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Organometallic compounds are molecules that contain at least one metal-carbon bond. Due to resistance of the Plasmodium
parasite to traditional organic antimalarials, the use of organometallic compounds has become widely adopted in antimalarial
drug discovery. Ferroquine, which was developed due to the emergence of chloroquine resistance, is currently the most advanced
organometallic antimalarial drug and has paved the way for the development of new organometallic antimalarials. In this review, a
general overview of organometallic antimalarial compounds and their antimalarial activity in comparison to purely organic
antimalarials are presented. Furthermore, recent developments in the field are discussed, and future applications of this emerging
class of therapeutics in antimalarial drug discovery are suggested.

therapy [1, 2]. Current research is being placed into

1. Background: Organometallic Antimalarial
Compounds and Their Derivatives

Antimicrobial and antiparasitic resistance constitute a
current threat facing the medical field today. Drug-resistant

parasites force the development of new antiparasitic agents
and depend on the interaction between functional groups in
the drug and the target enzyme in the parasite for targeted

repurposing existing antibiotics, but, for the most diversity,
new compounds need to be synthesized. Organometallic
compounds are molecules that contain at least one metal-
carbon bond. By introducing an organometallic moiety,
there are greater possibilities and properties of the com-
pound to work with and to be used in antimalarial agents [3].
Antimicrobial ~ peptides  (AMPs)  modified  with
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organometallic agents result in new organometallic AMPs
that the parasite has never encountered and has not de-
veloped resistance to [4]. Quinine, chloroquine, hydroxy-
chloroquine, mefloquine, primaquine, proguanil, doxycycline,
sulfadoxine, pyrimethamine, artemether, lumefantrine, arte-
sunate, and amodiaquine are some organic compounds which
have been used in combination as antimalarial drugs. Chlo-
roquine (Figure 1) was widely used due to its safety and low
cost but the parasitic resistance to this drug has caused an
obstacle to its treatment efficiency. This has caused an emerging
need to develop new antimalarial drugs [5]. One way to develop
new antimalarial drugs is to use the known organic structure of
an antimalarial drug and to modify the unwanted properties
using an organometallic moiety [3].

2. Current Successes of Organometallic
Antimalarial Drug Candidates in Medicine
(Reported Cases)

Chloroquine (CQ) and derivatives, e.g., hydroxychloroquine
(HCQ) (Figure 2), some of the oldest antimalarial drugs,
have become a starting point in the production of other
antimalarial drugs such as mefloquine and quinine. Chlo-
roquine’s mechanism of action, in its uncharged form,
diffuses freely into the digestive vacuole of the erythrocyte
and is subsequently protonated. It then binds to the product
of hemoglobin proteolysis, hematin [6, 7]. Resistance to
chloroquine may be associated with an increased level of
drug efflux. Chloroquine-resistant strains have been re-
ported to release chloroquine at a faster rate when compared
to parasites sensitive to the drug [7]. Resistance to chloro-
quine is now widespread, and the loss of this drug has been a
major setback for the effective treatment and control of
malaria. There have been studies on rhodium and ruthenium
combinations with chloroquine [5]. They show increased
antimalarial activity against different strains of Plasmodium,
especially against the CQ-susceptible strains. This led to the
beginning of organometallic compounds as antimalarial
agents. The poor efficacy of these derivatives pushed for a
new drug discovery as an antimalarial agent. Ferrocene (Fc)
is an organometallic compound formed from two cyclo-
pentadienyl ions combined with an iron (Fe**). Ferrocene’s
(Figure 3) sandwich-like structure is the metallocene
(contains a transition metal and two cyclopentadienyl li-
gands coordinated). It is a promising choice because it is
small and can permeate cellular membranes. It is also stable
in an aqueous environment which allows versatility when it
comes to its derivatives. Due to Fc exhibiting electro-
chemical behavior, it is a good candidate for drug design. Its
lipophilic nature provides a favorable medium for the use of
new biological applications such as anticancer and anti-
malarial drugs (ferrocifen, ferrocene, and ferroquine) [3].
Ferroquine (FQ) (Figure 4) is the first organometallic
antimalarial drug. It contains a ferrocenyl group covalently
flanked by a 4-aminoquinoline and a basic alkylamine.
Ferroquine is a derivative of CQ and ferrocene. Ferroquine
envisaged structure was created to act similarly to chloro-
quine by localizing in the food vacuole of the parasite to
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inhibit the formation of hemozoin [8]. Therefore, it was
expected to act similarly to have identical mechanism to
chloroquine when treating malaria. FQ is a good candidate
for treating malaria because the parasite has not yet had the
chance to develop a resistance to this antimalarial drug. A
similar design strategy to that used for FQ was used on the
side chains of quinine and mefloquine to replace the fer-
rocene moiety. Several ferrocenophane analogs of ferroquine
derivatives are known to exhibit improved activity against
certain strains of the Plasmodium parasite compared to their
parent compound. The ruthenium-based analogs of FQ
called ruthenoquine has been seen to be more active than
ferroquine against chloroquine-resistant strains of Plasmo-
dium parasite [9].

A study was conducted by Pierrot et al. on rats to de-
termine the efficiency of FQ compared to the CQ. It was
observed that after infection, although both treatments
eventually showed no parasitemia, the rats treated with FQ
were cured faster compared to those treated with its parent
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drug [10]. Another study done by Biot et al. tested FQ on
various rodent malaria strains such as P. berghei, P. yoelii,
and P. vinckei to determine efficient dosage. The curative test
demonstrated that P. berghei and P. vinckei infections were
cured with a dose of 8.3 mg/kg/d of FQ for four days when
CQ took 30 to 55 mg/kg/d. It also showed that FQ could be
administered orally which is significant in the digestion of
the drug [11]. To understand the pharmacokinetic and
pharmacodynamic parameters of this compound, a study
was performed by McCarthy et al. Eight volunteers aged
18-50 years were injected with ~1800 viable Plasmodium
falciparum 3D7A-infected human erythrocytes and treated
with one dose of 800mg ferroquine. The subjects were
monitored throughout the study. It was determined that the
ferroquine was absorbed quickly and the parasite reduction
ratio was found to be 162.9 correlating to a clearance half-life
of 6.5h. Ferroquine did show antiparasitic activity in all
eight subjects and proved to be a good candidate moving
forward with other clinical trials [12].

Ferrocene works synergistically when combined with
known antimalarial drugs such as artemisinin, atovaquone,
quine, and primaquine to produce different analogs and
conjugates which are effective against the resistant and
sensitive strains of the parasite. Although, these analogs were
active against Pf3D7A strains, they were not as effective as
terroquine. Unlike chloroquine, chloroquine-resistant and
chloroquine-susceptible strains of the Plasmodium parasites
find it difficult to resist ferroquine due to its unique fer-
rocene side chain while retaining the aminoquinoline
qualities of CQ.

3. Antimalarial Activity of Organometallic
Analogs of Known Antimalarial Drugs

Ferroquine was discovered to have a great outcome in both
CQ-resistant and CQ-sensitive P. falciparum because of its
ability not only to inhibit the hemozoin formation, but also
to demonstrate no immunotoxic effects in rat models [13].
FQ antimalarial activity came from the interaction of hy-
drogen in its lateral side chain which helps keep its geometric
shape in place. Researchers further analyzed that the iso-
sterism part of FQ had no interaction with the receptor but
aided in the overall orientation and functionalities of the
molecule. Additionally, FQ acts as a toxic-heme crystalli-
zation preventer by gathering in the digestive vacuoles of the
parasite, causing damage to the hemozoin membrane, which
results in the death of the parasite [13]. Furthermore, FQ
generates a considerable amount of hydroxyl radicals in the
digestive vacuoles of the parasite, causing the parasite to die
[14]. When FQ is in the digestive vacuole of the malarial
parasite, it undergoes a reversible one-electron redox re-
action [14], resulting in the formation of salt and hydroxyl
radicals. This leads to a formation of FQ clusters close to the
membrane of the digestive vacuole, resulting in the for-
mation of ROS and lipid peroxidation, leading to the death
of the parasite. FQ ability to decrease CD4" CD25" T-cells
through rapid action/effect against blood parasites [15] and
its ability to maintain the proliferation of spleen cells in the
presence of different mitogens [10] have led researchers

to suggest FQ as a great alternative to the treatment of
P. falciparum.

FQ antimalarial activity has become of interest to the
researchers and a bridge in finding similar FQ derivatives
having antimalarial activities. Some classes of FQ derivatives
include  hydroxyferroquines, trioxaferroquines, thio-
semicarbazone derivatives, ferrocene dual conjugates,
chloroquine-bridged ferrocenophanes, and 4-N-substituted
derivatives.

3.1.  Hydroxyferroquine  Derivatives. Three  hydrox-
yferroquine (Figure 5) derivatives were synthesized by Biot
et al. [16] to closely mimic hydroxychloroquine. Although
derivatives of FQ performed lesser than the original FQ, they
were more successful in the inhibition of in vitro growth of P.
falciparum than CQ. Furthermore, they exhibited antiviral
effects in severe acute respiratory syndrome coronavirus [9].
It has also been found that ferroquine and derivatives have
antitumor activity. Literature has shown that ferroquine
disturbs lysosomal function and therefore inhibits auto-

phagy [17].

3.2. Trioxaferroquines. Trioxaferroquines (Figure 6) were
reported as potential antimalarial agents against CQ-resis-
tant strains, FcB1 and FcM29 [18]. Trioxaferroquines were
shown to have high activity and great ability to clear par-
asitemia below detectable levels in mice when treated with
10 mg/kg [18]. Therefore, Trioxaferroquines have been in-
dicated as a new class of antiparasitic agents in vivo and in
vitro.

3.3. Thiosemicarbazone Derivatives. Thiosemicarbazones
(TSCs) (Figure 7) and FQ analogs display a great activity
against different strains of P. falciparum. These analogs
accumulate in food vacuole and showed a better parasitic
activity than enzyme inhibition. The use of TSCs and FQ
showed that there may be more than one mode of action. The
first is using falcipain-2 as a molecular target and the second
is acting independently [16].

3.4. Ferrocene Dual Conjugates. These dual FQ derived
models showed a better activity in vitro against NF54 and K1
clones of P. falciparum [9]. However, the dual FQ deriva-
tive’s activity was lower than that of the parent FQ analogs.
This could have been the result of oxidative activity in the
digestive vacuole [9].

3.5. Chloroquine-Bridged Ferrocenophanes. Salas et al.
recorded five disubstituted FQ derivatives [19]. Four of these
derivatives were active against different strains of P. falci-
parum especially CQ-resistant Dd2 and KI. All of these
derivatives were found to interact with the hematin.
However, the balance that existed between the lipophilicity
and hydrophilicity played a major role in their activities,
resulting in the overall success in transportation through the
membrane [9].
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4. Mechanism of Action of Organometallic
Analogs of Known Antimalarial Drugs and
Their Binding Mechanisms

The inhibition of the formation of hemozoin remains the
most acceptable mechanism of action of most antimalarial
drugs [5]. The details of the mechanism of action of how
these drugs inhibit hemozoin formation remains nebulous
[5]. Studies to unravel the mechanism of action of organ-
ometallic analogs date back to the early 1990s. Gabay et al.
suggested that chloroquine inhibits the release of iron from
hemoglobin in the host, thereby depriving the parasite of
iron [20] Chloroquine, quinoline methanol, quinine,
quinidine, and artemisinin target heme or hematin, and this
prevents the formation of hemozoin which is crucial for the
survival of the Plasmodium parasite [21, 22]. The amino-
quinolines bind with the free hematin and inhibit the crys-
tallization of heme to hemozoin [5, 23]. Desferrioxamine, an

iron chelator, has shown antiplasmodial activity, though it has
direct activity against the parasite rather than the host’s iron
status [24, 25]. Clinical reports suggest that iron supplemen-
tation increases an individual’s susceptibility to Plasmodium
infection [26-29]. In contrast, other studies have also shown
that the prevalence of malaria is not related to iron supple-
mentation [30, 31]. Although, the role of iron in malaria
pathogenesis still remains unclear, studies have shown that
Plasmodium has a strong affinity to iron and it is essential for its
survival. Due to the avidity of Plasmodium to free iron [32], the
addition of iron to existing antimalarial molecules has become
advantageous in the fight against malaria. This helps to remove
the resistance exhibited by Plasmodium to these drugs. Or-
ganometallic compounds based on quinoline and other
malarial drugs with ferrocene nucleus have been reported to
show better activity against Plasmodium spp. clones and strains
[33-36]. However, other studies have also reported less active
compounds synthesized by incorporating a ferrocenyl moiety
into other known antimalarial drugs such as mefloquine and
quinine [37] or artemisinin [38].

Ferroquine and its analogs act as resistant reversing
agents and are believed to block P. falciparum Chloroquine
Resistance Transporter (PfCRT), thus maintaining ferro-
quine in the parasite food vacuole [39, 40]. The mechanism
of action of ferroquine is believed to be similar to that of CQ.
However, due to its better lipophilic properties and special
conformation, ferroquine is a more potent antimalarial than
CQ [41]. Ferroquine is also reported to form complexes with
hematin, thereby acting as a more efficacious inhibitor of
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p-hematin formation than CQ [33, 42]. Like other quino-
lines, ferroquine identifies hematin as a major drug target,
and the formation of hemozoin is inhibited by their complex
[42, 43]. It has also been suggested that ferrocene only acts as
an inhibitor of CQ resistance without enhancing the ef-
fectiveness of CQ and has been reported to have no effect
when used with CQ without covalent bonding [33]. Fur-
thermore, ferroquine analogs have also been shown to
generate hydroxyl radicals which might irreversibly damage
the parasite digestive vacuole membrane [14, 42].

The needle-like crystals of hemozoin are bounded by
sharp {1,0,0} and {0,1,0} side faces, which are at right angles
to each other, and capped by {0,1,1}, which is slanted with
respect to the needle c-axis, and to a lesser extent by {0,0,1}
end, and this is perpendicular to the c-axis [42, 44, 45]. An
antimalarial drug should bind to face {0,0,1} or {0,1,1} in
order to retard nucleation of hemozoin crystals. However, an
effective drug will bind to either the {1,0,0} or {0,1,0} face
[42]. Reports suggest that CQ binds to the {0,0,1} and {1,0,0}
faces [46]. Similar binding to the {0,0,1} and {1,0,0} faces was
also predicted for ferroquine and ruthenocene [42].

Ruthenocene, which is a replacement for the ferrocenyl
moiety, has spurred the development of potent antimalarials
such as ruthenoquine and its analogs. The antimalarial ac-
tivity of ruthenoquine has been reported to be similar to that
of ferroquine [42, 47, 48]. Unlike ferroquine, ruthenoquine
analogs do not generate hydroxyl radicals in the parasite
vacuole. They possess weaker binding interaction to hematin
as compared to CQ and ferroquine. However, like ferro-
quine, ruthenoquine has a folded conformation and a high
lipophilicity, which enhances the transport of these drugs
through the parasite membrane. Also, ruthenoquine dem-
onstrates a stronger parasite vacuolar accumulation [42] as
compared to ferroquine.

Trioxaferroquine which is a hybrid composed of arte-
misinins linked covalently to ferroquine moiety has
been suggested to have a synergistic antimalarial effect
[18, 49-51]. The first mode of action is similar to that of
ferroquine, which plays a vital role in decreasing the rate of
resistance development. The other mode of action of tri-
oxaferroquines is also similar to that of artemisinin. Tri-
oxaferroquines are designed to act as alkylating agents and to
easily penetrate within infected erythrocytes [22].

Ferroquine analog conjugated to a gluthatione reductase
(GR) inhibitor is another antimalarial prodrug strategy.
These compounds seek to cause oxidative stress, mainly by
the ferroquine, and to promote the depletion of gluthatione
(GSH), an enzyme which protects cells from oxidative
damage. GSH is also associated with increased resistance to
CQin P. falciparum [52]. GR inhibitors are usually classified
as antimalarial drugs [53]. These ferroquine conjugates with
GR inhibitors have been shown to be more potent than the
parent GR inhibitors or GHS depletors, though they are less
active in comparison to ferroquine [54].

Chloroquine-bridged ferrocenophane derivatives have
been reported to overcome CQ resistance [55]. They were
also found to be associated with hematin though this as-
sociation does not play an integral role in determining the in
vitro activity. Like ferroquine, CQ-bridged ferrocenophanes

possess high lipophilicity which improves their transport
through the parasite membranes, hence the high activity of
the drugs. Their conformation, compact size, and lip-
ophilicity aid the compounds to escape the mechanisms of
resistance by the pathogens [55]. Ferroquine was also re-
ported to accumulate in the parasite vacuole.

4.1. Comparing Organometallic Antimalarial Compounds and
Their Organic Counterparts. Organometallics have so far
proved to be attractive first line antimalarial drug con-
tenders. This is not only due to their high activity against the
Plasmodium parasite (which is on an equal footing with that
of their organic counterparts); primarily they offer solutions
as an alternate class of drugs due to problems of the par-
asite’s resistance [56, 57]. Organometallic complexes have
generally been shown to possess very unique physico-
chemical properties which set them apart from purely or-
ganic compounds and have promising applications in drug
design [56, 58].

Ferroquine is currently the most advanced organome-
tallic antimalarial drug candidate [11, 59]. The compound is
highly active against CQ-susceptible and CQ-resistant P.
falciparum strains [8, 11, 40, 42]. Its mechanism of action has
also been shown to be similar to that of CQ, which is the
inhibition of hemozoin formation [8, 40]. However, studies
on the antimalarial activity of ferroquine compared to CQ
point out certain differentiating factors between the two
compounds due to the presence of the ferrocene [42]. For
example, ferroquine has much higher lipophilicity (2.95)
than CQ (0.85) at pH of 7.4 and lower pK,, and pK,, values
(8.19 and 6.99, respectively) than chloroquine (10.03 and
7.94, respectively) [11].

Ferroquine is more lipophilic than CQ, giving it the
ability to permeate cells more efficiently [11, 60]. This ex-
plains why ferroquine is more potent inhibitor of hemozoin
formation with an ICs of 0.8 as compared to CQ which has
an ICs of 1.9 [60]. Ferroquine also inhibits the formation of
p-hematin [11]. Ferroquine is able to produce hydroxyl
radicals in the presence of hydrogen peroxide within the
acidic environment of the parasite’s digestive vacuole [61].
Though the concentration of the hydroxyl radicals is weak,
they still are lethal for the parasite and can possibly inhibit
reinvasion. CQ on the other hand cannot produce hydroxyl
radicals by itself given similar conditions. Thus, not only is
ferroquine able to attack the parasite using the hemozoin
inhibition mechanism but its antimalarial activity is con-
tributed by other alternate mechanisms which may explain
its high activity against CQ-resistant P. falciparum strains
[60, 61].

Ferrocene analogs have been developed for other anti-
malarial drugs including artemisinin, atovaquone, meflo-
quine, and quinine [59, 60, 62]. For artemisinin, no
enhancement of antimalarial activity has been observed after
the introduction of a ferrocene core in its structure [60].
Ferrocene conjugates for atovaquone showed antimalarial
activity in the micromolar range after testing it against
Toxoplasma gondii and P. falciparum while that for
mefloquine and quinine has expressed lower activity than



the parent compounds [60, 63, 64]. Ferrocenyl and ruth-
enocenyl of mefloquine have however been reported as
potential antischistosomal drug candidates [65]. More
promising results have been reported for organometallic
antimalarial complexes using other metals. Chromium
arene-quinolone complexes, iron (II) and ruthenium (II)
complexes, and cyrhetrenyl conjugates have also been re-
ported to show antimalarial activity [48, 66-69]. Chromium
arene-CQ complex is more active than CQ against both CQ-
susceptible and CQ-resistant P. falciparum strains [68].

5. Plausible Targets for Organometallic
Compounds in Antimalarial Drug Discovery

Inasmuch as success has been achieved with current or-
ganometallic antimalarials, it is also imperative to explore
them against other relevant Plasmodium drug targets and
pathways. Notable among these targets are the digestive
vacuole, apicoplast, and the mitochondria. The apicoplast is
a plastid within the Plasmodium parasite, which has simi-
larities to plant and algae chloroplasts but lacks the ability to
photosynthesize [70]. It is known to arise from endosym-
biotic origin and thus plays roles in deoxyribonucleic acid
(DNA) replication, transcription, and translation [71].

In other works, the Plasmodium apicoplast has been
predicted to be involved in the synthesis of heme, fatty acids,
and isoprenoids [72] even though its most biological rele-
vant mechanism is yet to be deciphered [73]. It is important
to note that biological processes essential to the parasite are
quite unique from that of its mammalian hosts. As such, the
apicoplast’s potential as an antimalarial drug target has been
highly recommended [74]. So far, antimalarial drugs such as
ciprofloxacin, rifampicin, and doxycycline have targeted the
organelle’s DNA replication, transcription, and translation
[75]. Antimalarial drug candidates such as fosmidomycin
[75] and MMV-08138 [76] have also been shown to target
the isoprenoid precursor pathways. An organometallic
compound composed of a ferrocenyl substituent in the
quinolone ring of ciprofloxacin has been reported to show
stronger antimalarial activity than the parent compound
[77]. In spite of this, research on developing organometallic
compounds that target the Plasmodium apicoplast seems to
be inadequate.

The Plasmodium mitochondria is known to be signifi-
cantly different from that of the human cell and is the source
of macromolecules involved in protein synthesis and elec-
tron transport process which are potential drug targets [78].
Recently, Basto et al. have reported parasitical activities of
dinuclear thiolato-bridged arene ruthenium complexes
which were tested against another apicomplexan parasite, T.
gondii. The complexes caused severe structural modifica-
tions in the mitochondrion and were predicted to be capable
of exhibiting similar parasitical activities against related
apicomplexan parasites [79]. It will be interesting to know
the inhibitory activity of the complexes against P.
falciparum.

The food vacuole is another important target in anti-
malarial drug design. It houses the hemozoin and contains
the aggregation of heme from hemoglobin metabolism. The
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pathway involves proteases which help in the metabolism of
hemoglobin to smaller peptides [78]. Organometallic
complexes which target mechanisms within the vacuole such
as ferroquine express more potent antiplasmodial activity
than CQ. This is due to the presence of the metallic com-
ponents, giving them unique properties that are lethal within
the parasite’s vacuolar environment. Recent work has
demonstrated that exploration of the food vacuole is already
on course, as evidenced by Subramanian et al. when they
targeted the Plasmodium parasite by groups of ferrocene
derivatives. Their results showed that the gold complex
among the organometallic compounds affected the parasite’s
food vacuole and heme detoxification leading to the death of
the parasite [80]. Developing more organometallic anti-
malarials with more lethal tendencies within the parasite’s
food vacuole will help in overcoming the drug resistance
tendencies of the parasite.

Other new drug targets involved in pathways such as
purine biosynthesis, nucleotide synthesis, membrane bio-
synthesis, and Glycolysis pathways [78] could all be explored
for the development of targeted organometallic antimalarial
compounds, in order to effectively combat the issues of
resistance to antimalarial drugs and to open a new phase in
antimalarial drug design.

6. Conclusion

Since the emergence of ferroquine, development of organ-
ometallic antimalarial compounds has been progressing
rapidly. One common way organometallic antimalarials are
currently developed is by modifying unwanted properties of
a pure organic antimalarial, replacing it with an organo-
metallic moiety. Unique properties such as increased
lipophilicity and redox properties induced by the organo-
metallic moiety to the parasite give greater possibilities for
being used in antimalarial agents. The organometallic
compounds have shown increased potency in relation to
their purely organic parent compounds. To promote di-
versity in the development of antimalarials, organometallics
can be applied in targeting other promising drug targets and
pathways relevant to the parasite. This new class of malaria
therapeutics holds a lot of promise, and soon enough issues
of the parasite resistance to drugs may be alleviated.
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