other metabolic role for hemozoin may also be affected by the actions
of these drugs and agents.

8 Asexual multiplication and sexual differentiation
There are two recognised types of intraerythrocytic multiplication of the malaria parasite, the asexual cycle leading to
vegetative multiplication and the sexual maturation for the
formation of gametocytes.
Currently, both the pigment-deficient and pigmentcontaining trophozoite forms are presumed to be part of
both asexual and sexual cycles. However, according to the
above-mentioned observation of two different patterns of
pigmentation in P. falciparum, the currently accepted step
from circulating pigmented trophozoite to schizont must be
cancelled (Figure 2).
In other species of malaria it is assumed that pigment is
seen in ringforms or asexual trophozoites because it reaches
a larger size. However, in all species, it cannot be ascertained that any observed pigmented trophozoite is not destined for sexual differentiation unless special techniques are
used to distinguish between asexual and sexual trophozoites.
MalariaWorld Journal, www.malariaworld.org. ISSN 2214-4374

12 Alternative mechanisms for heme detoxifycation
The generally acknowledged role in heme detoxification is
not exclusive to hemozoin. Other mechanisms include
heme degradation by glutathione [41,43-45], its neutralisation by binding to histidine-rich protein 2 [46], and, as discussed below, degradation by heme-oxygenase.

13 Possible role of hemozoin
If hemozoin is dynamically formed and broken down during
vegetative multiplication, this suggests that it may serve as a
useful metabolite for the parasite. Hemozoin's accumulation
during the sexual differentiation phase suggests that it may
4
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also serve a useful role in the mosquito, perhaps as a source
of some essential products. Before the latest structural studies [1-3], hemozoin was assumed to be a hemeoprotein
[1,2]. Therefore, it could be proposed that it provided the
parasite with part of its amino acid requirement in the mosquito [8]. However, in light of the current view of hemozoin
as a crystal of β-hematin, focus may be narrowed to the
heme molecule with its components of the tetrapyrrol backbone and iron molecule, although the described binding of
histidine rich protein to heme and its proposed mediation of
hemozoin formation [47] brings back the possibility of an
associated protein component.
Heme is an essential co-factor that is required for diverse
metabolic processes. Despite the plentiful supply of heme
from host hemoglobin degradation, the malaria parasite is
able to synthesise its own heme [48]. Heme oxygenase (HO)
enzymes are broadly expressed by many organisms to degrade heme for disposal, to process it for metabolic utilisation of the tetrapyrrole backbone, or to release and scavenge
the protoporphyrin-bound iron [49]. Okada [50] identified a
heme oxygenase-like (HO) sequence in the genome of P.
falciparum. The coding by the parasite of such an activity
may be relevant to the proposal of utilisation of the heme
content of hemozoin particularly in special circumstances,
such as in the mosquito.
The high concentration of heme iron that results from
extensive hemoglobin digestion by the parasite is considered
to be a major threat to parasite survival through the possibility of generating oxygen free radicals. Detoxification of free
heme iron by incorporating it into hemozoin crystals is currently considered to be the main mechanism for iron detoxification [51,52]. On the other hand, despite this high availability of heme iron, the parasite is killed by low concentrations of iron chelators indicating that the amount of bioavailable iron is limited and crucial for parasite growth
[53,54]. The Plasmodium parasite requires iron for DNA
synthesis, glycolysis, pyrimidine synthesis, heme synthesis
and electron transport.
The availability of iron during the invertebrate phase of
growth is not well known. It is not inconceivable that hemozoin stores may contribute to iron bioavailability in the mosquito stages of the parasite.

labels or radioactive tracing may directly test various aspects of this hypothesis.

15 Competing interests
The author verifies that no competing interests apply to him
regarding the contents of this manuscript.

References
1. Egan TJ: Hemozoin formation. Mol. Biochem. Parasitol.
2008, 157:127-136.
2. Egan TJ: Recent advances in understanding the mechanism
of hemozoin (malaria pigment) formation. J. Inorg. Biochem.
2008, 102:1288-1299.
3. Sullivan DJ: Theories on malarial pigment formation and
quinoline action. Int. J. Parasitol. 2002, 32:1645–1653.
4. Fitch CD, Kanjananggulpan P: The state of ferriprotoporphyrin IX in malaria pigment. J. Biol. Chem. 1987, 262:15552–
15555.
5. Slater AF, Swiggard WJ, Orton BR, Flitter WD et al.: An
iron–carboxylate bond links the heme units of malaria pigment. Proc. Natl Acad. Sci. USA. 1991, 88:325–329.
6. Pagola S, Stephens PW, Bohle DS, Kosar AD et al.: The
structure of malaria pigment β-hematin. Nature 2000,
404:307-310.
7. Jamjoom GA: Patterns of pigment accumulation in Plasmodium falciparum trophozoites in peripheral blood samples.
Am. J. Trop. Med. Hyg. 1988, 39:21–25.
8. Jamjoom GA: Formation and role of malaria pigment. Rev.
Infect. Dis. 1988, 10:1029-1034.
9. Delahunt C, Horning MP, Wilson BK, Proctor JL et al.: Limitations of hemozoin-based diagnosis of Plasmodium falciparum using dark-field microscopy. Malar. J. 2014, 13:147.
10. Rebelo M, Shapiro HM, Amaral T, Melo-Cristino J et al.:
Hemozoin detection in infected erythrocytes for Plasmodium
falciparum malaria diagnosis - prospects and limitations.
Acta Trop. 2012, 123:58–61.
11. Sherman IW, Eda S, Winograd E: Cytoadherence and sequestration in Plasmodium falciparum: defining the ties that
bind. Microbes Infect. 2003, 5:897-909.
12. Olliaro P, Lombardi L, Frigerio S, Basilico N et al.: Phagocytosis of hemozoin (native and synthetic malaria pigment)
and Plasmodium faciparum intraerythrocyte-stage parasites
by human and mouse phocytes. Ultrastruct. Pathol. 200,
24:9-13.
13. Goldberg DE: Hemoglobin degradation in Plasmodiuminfected red blood cells. Semin. Cell Biol. 1993, 4:355-361.
14. Aikawa M, Huff CG, Sprintz H: Fine structure of the asexual
stages of Plasmodium elongatum. J. Cell Biol. 1967, 34:229249.
15. Centers for Disease Control and Prevention. DPDxLaboratory identification of parasitic diseases of public
health concern. www.cdc.gov/dpdx/malaria.dx.html.
16. Turner GD, Morrison H, Jones M, Davis TM et al.: An immunohistochemical study of the pathology of fatal malaria evidence for widespread endothelial activation and a potential role for intercellular adhesion molecule-1 in cerebral
sequestration. Am. J. Pathol. 1994, 145:1057-1069.
17. Silamut K, Phu NH, Whitty C, Turner G: A quantitative
analysis of the microvascular sequestration of malaria parasites in the human brain. Am. J. Pathol. 1999, 155:395–410.

14 Conclusions
Pigment deficient samples of P. falciparum constitute an
anomaly to the expected early accumulation of pigment
based on synchronised culture and suggest the continuous
utilisation of hemozoin, preventing its build-up to a detectable level in the circulating asexual stages.
Pigment-rich circulating trophozoites commonly seen in
other samples of P. falciparum are unlikely to be intermediate stages in the asexual cycle but most likely represent pregametocytic stages. Pigment accumulation in circulating
trophozoites is apparently triggered by the mechanism that
initiates sexual differentiation leading to gametocytogenesis.
Several observations are suggestive of a role for hemozoin
in providing useful metabolites to the parasite especially in
the invertebrate host, in distinction to its role in heme detoxification. Future studies using stage-specific antibody
MalariaWorld Journal, www.malariaworld.org. ISSN 2214-4374

5

August 2017, Vol. 8, No. 10

Jamjoom MWJ 2017, 8:10
18. Andrysiak PM, Collins WE, Campbell GH: Stage-specific
and species-specific antigens of Plasmodium vivax and Plasmodium ovale defined by monoclonal antibodies. Infect.
Immun. 1986, 54:609-612.
19. Faust EC, Russell PF, Jung RC: Clinical Parasitology, 8 th ed.
Philadelphia: Lea & Febiger 1970, 183-228.
20. Cornelia CO: Malaria in South Sudan 3: laboratory diagnosis. SSMJ 2011, 1:13-16.
21. David PH, Hommel M, Miller LH, Udeinya IJ et al.: Parasite
sequestration in Plasmodium falciparum malaria: spleen and
antibody modulation of cytoadherence of infected erythrocytes. Proc. Natl. Acad. Sci. USA. 1983, 80:5075-5079.
22. Lazarus MD, Schneider TG, Taraschi TF: A new model for
hemoglobin ingestion and transport by the human malaria
parasite Plasmodium falciparum. J. Cell Sci. 2008, 121:1937
-1949.
23. Trager W: What triggers the gametocyte pathway in Plasmodium falciparum? Trends Parasitol. 2005, 21:262–264.
24. Williams JL: Stimulation of Plasmodium falciparum gametocytogenesis by conditioned medium from parasite cultures.
Am. J. Trop. Med. Hyg. 1999, 60:7–13.
25. Dyer M, Day KP: Commitment to gametocytogenesis in
Plasmodium falciparum. Parasitol. Today 2000,16:102–107.
26. Baker DA: Malaria gametocytogenesis. Mol. Biochem. Parasitol. 2010, 172:57-65.
27. Kafsack BF, Rovira-Graells N, Clark TG, Bancells C et al.:
A transcriptional switch underlies commitment to sexual
development in malaria parasites. Nature 2014, 507:248-252.
28. Jani D, Nagarkatti R, Beatty W, Angel R et al.: A novel
heme detoxification protein from the malaria parasite. PLoS
Pathog. 2008, 4:e1000053.
29. Dessens JT, Sadia S, Tremp AZ, Carter V: Malaria crystalloids: specialized structures for parasite transmission. Trends
Parasitol. 2011, 27:106-110.
30. Egan TJ, Ross DC, Adams PA: Quinoline antimalarial drugs
inhibit spontaneous formation of β-hematin (malaria pigment). FEBS Lett. 1994, 352:54–57.
31. Egan TJ: Hemozoin (malaria pigment): a unique crystalline
drug target. Targets 2003, 2:115–124.
32. Egan TJ. Hemozoin formation as a target for the rational
design of new antimalarials. Drug Des. Rev. Online 2004,
1:93–110.
33. Egan TJ. Interactions of quinoline antimalarials with hematin
in aqueous solution. J. Inorg. Biochem. 2006, 100:916–926.
34. Sullivan DJ, Gluzman IY, Russell DG, Goldberg DE: On the
molecular mechanism of chloroquine's antimalarial action.
Proc. Natl. Acad. Sci, USA. 1996, 93:11865-11870.
35. Warhurst DC, Hockley DJ: Mode of action of chloroquine on
Plasmodium berghei and Plasmodium cynomolgi. Nature
1967, 214:935-936.
36. Kannan R, Sahal D, Chauhan VS: Heme-artemisinin adducts
are crucial mediators of the ability of artemesinin to inhibit
heme polymerization. Chem. Biol. 2002, 9:321-332.
37. Witkowski B, Lelièvre J, Nicolau-Travers ML, Iriart X et al.:
Evidence for the contribution of the hemozoin synthesis
pathway of the murine Plasmodium yoelii to the resistance to
artemisinin-related drugs. PLoS ONE. 2012, 7:e32620.
38. Meshnick SR. Artemisinin: mechanisms of action, resistance
and toxicity. Int. J. Parasitol. 2002, 32:1655–1660.
39. Kurosawa Y, Dorn A, Kitsuji-Shirane M, Shimada H et al.:
Hematin polymerization assay as a high-throughput screen
for identification of new antimalarial pharmacophores. Antimicrob. Agents Chemother. 2000, 44:2638–2644.
MalariaWorld Journal, www.malariaworld.org. ISSN 2214-4374

40. Tekwani BL, Walker LA: Targeting the hemozoin synthesis
pathway for new antimalarial drug discovery: technologies
for in vitro hematin formation assay. Comb. Chem. High
Throughput Screen. 2005, 8:61–77.
41. Slater AFG, Cerami A: Inhibition by chloroquine of a novel
heme polymerase enzyme activity in malaria trophozoites.
Nature. 1992, 355: 167-169.
42. Biagini GA, Richier E, Bray PG, Calas M et al.: Heme binding contributes to antimalarial activity of bis-quaternary ammoniums. Antimicrob. Agents Chemother. 2003, 47: 2584–
2589.
43. Atamna H, Ginsburg H: Heme Degradation in the presence
of glutathione. J. Biol. Chem. 1995, 270: 24876–24883.
44. Ginsburg H, Golenser J: Glutathione is involved in the antimalarial action of chloroquine and its modulation affects
drug sensitivity of human and murine species of Plasmodium. Redox Rep. 2003, 8: 276–279.
45. Lusersen K, Walter RD, Musller S: Plasmodium falciparuminfected red blood cells depend on a functional glutathione
de novo synthesis attributable to an enhanced loss of glutathione. Biochem. J. 2000, 346:545–552.
46. Huy NT, Serada S, Trang DT, Takano R et al.: Neutralization of toxic heme by Plasmodium falciparum histidine-rich
protein 2. J. Biochem. 2003, 133:693–698.
47. Sullivan D, Gluzman I, Goldberg D: Plasmodium hemozoin
formation mediated by histidine-rich proteins. Science 1996,
271:219-222.
48. Surolia N, Padmanaban G: De novo biosynthesis of heme
offers a new chemotherapeutic target in the human malarial
parasite. Biochem. Biophys. Res. Commun. 1992, 187:744–
750.
49. Wilks A, Burkhard KA: Heme and virulence. How bacterial
pathogens regulate, transport, and utilize heme. Nat. Prod.
Rep. 2007, 24:511–522.
50. Okada K: The novel heme oxygenase-like protein from Plasmodium falciparum converts heme to bilirubin IX in the
apicoplast. FEBS Lett. 2009, 583:313–319.
51. Scholl PF, Tripathi AK, Sullivan DJ: Bioavailable iron and
heme metabolism in Plasmodium falciparum. Curr. Top.
Microbiol. Immunol. 2005, 295:293–324.
52. Weinberg ED, Moon J: Malaria and iron. History and review.
Drug Metab. Rev. 2009, 41: 644–662.
53. Raventos-Suarez C, Pollack S, Nagel RL: Plasmodium falciparum: Inhibition of in vitro growth by desferrioxamine. Am.
J. Trop. Med. Hyg. 1982, 31:919–922.
54. Mabeza GF, Loyevsky M, Gordeuk VR, Weiss G: Iron chelation therapy for malaria: A review. Pharmacol. Ther. 1999,
81:53–75.
Copyright © 2017 G.A. Jamjoom. This is an open access article distributed
under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

6

August 2017, Vol. 8, No. 10

