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Malaria is a major public health problem mainly due to the development of resistance by the most lethal
causative parasitic species, Plasmodium falciparum to the mainstay drugs like chloroquine. New drugs
with unique structures and mechanism of action are urgently required to treat sensitive and drug-resis-
tant strains of malaria. Historically, compounds containing novel structure from natural origin represent
a major source for the discovery and development of new drugs for several diseases. This review presents
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recent advances in antimalarial drug discovery from natural sources, including plant extracts, and com-
pounds isolated from plants, bacteria, fungi and marine organisms. These compounds offer new and
novel scaffolds for development as antimalarials. The literature from 1998 to October 2008 is reviewed.
The review present literature compilation from plant and marine extracts, alkaloids (naphthylisoquino-
lines, bisbenzylisoquinolines, protoberberines and aporphines, indoles, manzamines, and miscellaneous
alkaloids) terpenes (sesquiterpenes, triterpenes, diterpenes, and miscellaneous terpenes) quassinoids,
flavonoids, limonoids, chalcones, peptides, xanthones, quinones and coumarines, and miscellaneous anti-
malarials from nature. The review also provides an outlook to recent semisynthetic approaches to anti-
malarial drugs discovered from natural sources.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Malaria kills 1-2 million people each year and 300-500 million
new clinical cases of malaria are reported annually.! Malaria is a
particularly devastating disease in sub-Saharan Africa, where
about 90% of cases and deaths occur. Malaria is also a serious pub-
lic health problem in certain regions of South East Asia and South
America. Human malaria transmitted by female Anopheles mosqui-
toes is caused by four species of Plasmodium, which are, P. falcipa-
rum, P. vivax, P. ovale and P. malariae. Most cases of malaria and
deaths are caused by P. falciparum. The development of resistance
to mainstay drugs like chloroquine, and controlled use of new arte-
misinin analogs have created an urgent need to discover new anti-
malarial agents.

The life cycle, immunological defense mechanisms, and clinical
development of malaria in humans is a complex process.? Clinical
malaria is characterized by periodic fever, which follows the lysis
of infected erythrocytes, and caused mainly by the induction of
cytokines interleukin-1 and tumor necrosis factor. P. falciparum
infection can have serious effects, for example, anemia, cerebral
complications (from coma to convulsions), hypoglycemia and glo-
merulonephritis. The disease is most serious in the non-immune
individuals, including children, pregnant women and tourists.

Nature remains an ever evolving source for compounds of
medicinal importance. The use of medicinal plants for the treat-
ment of parasitic diseases is well known and documented since an-
cient times. For example, use of Cinchona succiruba (Rubiaceae) for
the treatment of malaria infection is known for centuries. Several
compounds isolated from nature also form a rich source of diverse
structures for optimization to obtain improved therapeutics. A
number of natural products having antimalarial activities have
been reviewed.>~® This review focuses on the status of antimalari-
als discovered during last 10 years from all natural sources, includ-
ing crude plant extracts, marine based bioactive natural products,
isolated and identified promising compounds from plants, bacteria,
and fungi. Attempts have been made to provide an exhaustive
compilation on structural features of antimalarials isolated from
natural sources and to provide insights into their properties,
including advantages and limitations in malaria chemotherapy.
The review covers antimalarials from plant and marine extracts,
alkaloids, terpenes, quassinoids, flavonoids, limonoids, chalcones,
peptides, xanthones, quinones and coumarines, and miscellaneous
antimalarials from nature. This review also discusses recent ad-
vances in approaches to semisynthetic antimalarials.

2. Plant and marine extracts

Baelmans et al. screened 178 plant extracts from the Pharmaco-
peia of the Bolivian ethnia Tacana. Five extracts from Aloysia virg-
ata, Bixa orellana, Caesalpinia pluviosa, Mascagnia stannea and
Trichilia pleenea demonstrated more than 70% inhibition of hema-
tin polymerization at 2.5 mg/mL.° Of the 18 medicinal plants from
Sierra Leone examined by Marshall et al. Triclisia patens showed
significant antiplasmodial activity (ICso = 8.0 pug/mL).!° Cissampelos
pareira, Cordia polycephala, Trichilia hirta, Turnera ulmifolia and Lip-
pia alba from the flora of Puerto Rico showed 50-100% parasite
suppression at 5 pg/mL.!" The acetone fraction of the stem bark
of the Ethiopian medicinal plant Combretum molle showed signifi-
cant activity against trophozoites of P. falciparum (ICso = 8.17 pg/
mL). The antimalarial effect was attributed to the presence hydro-
lysable tannins, punicalagin (1) Figure 1 (ICso = 27.73 pg/mL), and

CM-A (ICso = 11.66 pg/mL).'? The root extracts of the Tanzanian
medicinal plant Abutilon grandiflorum showed prominent in vivo
activity against P. vinckei in mice and in vitro against P. falciparum
strains HB3 and FCB, with moderate cytotoxicity to the colon cell
line HT29.'3 Bidens pilosa a medicinal plant has antimalarial activ-
ity, which is attributed to flavonoid and acetylene compounds.'*
Andrade-Neto et al. showed that chloroquine-resistant or meflo-
quine-resistant P. falciparum strains display in vitro susceptibility
to B. pilosa (ICso = 10.4-49.8 pg/mL). Interestingly, extracts from
plants cultivated under standardized conditions were less active
compared to wild plants.!> Rasoanaivo et al. screened 190 plants
from five different ecosystems of Madagascar to search naturally
occurring antimalarial compounds.'® Thirty nine plants displayed
in vitro activity against P. falciparum (ICso < 5.0 pg/mL), while nine
had ICsg ranged in 5-7.5 pg/mL. Tasdemir et al. evaluated Turkish
plants for antiplasmodial activities and inhibition of plasmodial
enoyl-ACP reductse (Fabl), a crucial enzyme involved in the fatty
acid biosynthesis.!” The most potent extracts were from Phlomis
kurdica, P. leucophracta, Scrophularia cryptophila, Morina persica
and Asperula nitida (ICso ranging from 1.5 to 1.9 pg/mL). The ex-
tracts of leaves of Rhododendron ungernii (ICso = 10 pg/mL) and R.
smirnovii (ICsp = 0.4 pg/mL) strongly inhibited the Fabl enzyme.
The preliminary data indicated that some (poly)phenolic com-
pounds were responsible for the Fabl inhibition potential of these
extracts. The essential oil obtained from leaves of Cymbopogon cit-
ratus and Ocimum gratissimum showed significant antimalarial
activity in vivo (62.1-86.6% and 55.0-77.8% suppression of parasi-
temia, respectively) at concentrations of 200, 300 and 500 mg/kg in
P. berghei infected mice model.'® The main constituents of the oil of
Ocimum gratissimum were y-terpinene, B-phellandrene, limonene,
thymol and that of C. citratus geranial, neral, myrcene and B-
pinene. Okokon et al. studied the antimalarial activity of ethanolic
stem-bark extract of Cylicodiscus gabunensis in vivo in mice in-
fected with P. berghei during early and established infections as
well as for repository activity.!® The LDsg of the extract was deter-
mined to be 223.6 mg/kg, while doses >250 mg/kg were lethal to
mice. Of the 204 extracts tested from Brazilian Cerrado plants, 32
(15.7%) showed significant parasite growth inhibition at 10.0 pg/
mL.2° The most active species showed ICso values ranging from
0.9 pg/mL (Flacourtiaceae and Sapindaceae) to 4.9 pig/mL (Apocyn-
aceae and Annonaceae). Out of forty-nine plants screened from
South Vietnam, significant antiplasmodial activities (ICso = 0.4-
8.6 pg/mL) have been reported with good selectivity from six
plants: Arcangelisia flava and Fibraurea tinctoria, Harrisonia perfora-
ta, Irvingia malayana, Elaeocarpus kontumensis and Anneslea frag-
rans2' Muthaura et al. found three plant species, Maytenus
putterlickioides, Warburgia stuhlmannii and Pentas bussei from the
Kwale community, to possess antimalarial activities in low micro-
molar concentrations.?? Garavito et al. reported that eight vegetal
extracts from Columbia displayed good antiplasmodial activity
(ICsp <1-2.1 pg/mL), while in the in vivo model only Abuta grandi-
folia alkaloidal crude extract exhibited activity, inhibiting 66% of
the parasite growth at 250 mg/kg/day.?* In combination with CQ,
extracts of Kenyan medicinal plants: Toddalia asiatica, Rhamnus
prinoides, Vernonia lasiopus, Maytenus acuminata, M. heterophylla
and Rhamnus staddo showed improved parasitemia suppression
from 38% to 66% and resulted into longer survival of mice, indicat-
ing synergistic interactions.?* This was attributed to the immuno-
modulatory role of the plant extracts on the immune system of the
host during early days of infection. Muthaura et al. evaluated plant
extracts of Meru for in vitro and in vivo antiplasmodial, cytotoxic-
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Figure 1. Antimalarial alkaloids.

ity and animal toxicity activities. The extracts of Ludwigia erecta,
Fuerstia africana and Schkuhria pinnata exhibited antiplasmodial
activity (ICsq <5 pg/mL), with high selectivity index of 124.2° Of a
total of 27 aqueous extracts collected from different marine spe-
cies, on the northwest Cuban coast, three species of tunicates:
Microcosmus goanus, Ascidia sydneiensis and Phallusia nigra inhib-
ited parasite growth by 50% at concentrations of 17.5, 20.9 and
29.4 pg/mlL, respectively.?®

3. Alkaloids

Alkaloids are one of the most important classes of natural prod-
ucts providing drugs since ancient times. Alkaloids are the physio-
logically-active nitrogenous bases derived from biogenetic
precursors. A number of alkaloids are well known because of their
toxicity or use as psychodelic drugs (e.g., cocaine, morphine or
the semisynthetic LSD). At the same time, alkaloids have been

successfully used for the treatment of parasitic infections. The out-
standing example is quinine (2, Fig. 1) from Cinchona succirubra
(Rubiaceae) used for the treatment of malaria for more than three
centuries. Alkaloids based antimalarials discussed herein are di-
vided into naphthylisoquinolines, bisbenzylisoquinolines, protob-
erberines and aporphines, indoles, manzamines, and
miscellaneous alkaloids.

3.1. Naphthylisoquinoline alkaloids (Figs. 1 and 2)

Dioncopeltine A (3), dioncophylline B (4) and dioncophylline C
(5) isolated from the extracts of Triphyophyllum peltatum (Dionco-
phyllaceae), exhibited high antiplasmodial activity in P. berghei in-
fected mice.?” Dioncophylline C (5) cured infected mice completely
after oral treatment with 50 mgkg~!day~' for 4 days without
noticeable toxic effects. Korupensamine E (6), a monomeric
alkaloid (ICsp = 2.0 ug/mL)?® and korundamine A (7) a heterodi-



3232 K. Kaur et al./Bioorg. Med. Chem. 17 (2009) 3229-3256

14. Ancistrotectorine, R = CHj

13. Ancistrocongoline B

W

’

~

R

17. Lycorine, R = H
18. R = COCH3

19. (+)-Haemanthamine, R = H
20.R =0OH

16. Ancistrotanzanine C, R = H

OH
OCH
/ 3
o /r

15. Ancistrocladinine

HO
OCH,

|
P
<0 O"/OH

o

H;CO

21. (-)-Galanthamine 22. (+)-Tazettine

Figure 2. Antimalarial alkaloids.

meric alkaloid (ICso = 1.1 pg/mL)?° against P. falciparum were ob-
tained from Ancistrocladus korupensis (Ancistrocladaceae, biogenet-
ically related to Dioncophyllaceae). Structure-activity relationship
indicated that presence of a secondary amine function and absence
of an oxygen substituent at C-6, and (R)-configuration at C-3 are
important. Ancistrolikokines A, C and B (8-10), and Korupens-
amine A (11) isolated from Ancistrocladus likoko showed good to
moderate antimalarial activities in vitro with ICso values of 191,
6232, 538 and 24 ng/mL and 140, 924, 208 and 72 ng/mL against
P. falciparum NF54 strain and K1 strain, respectively.>° The lower
activities of less polar 8-10 were in agreement with the observa-
tion that the presence of free hydroxy groups is essential for potent
antimalarial activity of naphthylisoquinoline alkaloids.

5,8’-Coupled naphthylisoquinoline alkaloid, ancistroealaine-B
(12) from Ancistrocladus ealaensis exhibited activity against P. falci-
parum (ICso = 0.52 pg/mL). Ancistroealaine-B (12) represented pure
‘ancistrocladaceae-type’ alkaloid, S-configured at C-3 and equipped
with an oxygen function at C-6.3' Bringmann et al. reported anci-
strocongolines A-D from Ancistrocladus congolensis along with the
known alkaloid Korupensamine A.>? All compounds exhibited anti-
plasmodial activities with ancistrocongoline-B (13) being the most
active (ICso = 0.15 pg/mL). All ancistrocongolines and Korupens-
amine A are representatives of ‘hybrid-type’ naphthoisoquinolines,
with 3R-configuration and oxygen functionality at C-6, bearing
both structural features of ‘ancistrocladaceae-type’ alkaloids and
the ‘dioncophyllaceae-type’ alkaloids (3R, no oxygen at C-6). 7,3/~
Coupled ancistrotectorine (14), ancistrocladidine (15) and anci-
strotanzanine C (16), possessing antimalarial activities against
the K1 strain (ICs¢ = 0.1-0.7 pg/mL) have been reported from Anci-
strocladus tanzaniensis.>> William et al. isolated four alkaloids, lyc-
orine (17), 1,2-di-O-acetyllycorine (18), ambelline and crinine,
from the bulbs of Brunsvigia littoralis (Amaryllidaceae).>* Alkaloids
17 and 18 displayed best activity (ICso = 0.62 and 1.0 pg/mlL,
respectively), but were cytotoxic.

Orhan et al. isolated four groups of alkaloids, lycorine, crinine,
tazettine, and galanthamine exhibiting antimalarial activity at dif-
ferent potencies, from amaryllidaceae plants namely Pancratium
maritimum, Leucojum aestivum, and Narcissus tazetta, found in Tur-
key.>> Haemanthamine (19), and 6-hydroxyhaemanthamine (20)
were active with ICsq of 0.70 and 0.34 pg/mL respectively, against
P. falciparum (T9.96), while galanthamine (21, ICsq = 4.38 pg/mL)
and tazettine (22, ICso = 5.42 pg/mL) had least activity against P.

falciparum (K1). Difference in the chemical structures of these alka-
loids could be responsible for variation in their antimalarial activ-
ities. Except galanthamine and tazettine, the other alkaloids have
no N-methylated side chain. Lycorine and crinine alkaloids contain
methylenedioxy-side chain attached to the benzene ring of the
molecule, suggesting that the methylenedioxybenzene part of the
molecule and tertiary nitrogen without methyl group contribute
to higher activity of both lycorine and crinine groups of alkaloids
than galanthamine and tazettine group of alkaloids.

3.2. Bisbenzylisoquinoline alkaloids (Fig. 3)

In bisbenzylisoquinolines, the two moieties are usually bound
by one or more diaryl ether bridges, although carbon-carbon
bridges or a methylene-oxy bridge may also be present. The bisb-
enzylisoquinoline alkaloids can be divided into three categories:
biscoclaurines, coclaurin-reticulines and bisreticulines, according
to the nature, the number, and the attachment point of the bridges.
In each subgroup, the alkaloids differ by the nature of their oxygen-
ated substituents, the degree of the unsaturation in the heterocy-
clic rings, and the stereochemistry of their two chiral centers, C-1
and C-1'.

Angerhofer et al. tested 53 bisbenzylisoquinoline alkaloids for
antiplasmodial activity and cytotoxicity against mammalian
cells.® The alkaloids in general exhibited antiplasmodial activity
(ICsp ranged in 29-1500 nM against D6 clone, and ICso ranged in
59-4030 nM against W2 clone of P. falciparum). The most selective
alkaloids were (—)-cycleanine (23), (+)-cycleatjehine (24), (+)-
cycleatjehenine (25), (+)-malekulatine (26), (—)-repandine (27),
and (+)-temuconine (28). Among these, 26 is a bisreticuline deriv-
ative, while all other are biscoclaurines. (+)-Malekulatine (26) is a
head-to-tail dimer, while (+)-temuconine (28) is linked tail-to-tail.
In (—)-repandine (27) the two bisbenzylisoquinoline moieties are
linked by two etheroxy bridges between C-7,C-8’ and C-11,C-12'.
(—)-Cycleanine (23) had two etheroxy bridges at C-8,C-12’ and C-
12,C-8'. In (+)-cycleatjehine (24) and (+)-cycleatjehenine (25) pos-
sessing a pyridine ring, the bisbenzoisoquinoline moieties were
linked by an etheroxy bridge at C-11,C-7" and by a methylenoxy
bridge at C-7,C-12". Demethylation at C-12 decreased the selectiv-
ity as in case of 24. Mambu et al. have reported strong antiplasmo-
dial activity of (—)-curine (29) and isochondodendrine (30) isolated
from the stem bark of Isolona ghesquiereina (ICso = 353 and 892 nM,
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respectively).?” Pseudoxandra cuspidata bark has good antimalarial
activity and recently its bio-assay-guided fractionation by Roumy
et al. led to the isolation of an unusual azaanthracene alkaloid 31
(IC50 = 42.92 uM), a bis-benzylisoquinoline alkaloid (1S, 1'R)-rodia-
sine (32, ICsp = 1.14 uM) along with alkaloids O-methyl-punjabine
and O-methyl-moschatoline.®® The antimalarial activity of this
bark was mostly due to 32, which was most active and least toxic
of these alkaloids.

3.3. Protoberberine and aporphine alkaloids (Figs. 3 and 4)

Wright et al. evaluated antimalarial activities of several pro-
toberberine group containing alkaloids, which exhibited promis-
ing antiplasmodial activities.>® Dehydrodiscretine (33, ICso =
0.64 nM) and berberine (34, ICso = 0.96 1M) were the most ac-
tive. Canadine (35) a tetrahydroberberine, was less active indicat-
ing that presence of quaternary nitrogen is required for the
activity of protoberberines. The two alkaloids also had different
saturation in ring C as a consequence of the quaternization of
the ring-B nitrogen. In the aporphine group, norcorydine (36) pos-
sessed the highest antiplasmodial activity (ICso = 3.08 puM), and
corydine, its N-methyl analogue, was sevenfold less active. Isoc-
orydine, which differed from corydine in the positioning of the
hydroxyl/methoxyl substituents, and catalpifoline (6-O-methyl-

norcorydine) were also less active than corydine suggesting that
a secondary amino function and a phenolic substituent enhance
the in vitro antiplasmodial activity of aporphines.®® Long-Ze
et al. reported the cytotoxicity and promising antimalarial activity
of phenolic aporphine-benzylisoquinoline alkaloids 37, 38 and 39
(ICsp = 24.2, 10.2 and 11.2 ng/mL, respectively) isolated from the
roots of Thalictrum faberi.*° Hadranthine A (40) and B (41) are 4,5-
dioxo-1-azaaporphinoids obtained from Duguetia hadrantha.*!
Alkaloid 40 exhibited in vitro antimalarial activity against P. falci-
parum with ICsq = 120 ng/mL and selectivity index of >40, while
41 was inactive.

3.4. Indole alkaloids (Figs. 4 and 5)

Mendiol et al. have recently reviewed the antiplasmodial indole
alkaloids isolated from natural sources.*? 10’-Hydroxyusambaren-
sine (42), a tertiary phenolic bisindole alkaloid isolated from the
roots of Strychnos usambarensis displayed modest antimalarial
activity (ICso = 0.16 pg/mL, W2 strain).**> Paulo et al. tested aque-
ous and ethanolic extracts of Cryptolepis sanguinolenta and seven
alkaloids isolated from these extracts against K1 and T996 strains
of P. falciparum.** The indolobenzazepine alkaloid cryptoheptine
(43) was the second most active in this series after cryptolepine
(44) (ICsp = 0.8 and 0.23 pM, respectively). The study showed that
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alkaloids with weakly basic characteristics were active, whereas
structurally related alkaloids with different acid-base profiles
were inactive, suggesting they have similar mode of action as that
of quinolines. Frédérich et al. evaluated eight naturally occurring
monoindole alkaloids in vitro for their ability to inhibit P. falcipa-
rum growth, in drug combination and to reverse resistance of a
chloroquine (CQ)-resistant strain.*> Three alkaloids icajine, isoretu-
line and strychnobrasiline reversed CQ resistance at concentrations
between 2.5 and 25.0 pg/mL, with an interaction factor (IF) of
12.82 for isoretuline (45) on W2 strain. Only icajine (46) was found
synergistic with mefloquine (IF = 15.38). No synergy was observed
between CQ and alkaloids on the CQ-sensitive D6 strain. Active
alkaloids did not possess any substitution on their indole moiety
and had H-16a configuration. A substitution on the indolic moiety
suppressed the CQ-potentiating activity.

Many dimeric or trimeric indolomonoterpenic alkaloids with
antiplasmodial properties have been isolated from root-bark of
Strychnos icaja, a liana found in Central Africa.*6~%° Frédérich
et al. found that bisindole alkaloids particularly the sungucine
alkaloids possessed interesting antimalarial activity. The modifica-
tion of the double bond from 23’'-17 into 16’'-17’ and introduction
of a hydroxy substituent at C-18 induced an increase of the antima-

larial activity as in 18-hydroxyisosungucine (47) (ICso = 0.14 pM,
W2 strain). In the in vitro assays against chloroquine-resistant P.
falciparum strychnogucine B (48) a tertiary quasi-symmetric bisin-
dole alkaloid, was more active than sungucine (49) (ICso = 0.085
and 10 pM, respectively).

Frédérich et al. have reported alkaloids consisting of four types
of bisindole skeleton exhibiting potent and selective activities
against Plasmodium. They were sungucine-type (ICso values ranged
in 80 nM to 10 uM), longicaudatine-type (ICso values ranged in
0.5-10 pM), matopensine-type (ICso values ranged in 150 nM to
10 pM), and usambarine-type (ICso values ranged in 100-150
nM). All active compounds were tertiary dimers and a certain de-
gree of basicity was necessary for the antiplasmodial activity. For
example, usambarine (50) possessing a methyl substituent at N
was less active than ochrolifuanine A (51) having a N;,-H and iso-
strychnopentamine (52) with a third basic nitrogen in pyrrolidine
ring. Also, matopensine-type N-oxide (53) or quaternary deriva-
tives were less active than the respective tertiary compounds. Re-
duced activity may be attributed to the ionic nature of N-oxides. In
the case of sungucine-type alkaloids, antiplasmodial selectivity
was associated with the presence of a 16'-17’ double bond or a
17'-18" ether link. The trimeric indolomonoterpene alkaloid
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strychnohexamine (54) also possesses antiplasmodial properties in
micromolar range. These alkaloids are derivatives of strychnine
and due to their potential use as antimalarial drugs Philippe
et al. investigated their possible convulsant strychnine-like proper-
ties by studying their interaction with the strychnine-sensitive gly-
cine receptor. All compounds interacted with poor efficacy and
only at concentrations >1 pM.>® These studies suggested that
promising antimalarial alkaloids derived from S. icaja are devoid
of strychnine-related properties in vitro. Recently, Philippe et al.
have reported in vivo antimalarial activity of isosungucine (55) a
quasi-symmetric bisindolomonoterpenoid isolated from the roots
of S. icaja, against P. vinckei petteri with 50% suppression of parasi-
temia on day 4 at the dose of 30 mg/kg.>! Antimalarial p-carboline
alkaloids, canthin-6-one (56) and 9-hydroxycanthin-6-one (ICsq =
2238 and 2336 ng/mL, respectively) were isolated from the roots
of Eurycoma longifolia.>?

Chrysopentamine (57) isolated from S. usambarensis a novel
indolomonoterpenoid alkaloid belongs to the small family of

indolic anhydronium bases, having five nitrogen atoms, an
unusual phenolic substitution on C-14 and a pyridinium ring.>3
Chrysopentamine (57) displayed antiplasmodial activity against
three P. falciparum cell lines FCA 20, FCB1-R and W2 (ICsg
~500 nM). Monoterpene indole alkaloids ellipticine (58) and
aspidocarpine (59) isolated from Aspidosperma vargasii and A.
desmanthum, respectively, exhibited significant in vitro inhibi-
tion of P. falciparum K1 strain, (ICso = 73 and 19 nM, respec-
tively).>* Tetrahydro-p-carboline monoterpene indole alkaloids
isolated from Nauclea officinalis were reported to have
in vitro antimalarial activity.>> Naucleofficine A (60) exhibited
moderate antimalarial activity (ICso = 9.7 pM), and was not
cytotoxic. When the aromatic hydrogen of ring A (position
10 or 12) were replaced, the antimalarial activity (ICsq = 38.3
1M) was reduced for naucleofficine E (61). When ring D was
aromatic, the antimalarial activity increased; however when
all the rings (ring A-E) were aromatic, the antimalarial activity
decreased.
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Naucleidinal (62) and angustoline (63) displayed good cytotoxic
activities, but poor antimalarial activity (ICso = 26.8 and 20.5 pM,
respectively). Therefore, the antimalarial activity of these com-
pounds had no direct correlation with their cytotoxicity. These re-
sults showed that no replacement group in ring A, an aromatic ring
D and proper water-solubility are important for antimalarial activ-
ity. The quaternary B-carbolinium alkaloid nostocarboline (64)
from the cyanobacterium Nostoc 78-12A showed pronounced
activity (ICso = 194 nM) with high selectivity (600-fold) for Plasmo-
dium over rat myoblast (L6 cells).>® Alkaloid 64 targets the plastid-
like organelle of the parasite called apicoplast.

3.5. Manzamine alkaloids (Fig. 6)

Enantiomers of 8-hydroxymanzamine A, manzamine F and a
manzamine dimer, neo-kauluamine (65), possessing antiplasmo-
dial activities were isolated from Indo-Pacific sponge (Petrosii-
dae).>’ ent-8-Hydroxymanzamine A (66) and neo-kauluamine
(65) reduced parasitemia in P. berghei infected mice without toxic-
ity at 100 pmol/kg and increased the survival days to 9-12 days as
compared to artemisinin (2 days) and chloroquine (6 days). The in-
crease in survival days appears to be attributed to immunestimu-
latory effect of these alkaloids. Rao et al. reported antimalarial
activities and SAR of manzamine-type alkaloids isolated from an
Indonesian Acanthostrongylophora sponge.>® Oxamanzamines like
12,28-oxaircinal A (67) possessing a unique manzamine-type ami-
nal ring system generated through an ether linkage were inactive
against P. falciparum, suggesting that the C-12 hydroxy, the C-34
methine, or the conformation of the lower aliphatic rings play a
key role in the antimalarial activity. The activity of manzamine Y
(68, IC59 = 420 ng/mL) was lower than 8-hydroxymanzamine A
(69, ICso = 6.0 ng/mL) indicating that the change of the hydroxyl
substitution from C-8 position of the B-carboline moiety to the C-
6 position decreases the antimalarial activity.

3.6. Miscellaneous alkaloids (Figs. 6 and 7)

Elena et al. tested crude extracts from Peschiera fuchsiaefolia
against P. falciparum. The tertiary alkaloid crude extract from the
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stem bark and root bark showed good activity (ICso = 495 and
179 ng/mL, respectively). The dimeric voacamine (70) was the
most active alkaloid isolated from these extracts (ICso = 238 ng/
mL).>® Wright et al. reported an extensive study on two novel alka-
loids, lepadins E (71) and F (72) isolated from a tropical marine
tunicate Didemnum sp., which showed significant antiplasmodial
activity (ICsp = 0.4 and 0.2 pg/mL against K1 strain, and 0.9 and
0.3 pg/mL against NF54 strain, respectively).?® The activity ap-
peared to be dependent on the configuration at C-2 and the nature
of the functionality at C-3 in the decahydroquinoline. Heptyl pro-
digiosin (73), a trypyrrole alkaloid purified from the culture of a
proteobacteria from a marine tunicate in the Philippines, was sub-
jected to in vitro and in vivo antimalarial studies.’’ The in vitro
activity against P. falciparum 3D7 was similar to chloroquine (ICsq
= 0.07 vs 0.015 pM, respectively) and a single subcutaneous
administration of 5.0-20.0 mg/kg significantly extended survival
of P. berghei ANKA strain-infected mice.

Crude MeOH extracts from the stem bark and leaves of Albizia
adinocephala were found to inhibit the malarial enzyme plasmep-
sin II. Bioassay guided fractionation led to the isolation of two bio-
active spermine alkaloids, budmunchiamines L4 (74) and L5 (75)
(ICso = 14.0 and 15.0 uM, respectively).5 Balansard et al. reported
the antimalarial activities of four major alkaloids from Stephania
rotunda: dehydroroemerine (76, ICso = 0.36 M), tetrahydropalma-
tine (77, ICso = 32.6 uM), xylopinine (78, ICso = 52.3 uM) and ceph-
aranthine (79, ICso = 0.61 uM).%2 Isobol test for drug interaction of
chloroquine and these alkaloids indicated that cepharanthine-
chloroquine and tetrahydropalmatine-xylopinine associations
were synergistic but cepharanthine-artesunate were additive.

Acridone and furoquinoline alkaloids like tegerrardin A (80),
arborinine and evoxine isolated from Teclea gerrardii possessing
moderate antiplasmodial activity (ICso = 12.3-70.6 uM) have been
reported.®® Francoise et al. reported the antiplasmodial activity of
girolline (81), a 2-aminoimidazole extracted from Cymbastela can-
tharella.%> The ICsy values of girolline (81) ranged from 77.0 to
215.0 nM and it was active in vivo at a dose of 1.0 mg/kg/day.
The mechanism of action of 81 involves inhibition of parasitic pro-
tein synthesis. The aminoimidazole moiety was necessary for the
antimalarial activity since the synthetic analogs of two series 5-

68. ManzamineY,R = OH, R, =H

67.12,28-Oxaircinal A 69. 8-Hydroxymanzamine A, R = H, R; =OH

71. Lepadin E, E = l

72. Lepadin F, % =

Figure 6. Antimalarial alkaloids.
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deazathiogirolline and 4-deazathiogirolline, without the aminoim-
idazole moiety were devoid of any activity.

Morphinan alkaloids tazopsine (82), sinococuline (83), 10-epi-
tazopsine (84) and 10-epi-tazoside (85) were obtained from the
bioassay-guided fractionation of S. thouarsii stem bark extracts.®®
Compounds 82-84 exhibited significant and selective inhibitory
activity (SI>13.8) against P. yoelii liver stage. Tazopsine (82)
showed the moderate inhibitory activity (ICs5o = 3.1 uM), while
10-epi-tazopsine (84) was fivefold less active and less toxic on host
cells than 82, with better selectivity index (SI = 24.1). These results
suggested that substitution at C-10 position was not necessary for
the antimalarial activity. The presence of a free hydroxyl group
with (R)-stereochemistry enhanced the inhibitory effect against
P. yoelii liver stage, while presence of (S)-stereochemistry de-
creased significantly the toxicity on host mouse primary hepato-
cytes. The linkage of this hydroxyl group with a glucose unit via
a B-glucosidic bond led to loss in activity. This could be attributed
to the steric bulk created by the glucose unit. A total inhibition was
observed for 82 at a concentration as low as 7.1 uM, whereas P.
yoelii parasites could still be observed in cultures treated with high
concentrations of reference drug primaquine (38.6 uM of primaq-
uine only inhibited 80% of parasites). Alkaloids belonging to biphe-
nylquinolizidine lactone class were isolated from Heimia salicifolia.
epi-Lyfoline (86) exhibited moderate antimalarial activity against
P. falciparum (ICso = 2.8 pg/ mL), while lyfoline (87) with 10-H,,
was found to be inactive.®’” Vertine (88) was less active (ICsq =
4.76 pg/mL), and differs from compound 86 in having methoxy
at C-4”. The decrease in potency of 88 can be attributed to methoxy
pattern in quinolizidine alkaloids.

4. Terpenes
4.1. Sesquiterpenes (Figs. 8 and 9)

Antimalarial activity of sesquiterpene lactones from Neurolaena
lobata has been documented.®® Germacranolide sesquiterpenes,
like neurolenin B (89, IC5¢ = 0.62 uM) were found to be more po-
tent than furanoheliangolides lobatin B (90, ICso = 16.51 pM).
Among the germacranolides, the shift of the double bond from
the 2,3-position (neurolenin B) into the 3,4-position (lobatin A)
led to dramatic decrease in the activity suggesting that one of
the structural requirements is the presence of o/B-unsaturated
keto function. Additionally, a free hydroxyl group at C-8 increased
the antiplasmodial activity, while a free hydroxyl group at C-9 de-
creased the activity.

Bioasay-guided fractionation of the extract from the wood-de-
cayed fungus Xylaria sp. BCC 1067 led to the isolation of elemophi-
lane sesquiterpenes (+)-phaseolinone (91) and (+)-phomenone
(92).5° Sesquiterpenes 91 and 92 known as phytotoxins exhibited
promising antimalarial activity (ECsp = 0.50 and 0.32 pg/mlL,
respectively). Goffin et al. investigated the antiplasmodial proper-
ties of Tithonia diversifolia against three strains of P. falciparum, and
sesquiterpene lactone tagitinin C (93) was found to be active
against FCA strain (ICsq = 0.33 pg/mL).”® Antiplasmodial meroses-
quiterpene, isocochlioquinone A (94, ICso = 1412 ng/mL) from fun-
gus Drechslera dematioidea’! and brominated sesquiterpene (8R )-
8-bromo-10-epi-B-snyderol (95, ICso = 2700 ng/mL) from the red
alga Laurencia obtusa’® have been reported. Jenett-Siems et al. re-
ported four sesquiterpenes, vernodalol, 118,13-dihydrovernodalin,
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11B,13-dihydrovernolide and 11,13,17,18-tetrahydrovernolide
from Vernonia colorata. Of these, vernodalol (96) and 11B,13-
dihydrovernodalin (97) exhibited the strongest antiplasmodial
activity (ICsp = 4.8 and 1.1 pg/mL, respectively). Among the sesqui-
terpene lactones obtained from Artemisia afra, 1-desoxy-1o-per-
oxy-rupicolin A-8-O-acetate, 1a,40-dihydroxy-bishopsolicepolide
and rupicolin A-8-O-acetate (98) possessed in vitro antiplasmodial
activity (ICsq = 10.8-17.5 pg/mL).”® Passreiter et al. have isolated
sesquiterpene lactones of the pseudoguaianolide type from Arnica
montana. Helenalin (99), dihydrohelenalin and their acetates
showing activities against P. falciparum in vitro with ICsg values
ranging from 0.23 to 7.41 uM.” Several existing antimalarials act
by inhibiting the degradation of hemin, leaving it free to kill the
malaria parasite. Some eudesmane sesquiterpenes, for example,
100 from the EtOAc extracts of the leaves of Melampodium campho-
ratum have been reported to show activity in the hemin degrada-
tion assay.”> New secondary metabolites belonging to different
types of sesquiterpenes, including elemane, eudesmane (101) and
germacrane (102) isolated from Caribbean Coral Eunicea sp. were
active against P. falciparum W2 strain (ICso = 10.0 and 14.0 pg/
mL).”® Inhibitory effect upon the growth of P. falciparum has been
reported for sesquiterpene lactones 103 and 104 isolated from
Camchaya calcarea (ICso = 1.2 and 0.3 pg/mL, respectively).”’”
Three linear sesquiterpene lactones obtained from Anthemis
auriculata, namely anthecotulide (105), 4-hydroxyanthecotulide
(106) and 4-acetoxyanthecotulide (107) were evaluated for spe-
cific inhibitory effects against the Fabl enzyme from three patho-
genic microorganisms, P. falciparum (PfFabl), Mycobacterium
tuberculosis (MtFabl) and Escherichia coli (EcFabl), and two elonga-
tion enzymes from the plasmodial FAS-II system, B-ketoacyl-ACP
reductase (PfFabG) and B-hydroxyacyl-ACP deydratase (PfFabZ).
The compounds showed clear differentiation in inhibition of Fabl
enzymes from different species. The oxygenated derivatives (106

and 107) specifically inhibited plasmodial FAS-II enzymes, PfFabl
and PfFabG (ICso = 20-75 pg/mL).”® The PfFabl inhibitory effect
of 105 was weak, and was identical to its PfFabG inhibitory poten-
tial. Hydroxylation of the compound 105 at C-4 as in 106 resulted
in a fivefold increase in PfFabl and a 25% increase in PfFabG inhib-
itory activity. The replacement of the OH group with an acetoxy
function at C-4 position, as in 107 only moderately affected PfFabl
inhibition, but improved the activity against PfFabG compared to
106. Thus, it appears that oxygenation of the C-4 position of anthe-
cotulide increases specificity across PfFabl and PfFabG. Notably, the
in vitro antimalarial activities of all three compounds were better
compared to their PfFAS-II enzyme inhibitory activity, indicating
that FAS-II system is not the sole antimalarial target for anthecotu-
lides, and other mechanisms may be also involved.

4.2. Triterpenes (Fig. 9)

Fanta et al. reported the antiplasmodial activity of two triterpe-
noid saponins, glinoside A (108) and glinoside B (109) isolated
from the aerial parts of Glinus oppositifolius.”® The crude extracts
exhibited better antiplasmodial activity (ICso = 31.8 pg/mL) than
the pure saponins (108, ICso = 42.3 pg/mL). An antimalarial tiruca-
lla-type triterpene, epi-oleanolic acid (110, ICso = 28.3 uM) has
been reported from Celaenodendron mexicanum.®° Iridal (111), a
triterpenoidic compound extracted from Iris germanica L. showed
IC50 values ranging from 1.8, 26.0 and 14.0 pg/mL against P. falci-
parum for three incubation times (72 h, 48 h and 32 h, respec-
tively).8! IC5 values for Iridal (111) were lower after 72 h than
after 32 or 48 h, which suggested that this compound is probably
more active in the reinvasion step than in the maturation step of
P. falciparum and has cumulative effect on the main metabolic
pathways of the parasite. The ICso values obtained with the three
strains of P. falciparum showed no correlation between chloroquine
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and iridal sensitivity, indicating that the modes of action of iridal
and chloroquine should be different. A bisnortriterpene quinone
methide, 20-epi-isoiguesterinol (112) isolated from the roots of
Salacia madagascariensis showed potent activity against P. falcipa-
rum (ICs = 68 ng/mL).3? Saewan et al. reported antimalarial activ-
ity of tetranortriterpenoids, domesticulide A (113) and
domesticulide B (114) and triterpenoids (115, 116), isolated from
the seeds of Lansium domesticum Corr.8*> Comparison of activities
of triterpenoids 115 and 116 suggested that the addition of a hy-
droxyl function at C-6 considerably decreases the antimalarial
activity (ICsp = 5.9 and >20 pg/mL, respectively), but in tetranortr-
iterpenoids the substitution of an acetoxyl group in the place of a
hydroxyl group at C-6 resulted in higher activity (113, ICsq = >20
pg/mL, and 114, ICso = 3.2 pig/mL). Antimalarial activity of spirofu-
ran terpenes was reported for the first time by Kittakoop et al.?*
Both spirodihydrobenzofuran terpenes Mer-NF5003F (117) and
118 isolated from the fungus Stachybotrys nephrospora possessed
antiplasmodial activity (ICsp = 0.85 and 0.15 pg/mL, respectively)
and were not toxic in Vero cell line. The crude extract from Grewia
bilamellata showed antimalarial activity (ICso = 2.2 and 1.7 pg/mlL,

D6 and W2 strains).®> Antimalarial assay guided fractionation led
to the isolation of several compounds including two triterpenoids
30,20-lupandiol (119, ICs0 = 19.8 uM) and 20,3p-dihydroxy-
olean-12-en-28-oic acid (120 IC5o = 21.1 uM). Recently, Murata
et al. have reported the antiplasmodial activities of acyclic triterp-
enoids from Ekebergia capensis as exemplified by 121 (ICso = 7.0
HM).SG

4.3. Diterpenes (Fig. 10)

Tilley et al. performed molecular modeling studies on a series of
diterpene isonitriles and isothiocyanates isolated from the tropical
marine sponge Cymbastela hooperi, employing 3D-QSAR with
receptor modeling methodologies.®” These studies showed that
the modeled compounds like diisocyanoadociane (122) and axiso-
nitrile-3 (123) exert their activities by: (i) inhibiting the decompo-
sition of H,0,, (ii) inhibiting the peroxidative destruction of FP, and
the GSH-mediated breakdown of FP, and (iii) interfering with p-
hematin formation. Diisocyanoadociane (122) displayed ICso of
14.48 nM against P. falciparum D6 strain.
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Three diterpene lactones isolated from Parinari capensis 124,
125, and 126 showed promising antimalarial activity (ICsq = 0.54,
0.67, and 1.57 pg/mL, respectively).®® Although antimalarial activ-
ity is promising, the toxicity profiles of these diterpene lactones
prevent further biological evaluation. Nevertheless, they are sub-
stantially different from existing antimalarials in structure, and
may thus be potentially useful leads for a new class of antimalarial
drugs. Tanshinones, a group of red pigment are chemically 20-nor-
diterpenes with an abietane-type skeleton containing a quinone
moiety in the C-ring. Sairafianpour et al. studied tanshinones
exhibiting good antimalarial activity like cryptotanshinone (127,
ICso = 12.5 puM) from the dried root of Perovskia abrotanoides.®®
From the phytochemical screening of Scoparia dulcis a tetracyclic
diterpene acid, (-)-scopadulcic acid A (SDA, 128) had shown activ-

ity against P. falciparum (ICso = 27.0 and 19.0 puM, D6 and W2
strains, respectively).° The mechanism of action of 128 was
thought to be related to inhibition of H'-ATPase pumps present
in the plasma membrane and food vacuole of the parasite. Clarkson
et al. studied the effect of two diterpenes 129 and 130 isolated
from Harpagophytum procumbens, on erythrocyte shape to deter-
mine the selectivity of their antiplasmodial activity.°! It was ob-
served that 129 and 130 did not alter erythrocyte shape at the
concentrations which resulted in the inhibition of parasite growth
(0.76 and 0.95 pg/mL, respectively) or at the highest test concen-
tration (100 pg/mL). This suggested that the mechanism of action
of these compounds is different from dehydroabietinol (131) de-
spite of structural similarities. Ziegler et al. have reported that anti-
plasmodial activity of 131, an abietane-type diterpene from Hyptis
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suaveolens was due to erythrocyte membrane modification.®?
Diterpene 131 inhibited parasite growth (ICso = 25.6 uM) at similar
concentrations at which cytotoxicity was observed (ICs59 = 28.0
1M). Similarly, the antiplasmodial effect of isopimarane 132 iso-
lated from Platycladus orientalis has an indirect effect on the eryth-
rocyte host cell because it incorporates into the lipid bilayer in the
concentration regions where antiplasmodial activity was observed
(ICso = 24.6 uM).*® Ten new diterpenes of the eunicellin class, bria-
rellins were isolated from the hexane extracts of the gorgonian
Briareum polyanthes.®* Briarellins (133-136) with a A7 exocyclic
double bond and an -OR group at C-6, were most active (ICso =
15.0, 9.0, 9.0 and 8.0 pg/mL, respectively). The absence of an -OR
group at C-6 led to significant decrease in activity, as observed in
briarellin ] (137), which is inactive. Bielschowskysin (138) a highly
oxygenated hexacyclic diterpene isolated from the Caribbean gor-
gonian octocoral Pseudopterogorgia kallos showed moderate anti-
malarial activity.>> Wei et al. have reported moderate
antimalarial activity of novel cembradiene diterpenoids isolated
from the Caribbean gorgonian octocoral Eunicea sp. (139, ICso =
15.0 pug/mL).% Cembrane diterpenes are characterized by the pres-
ence of an unprecedented ether linkage between C2/C12, a diene
and epoxide functionalities. Ospina et al. isolated six diterpenoids,
caucanolides A-F from the extracts of the gorgonian octocoral
Pseudopterogorgia bipinnata.®” One of these metabolites, caucano-
lide B (140) constituted the first example from nature of a second-
ary metabolite possessing the N! N'-dimethyl-N?-acylformamidine
functionality. The caucanolides showed moderate in vitro antiplas-
modial activity against P. falciparum (ICso = 15.0-50.0 pg/mL).
Five labdane diterpenoids were isolated through the phyto-
chemical investigation of seeds of Aframomum zambesiacum.®®
Antiplasmodial activity of these labdanes was determined against
an FCB1 CQ-resistant strain and the least polar compound 141
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was the most active (ICso = 4.97 uM). The leaves of Nuxia sphaero-
cephala showed antiplasmodial activity (ICsg = 4.2 pg/mL) and its
phytochemical studies led to the isolation of seven new diterpe-
noids including clerodane (142) and labdane (143) derivatives
showing inhibitory activity (ICso = 4.3-21.0 ug/mL).%° Poly-O-acyl-
ated jatrophane diterpene 144, isolated from Pedilanthus tithymalo-
ides has been reported by Sutthivaiyakit et al. to exhibit
antimalarial activity (ICsg = 3.4 ug/mL).1%°

4.4. Miscellaneous terpenes (Fig. 10)

Chinworrungsee et al. reported the ophiobolane sesterterpene
halorosellinic acid (145) from the marine fungus Halorosellinia oce-
anica BCC 5149. Ophiobolane sesterterpenes are reported to be
metabolites of fungi and insect wax and are not commonly found
in nature. The fusion of rings B and C of ophiobolanes always
adopts a trans-configuration, but the fusion of rings A and B can
be either cis or trans. Terpene 145 displayed moderate antimalarial
activity (ICsp = 13 pg/mL) against P. falciparum K1 strain.'®! A ter-
penoid phenylpropanoid, 4-nerolidylcatechol (146), found in
Pothomorphe peltata exhibited good parasite inhibition (ICso =
0.67 uM).>* Recently, Moein et al. isolated and characterized a ter-
pene, 12,16-dideoxy aegyptinone B (147) from the roots of Zhume-
ria majdae, which exhibited promising antiplasmodial activity
(ICs0 = 1.3 and 1.4 pg/mL against chloroquine sensitive and resis-
tant strains, respectively).!%?

5. Quassinoids (Fig. 11)
Quassinoids are a group of degraded triterpenes found in the

family Simaroubaceae. The majority of isolated quassinoids have
a C-20 skeleton and &-lactones, while the few C-19 skeletal type

150. Pasakbumin B, R = epoxide
151. Pasakbumin C, R = CH; .|

152. Eurycomanone, R = CH,

158. Brusatol

Figure 11. Antimalarial quassinoids.
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are y-lactones. The lactonic linkage may be at C-12 or at C-7. Anti-
malarial activity has been reported for two quassinoids, ailanthone
(148, IC5p = 0.003 pg/mL) and 6a-tigloyloxychaparrinone (149, ICsq
= 0.061 pg/mL) isolated from Ailanthus altissima.'®® Quassinoids
like pasakbumin B (150), pasakbumin C (151) and eurycomanone
(152) possessing antimalarial activity were isolated from E. longifo-
lia (ICs = 22.6, 93.3 and 40.0 ng/mL, respectively).'®*1%> Simalik-
alactone D (153) and orinocinolide (154) equally potent against
D6 and W2 strains (ICso = 3.0 and 3.67 ng/mL vs 3.2 and 8.5 ng/
mL, respectively) were isolated from the roots of Simaba orinocen-
sis.!% These quassinoids inhibited protein biosynthesis in vitro in
translation system from the Krebs cells. During intraerythrocytic
proliferation, the malaria parasite makes its own ribosome, and
the selective antimalarial action of these quassinoids may be ex-
plained by stronger binding of quassinoids on the parasite ribo-
somes than binding to the host cell ribosomes. Orinocinolide
(154) is fourfold less toxic than Simalikalactone D (153) and the re-
duced toxicity is likely due to its reduced inhibitory properties.
deAndrade-Neto et al. have reported neosergeolide (155) isolated
from Picrolemma sprucei, showing potent antimalarial activity
(ICso = 2.0 nM).>* Some structural requirements, like presence of
o,B-unsaturated ketone in the A ring, an epoxymethylene bridge
in the C ring and ester functions in C-15 were considered essential
for the antimalarial activity.

Although quassinoids are generally cytotoxic, few compounds
such as glaucarubinone (156) from Simarrouba amara were rela-
tively selective against P. falciparum in vitro but were toxic
in vivo. SAR studies of a series of quassinoids and structural mod-
ifications of quassin (157) from Quassia amara and brusatol (158) a
constituent of Brucea javanica were carried out in an attempt to im-
prove selectivity against P. falciparum. However, these strategies
were not successful. The antiplasmodial and cytotoxic properties
of the quassinoids are possibly due to protein synthesis inhibition,
and it is likely that parasite and host cell ribosomes are too similar
to allow for the development of selective inhibitors.!®”

6. Flavonoids (Figs. 12 and 13)

The exact mechanism of antimalarial action of flavonoids is
unclear but some flavonoids are shown to inhibit the influx of
1-glutamine and myoinositol into infected erythrocytes.'%®
Exiguaflavanone A (159a) and exiguaflavanone B (159b) from

RO %/ 0 HO 0
| OH

NS
OH O OH O
159a. Exiguaflavanone A, R = H
159b. Exiguaflavanone B, R = CH; 160

Artemisia indica exhibited in vitro antiplasmodial activities (ICsq
= 4.6 and 7.0 pg/mL, respectively).!% (—)-cis-3-Acetoxy-4',5,7-tri-
hydroxyflavanone (160, ICso = 24.3 pg/mL) was isolated from the
lipophilic extract of leaves of Siparuna andina which showed high-
er in vitro antimalarial activity (ICso = 3.0 pg/mL).!'° Although
obtained from an active fraction, 160 was less active (ICsy =
243 mg/mL). 6-Hydroxyluteolin-7-O-(1"-o-rhamnoside) (161,
ICs50 = 2.13 and 3.32 uM against K1 and NF54 strains, respec-
tively) obtained from Vriesea sanguinolenta,''! acacetin (162,
ICs50 = 5.5 and 12.6 pg/mL against poW and Dd2 strain, respec-
tively), 7-methoxyacacetin, and genkwanin isolated from A. afra,”®
possessed considerable antiplasmodial activity. Andira inermis
yielded calycosin (163) and genistein (164), which were the first
isoflavones to possess antiplasmodial activity (ICso = 4.2 and 9.8
pg/mL for 163, and ICso = 2.0 and 4.1 pg/mL for 164, against
poW and Dd2 strains, respectively).!'? Antiplasmodial activities
of isoflavanquinones were reported for the first time by Kittakoop
et al. through isolation of abruquinone B (165, ICso = 1.5 pg/mL)
from aerial parts of Abrus precatorius.!'® Antimalarial flavonol ara-
binofuranosides were obtained from the leaves of Calycolpus war-
szewiczianus as exemplified by 166, ICso = 14.5 pM.!® SAR studies
showed that the galloyl moiety increases antimalarial activity,
while acetate group decreases the activity. A flavone glycoside
167 from Phlomis brunneogaleata,'’® and iridoid 168 from Scro-
phularia lepidota,''® have been reported to inhibit Fabl enzyme
of P. falciparum (ICso = 10.0 and 100.0 pg/mL, respectively). Many
biflavones have been reported to possess moderate to good anti-
malarial activity like, sikokianin B and C (169 and 170, ICsq = 0.54
and 0.56 pg/mL, respectively) from Wikstroemia indica,''’ 171
(ICso = 80.0 ng/mL) isolated from Ochna integerrima,''® and 172
(ICso = 6.7 uM) from Garcinia livingstonei.''® Compound 171 was
10 times more active than sikokianin B and C, suggesting that
the stereochemistry of the C3/C3” coupling bond and methoxy
substitution might affect activity. Green tea extracts contain a
variety of secondary metabolites, mainly flavonoids called cate-
chins, which include () epigallocatechin gallate (EGCG), (—)-epi-
catechin gallate, (—)-epigallocatechin, and (—)-epicatechin. Surolia
et al. recently showed that these flavonoids inhibit PfENR revers-
ibly with EGCG (173) being the best (K; = 79 + 2.67 nM).'?° Addi-
tionally, all of them potentiated the binding of triclosan with
PfENR by a two step mechanism, thereby increasing the activity
of triclosan (K; = 1.9 £ 0.46 pM).

OCH;

OCH;
o

163. Calycosin, R| = H, R, = OH, Ry = OCHj3
164. Genistein, R; = OH, R, =H, R;=OH

162. Acacetin

165. Abruquinone B

Figure 12. Antimalarial flavonoids.
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Figure 13. Antimalarial flavonoids.

7. Limonoids (Fig. 14)

Limonoids are produced by species of Meliaceae. One well
known representative from this family is Azadirachta indica, the
Neem tree, widely used as an antiplasmodial plant in Asia. Roch-
anakij et al. identified nimbolide as the active antimalarial princi-
ple of the Neem tree (ECso = 0.95 ng/mL, P. falciparum K1).'*!
Gedunin (174, ICso = 720 ng/mL, P. falciparum D6) and its dihydro
derivative were also found to be active in vitro (ICsq = 2630 ng/
mL)."?2 Limonoids, which exhibit in vitro antimalarial activities
have been reported from Cedrela odorata,'**> Khaya senegalensis,'?*
and Khaya grandifoliola.'> Two limonoids, trichirubine A (175) and
B (176) have been isolated from T. rubescens with significant anti-
malarial activity (ICso = 0.3 and 0.2 pg/mL, respectively).'?® Their
antimalarial activities may be related to the presence of reactive
groups on ring A like the carbonyl group at C-3 and unsaturation
in C-1/C-2 positions. The limonoid derivatives 7-deacetylgedunin
(177) and 7-deacetyl-7-oxogedunin (178) isolated from the roots
of Pseudocedrela kotschyi have been reported to display moderate
antimalarial activity (ICsg = 1.36 and 1.77 pg/mL, respectively).?’

8. Chalcones (Fig. 14)

Licochalcone A (179), isolated from Glycyrrhiza inflata has
been identified as potent inhibitor of protease activities of
Plasmodium.'?® (+)-Nyasol (180, ICsq = 49 uM) isolated from Aspar-
agus africanus,'*® and pinostrobin (181, ICso>100 puM) from
Cajanus cajan'3° possess weak antimalarial activity. 5-Prenylbutein
(182, ICso = 10.3 pM) from Erythrina abyssinica,’®' and prenylsub-
stituted dihydrochalcone 183 (ICso = 5.64 uM) from Piper hostman-
nianum'3? exhibiting antimalarial activity have been reported.
Boyom et al. isolated bartericin A (184), stipulin (185), 4-hydroxy-
lonchocarpin (186) from Dorstenia barteri var. subtriangularis.'>*
Compounds 184-186 were active in vitro against P. falciparum
(ICsp = 2.15, 5.13 and 3.36 pM, respectively).

9. Peptides (Fig. 15)

Antiparasitic agent apicidin (187), isolated from the cultures of
Fusarium pallidoroseum belongs to a rare group of cyclic tetrapep-
tide (CTP) fungal metabolites. Apicidin inhibits protozoal histone
deacetylase (HAD) at low nanomolar concentration and is orally
active against P. berghei in mice.’>* HAD is a key nuclear enzyme
involved in the transcriptional control. The continuous acetyla-
tion/deacetylation of the g-amino group of specific histone lysine
residues is required for this process, and the inhibition of histone
deacetylation interferes with transcriptional control and thus cell
proliferation. The 2-amino-8-oxo-decanoic moiety of apicidin pre-
sumably mimics the e-amino acetylated lysine residues of histone
substrates, resulting in potent reversible inhibition of HAD.

Dermaseptin S4 (ALWMTLLKKVLKAAAKAALNAVLVGANA) and
dermaseptin S3 (ALWKNMLKGIGKLAGKAALGAVKKLVGAES) are
antimicrobial peptides isolated from frog skin. Ghosh et al. re-
ported that the hemolytic peptide dermaseptin S4 (DS4) and the
non-hemolytic dermaseptin S3 (DS3) inhibited the parasite’s abil-
ity to incorporate [*H]hypoxanthine.'®> DS4 was toxic toward both
the parasite and the host erythrocyte, but DS3 was toxic only to-
ward the intraerythrocytic parasite. Two cyclodepsipeptides, beau-
vericin (188) and beauvericin A (189) were isolated from the insect
pathogenic fungus Paecilomyces tenuipes BCC 1614, exhibiting
moderate antiplasmodial activities against K1 strain (EC59=1.60
and 12.0 pg/mL, respectively).!*® Mizuno et al. studied the phar-
macology of jasplakinolide (190), a cyclic peptide isolated from
the marine sponge Jaspis sp. Jasplakinolide (190) markedly de-
creased parasitemia of P. falciparum by virtue of an apical protru-
sion that appears to interfere with the erythrocyte invasion by
the merozoites and whose mechanism of formation is possibly re-
lated to an increase in F-actin content of the merozoites treated
with this marine agent.'3” Fennell et al. reported the antimalarial
activity of dolastatin 10 (191), a peptide microtubule inhibitor
isolated from the sea hare D. auricularia.'>® Peptide 191 showed
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Figure 14. Antimalarial limonoids and chalcones.

potent inhibition of P. falciparum (ICso = 0.1 nM) by affecting the
schizont stage of intraerythrocytic development, which has the
highest concentration of tubulin.

Zimmerman et al. reported a small peptide, CEL-1000 (DGQEE-
KAGVVSTGLIGGG) derived from the B-chain of the human major
histocompatibility complex class II molecule that confers a high
degree of protection against Plasmodium sporozoite challenge in
a murine model. This protection is totally dependent on IFN-y
and partially dependent on CD4'T cells.!®® Hirsutellic acid A
(192) a linear tetrapeptide isolated from entomopathogenic fungus
Hirsutella sp. BCC 1528, exhibits activity against P. falciparum K1
(ICso = 8.0 pM) without any cytotoxicity to Vero cells.!#° Peptide
192 possesses an anthranilic acid residue at the C-terminal not
found commonly in naturally occurring peptides.

Two cyclic hexapeptides, venturamide A (193) and venturamide
B (194) were isolated from the marine cyanobacterium Oscillatoria
sp. possessing antimalarial activity against W2 strain (ICso = 8.2
and 5.6 pM, respectively), and displayed mild cytotoxicity to mam-

malian Vero cells (86 and 56 pM, respectively).'*! These are dend-
roamide-type natural products and represent the first example of
cyanobacterial peptides with selective antimalarial activity. Ven-
turamide B (194) has a free hydroxyl group, which offers a poten-
tial site for derivatization with fluorescent labels to describe the
targets of these drugs. Linear alkynoic lipopeptides have been re-
ported from marine cyanobacterium Lyngbya majuscula. Carmabin
A (195), dragomabin (196), and dragonamide A (197) showed good
antimalarial activity (ICso = 4.3, 6.0 and 7.7 pM, respectively),
whereas the nonaromatic analog, dragonamide B (198) was inac-
tive.'#2 The presence of three extra carbons in the aliphatic chain
possibly led to the increase in the cytotoxicity of 195 over that of
196. Lack of activity of 198 suggested that an aromatic amino acid
at the carboxy terminus is necessary for antimalarial activity in
this series of compounds.

Cyclic hexadepsipeptides, isariin-type and isaridin-type having
inhibitory effect on the intra-erythrocytic growth of Plasmodium
have been isolated from the fungus Isaria.'**> The isariins possess
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a B-hydroxy acid residue and five a-amino acids, while isaridins
contain a B-amino acid, an o-hydroxy acid, four a-amino acids
and a preponderance of N-alkylated residues.

10. Xanthones, quinones and coumarines (Fig. 16)

The Calophyllum and Garcinia species of the Clusiaceae family
are a well-known source of phenolic secondary metabolites, espe-
cially xanthones. Antiplasmodial xanthones, cowaxanthone (199,
ICs50 = 1.50 pg/mL), calothwaitesixanthone (200, ICso = 2.7 pg/
mL), and mangostin (201, ICso = 17.0 uM), have been reported from
Garcinia cowa, Calophyllum caledonicum and Garcinia mangostana,
respectively.'#4-16 Quinone methides 202 and 203 were isolated
from the roots of Salacia kraussii. The isolates showed high anti-
plasmodial activity (ICso = 94.0 and 27.6 ng/mL, respectively).!4”
Naphthoquinoid (204) and isopinnatal (205) possessing good anti-
malarial activity were reported from Kigelia pinnata (ICso = 0.15
and 0.25 pM, respectively).'*® The mode of action of these furano-
and hydroxy-naphthoquinones appears to be the inhibition of

mitochondrial electron transport and respiratory chain by reduced
oxygen consumption similar to that of atovaquone. The lower
activity of naphthylisoquinone, plumbagin (206, ICsy = 0.27 pM)
isolated from the roots of Nepenthes thorelii than 204 can be due
to its annealed ring that decreases electron movement. Its possibil-
ity to function as an electron carrier or to trigger a radical forma-
tion at the quinone structure is reduced by the presence of OH
group. This prevents a possible induction of a parasitocidal oxida-
tive stress resulting in weak efficacy.!*® Phenylanthraquinones like
207 and knipholone (208) were isolated from Bulbine frutescens.
The glycoside 207 displayed better activity than 208 (ICso = 0.41
and 0.67 pg/mL, respectively), whose antiplasmodial activity ap-
pears to be associated intrinsically with the complete molecular ar-
ray of a phenylanthraquinone including the stereogenic axis.!*°
Newbouldiaquinone A (209) a naphthaquinone-anthraquinone
pigment coupled via an ether bridge from Newbouldia laevis mod-
erately suppressed growth of P. falciparum, in vitro.'>!
Benzoquinone metabolites 210 and 211 from an endophytic
fungus Xylaria sp'>? have been reported to possess antimalarial
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Figure 16. Antimalarial xanthones, quinones and coumarines.

activity (ICso = 1.84 and 6.68 pM, respectively). Laurent et al. iso-
lated xestoquinone (212) from marine sponge, Xestospongia, which
inhibited Pfnek-1 (ICso = 1.1 uM), but was inactive towards PfPK7
and PfGSK-3.'* Antiplasmodial activity of 2’-epicycloisobrachy-
coumarinone epoxide (213, ICso = 54 UM against Dd2 strain) iso-
lated from Vernonia brachycalyx,’® and clausarin (214) and
dentatin (215) (ICso = 0.1 and 8.5 pg/mL) from Clausena harmandi-
ana'>® have been reported.

The stem bark of Exostema mexicanum is used as a quinine sub-
stitute for malaria treatment in Latin American folk medicine. Bio-
assay-guided fractionation of lipophilic and hydrophilic extracts
from the stem bark yielded 4-phenylcoumarins. The most lipo-
philic compound, O-methylexostemin (216) revealed the strongest

antiplasmodial activity (ICsq = 3.60 pg/mL).!>® The EtOAc extract of
the stem bark of Hintonia latiflora showed total parasitemia sup-
pression and chemo-suppression of schizont numbers in P. berghei
infected mice. Antimalarial activity was associated with phen-
ylcoumarins 217 and 218 that suppressed the development of P.
berghei schizonts in vitro (ICso = 24.7 and 25.9 uM, respectively).!>”

11. Miscellaneous antimalarials from nature (Figs. 17-19)

An aminosteroid, sarachine (219) isolated from the leaves of
Saracha punctata showed strong in vitro antiplasmodial activity
(ICs0 = 25 nM) and in vivo activity against P. vinckei (83% inhibition
of the parasitemia at 100 mg/kg/2 days).!>® Racemosol (220), dem-
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Figure 17. Miscellaneous antimalarials.

ethylracemosol (221) and their precursors isolated from the roots
of Bauhinia malabarica, showed moderate antimalarial activity
(ECsp = 0.9 and 2.0 pg/mL, respectively) but were cytotoxic against
KB and KC cell lines.'>®

A peroxide containing polyketide metabolite, plakortide F (222)
isolated from the Jamaican sponge Plakortis sp. exhibited signifi-
cant in vitro activity against P. falciparum (ICsq = 480 and 390 ng/
mL, D6 and W2 clones, respectively), however it failed to prolong
life expectancy of infected mice at 100 pM/kg.'®® Plakortide F
(222) and plakortone G (223), a lactone isolated from the same
sponge, share a common carbon backbone. Compound 223 could
result from reduction of the peroxide link in 222, followed by oxi-
dation at C-1, C-2 and C-3, with subsequent lactonization. This
modification in structure results in decrease in activity as 223 is
less active than 222. This suggests that the peroxide bridge is nec-
essary for antimalarial activity. Another polyketide endoperoxide,
plakortide M methyl ester (224) possessing moderate antiplasmo-
dial activity (ICso = 8.0 pig/mL) has been reported from Plakortis hal-

ichondrioides.'®! Aigialomycin D (225), a 14-membered resorcylic
macrolide isolated from the marine mangrove fungus Aigialus par-
vus BCC 5311 displayed antimalarial activity against K1 strain (ICsq
= 6.6 pg/mL).152

Moderate antiplasmodial activities have been reported for 8,5'-
linked lignan dehydrodiconiferyl dibenzoate (226) (ICso 12.0 uM)
isolated from the roots of Euterpe precatoria,'®® and an arylnaph-
thalide lignan justicidin B (227, ICso > 5.0 pg/mL) obtained from
Phyllanthus piscatorum.!®

Verotta et al. evaluated the plants from New Caledonia with
anti-elastase activity for antiplasmodial activity.’®> Elastase is a
serine proteinase and aspartic and cysteine proteinases of Plasmo-
dium are potential targets for search for new antimalarials. Among
the tested plants, Tristaniopsis species inhibited parasite growth
in vitro. Ellagic acid (228) and a glycoside A3A (229) were identi-
fied as active constituents (ICso = 0.5 and 3.2 M, respectively). Re-
duced activity of 229 was attributed to bioavailability. Since gallic
acid was inactive it appeared that galloyl and glucose moieties are
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devoid of activity and only the trimethoxyphenol group contrib-
uted to the observed effect.

Anthrone glycosides uveoside (230) and 10-epi-uveoside (231)
isolated from Picramnia antidesma have been reported to exhibit
good antimalarial activity (ICsp = 2.4-5.1 pM) but lacked selectiv-
ity.!%® Antiplasmodial activities have been reported for 1-O-gal-
loyl-6-O-luteoyl-o-p-glucose (232, ICsq = 1.4 pg/mL) isolated from
Phyllanthus niruri,'%” and steroidal pregnane glycosides 233 and
234 isolated from the marine octocoral Muricea austera.'®® Maskey
et al. reported glycosidic trioxacarcins A and D (235, 236) isolated
from the marine Streptomyces sp. isolate B8652 BCC 5149 possessing
high antiplasmodial activity against P. falciparum K1 and NF54
strains (ICsq = 1.5-1.6 and 2.3-1.7 ng/mL, respectively).'®®

Pregnane glycosides such as 237 possessing moderate antima-
larial activity have been isolated from Caralluma tuberculata (ICsq
ranged in 6.25-12.5 pg/mL).!7° A 3,3-diarylpropene derivative,

(R)-4"-methoxydalbergione (238) isolated from Dalbergia louvelii
displayed modest antimalarial activity (ICso = 5.8 uM).!”! It was
observed that the p-quinone moiety is essential for the activity
since the reduced derivative and O-methylated derivative showed
2-8-fold decrease in the antimalarial potency. Syncarpamide, a (+)-
norepinephrine derivative (239, ICso = 2.04 and 3.06 uM against D6
and W2 strains, respectively) has been reported from Zanthoxylum
syncarpum.'”?

Pantothenic acid (240), a precursor of the crucial enzyme cofac-
tor coenzyme A, is one of nutrients, which intraerythrocytic para-
site requires from the external medium. In some organisms and
cell types, pantothenol (241) is converted (by alcohol dehydroge-
nase) to pantothenate, and therefore serves as a source of provita-
min, 240. Saliba et al. demonstrated that 241 failed to support
parasite growth when substituted for pantothenate in the med-
ium.'” However, it inhibited growth of P. falciparum via a mecha-
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nism that involves competition with pantothenate, thus inhibiting
the parasite’s pantothenate kinase. Pycnidione (242) a highly oxy-
genated compound derived from marine fungi was active against
three strains of P. falciparum FCR3F86, W2 and D6 (ICso = 0.28,
0.37 and 0.75 uM, respectively).!”4

Lupeol (243) and its three long-chain fatty acid ester derivatives
possessing weak antimalarial activity (ICso = 84.0-269.0 M) were
isolated from the stem bark of Holarrhena floribunda.'” It was
found that the most active compound 244 had no hydroxyl group
on the side chain, followed by 243 which had no side chain indicat-
ing that side chain has a positive effect on antiplasmodial activity.
The presence of hydroxyl groups on the side chain decreased the
activity, because 245 with one hydroxyl group was less active than
243 and 244 while, 246 having two hydroxyl groups was inactive.
Blair et al. have reported antiplasmodial activity of steroidal ex-
tracts obtained from Solanum nudum.'’® All steroids reduced the
number of hepatic P. vivax trophozoites; most potent being SN-2
(247) and SN-4 (248) with 47% and 39% reduction, respectively.

Tyramine derivatives 249 and 250, exhibiting antimalarial
activity (ICso = 45 and 38 1M, respectively) have been isolated from
the marine octocoral Muricea austera.'®® The major surface protein
of Plasmodium sporozoites, the circumsporozoite protein (CSP), is
proteolytically processed by a parasite-derived cysteine protease,
and this event is temporally associated with sporozoite invasion
of host cells. Sinnis et al. tested allicin (251), a cysteine protease
inhibitor found in garlic extracts, for its ability to inhibit malaria

Miscellaneous antimalarials.

infection.!”” At low concentrations, allicin was not toxic to either
sporozoites or mammalian cells but inhibited CSP processing and
prevented sporozoite invasion of host cells in vitro. In vivo, mice
injected with allicin had decreased Plasmodium infections com-
pared to controls. When sporozoites were treated with allicin be-
fore injection into mice, malaria infection was completely
prevented, demonstrating that the same cysteine protease inhibi-
tor can target two different life cycle stages in the vertebrate host.

Curcumin (252) is a phenolic diketone and its antimalarial
activity has been reported (IC5o = 3.5 and 4.2 pg/mL against D6
and W2 strain, respectively).'”®17® Cui et al. demonstrated that
the parasiticidal effect of curcumin is due to the generation of reac-
tive oxygen species (ROS) that damage both mitochondrial and nu-
clear DNA, and down-regulation of the PfGCN5 HAT activity.'s°
Phenolic compounds, (+)-catechin (253), (+)-catechin 5-gallate
(254), and (+)-catechin 3-gallate (255) were isolated from leaves
of Piptadenia pervillei.'®! Of these, 254 and 255 displayed the best
antimalarial activity (ICsq = 1.20 and 1.0 pM, respectively) without
any cytotoxicity. The antiplasmodial activity of these compounds
appears to be associated with the presence of a gallate ester group,
since 253 was inactive. The comparable potency of 254 and 255
showed that the position of galloyl group does not seem to influ-
ence the activity. KS-501a (256), a phenolic compound exhibiting
antimalarial activity against K1 strain (ICsp = 9.9 uM) has been re-
ported from the filamentous fungus Acremonium sp. BCC 14080.'82
Polyacetylenes 257 and 258, which possess activity against P. falci-
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parum have been isolated from Cussonia zimmermannii (ICso = 1.4
and 2.2 uM, respectively).'%3

Two hirsutinolides 259 and 260 from Vernonia staehelinoides
showed in vitro antiplasmodial activity (ICso = 1800 and 2600
ng/mL, respectively) but lacked selectivity.'®* Two main substruc-
tures, a 2(5H)-furanone unit and a dihydrofuran-4-one were iden-
tified as potential pharmacophores, which may be responsible for
the antimalarial activity. Two synthetic compounds mucochloric
acid (261) and mucobromic acid (262) were selected as appropri-
ate 2(5H)-furanone substructure and were shown to have superior
and selective activity against malaria parasite relative to the natu-
ral hirsutinolides. The antiplasmodial activities of 261 and 262
(ICso = 137 and 359 ng/mlL, respectively) suggested that 2(5H)-
furanone unit is a key pharmacophore for antiplasmodial activity.

Unlike humans, the malaria parasite has only one enzyme that
uses cobalamin as a cofactor, namely methionine synthase, which
is important for growth and metabolism. Thus cobalamins in very
small amounts are necessary for P. falciparum growth but in larger
amounts they display antimalarial properties. Chemaly et al. deter-
mined the effect of vitamin B12 derivatives on the formation of B-
hematin.!®> Adenosylcobalamin (Ado-cbl), methylcobalamin (CHs;-
cbl) and aquocobalamin (H,O-cbl), the major naturally occurring
cobalamins in humans, were approximately 40 times more effec-
tive inhibitors of -hematin formation than chloroquine. Cyanoco-
balamin (CN-cbl, vitamin B12) was also more potent than
chloroquine. The antimalarial activity for the cobalamins was
found to be less than that for chloroquine or quinine. The cobala-
mins exert their inhibitory effect on B-hematin formation by -
interactions of their corrin ring with the Fe(Ill)-protoporphyrin
ring and by hydrogen-bonding using their 5,6-dimethylbenzimida-
zole/ribose/sugar side-chain.
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The apicomplexan parasites pathogens such as Plasmodium sp.
possess an apicoplast, a plastid organelle similar to those of plants.
Bajsa et al. examined antiplasmodial activity of some plant synthe-
sized herbicides, phytotoxins and the phytoalexins, with plastid
target sites.'®® Endothall (263), anisomycin (264), and cerulenin
(265) (ICsp = 7.8, 4.6 and 10.1 pM, respectively) had sufficient anti-
plasmodial action to be considered as new lead antimalarial struc-
tures. The antimalarial guided fractionation of the culture of
marine Streptomyces sp. strain H668 led to the isolation of a new
polyether metabolite.’®” Compound 266 showed antiprotozoal
activity against both the D6 and W2 clones (ICso = 100-200 ng/
mL), and did not show cytotoxicity at 4.75 pg/mL (the highest con-
centration tested), indicating that it is highly specific to the para-
site. Compounds like 266 classified as ionophores owe their
potential activity to interact with ions (cations). The mechanism
of action for ionophores (quasi-ionophore or mobile carrier) is
via alteration of normal membrane permeability to cationic spe-
cies. They possess polycyclic alkyl backbone, which confers lipo-
philic character and a terminal carboxyl group and plays an
important role in the formation of oxygen rich internal cavity capa-
ble of binding metal ions. Since the parasite infected cell mem-
brane is vulnerable to binding with lipophilic compounds, the
putative mechanism of action for these polyethers is via transfer
of ions through the membrane.

12. Semisynthetic antimalarials
12.1. Semisynthetic alkaloids (Fig. 20)

Bringmann et al. tested a series of natural and structurally mod-
ified carbazoles for antimalarial activity.'® Compound 267 dis-
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Figure 20. Semisynthetic antimalarial alkaloids.
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played the highest activity (ICso = 1.79 pg/mL). It was more active
than its dimer, which was the best natural compound 268 in the
series, suggesting that a free phenolic hydroxyl function as in
268 is not required for antiplasmodial activity. Cryptolepine (44)
is a major benzo-5-carboline alkaloid from shrub C. sanguinolenta.
Cryptolepine (44) and its hydrochloride, display potent in vitro
antiplasmodial activity but were cytotoxic that precluded their
clinical use. The cytotoxicity can be ascribed to the ability of 44
to intercalate into DNA and inhibit topoisomerase II as well as
DNA synthesis. Several synthetic cryptolepine analogs have been
reported.!89190

Miert et al. synthesized dimethylated indoloquinoline deriva-
tive, N-methyl-isocryptolepinium iodide (269) and isoneocryptole-
pine (270), to compare their biological activities with the naturally
occurring cryptolepine.’®! The quaternary alkaloid 269 was 13.5
times more active and selective than 270 in vitro (ICso = 0.017
and 0.23 uM, respectively). Compounds were also evaluated
in vivo in mice infected with P. berghei. Analog 269 failed to show
significant in vivo activity possibly because of its insufficient
absorption due to quaternary nature. It also failed to inhibit B-
hematin formation in contrast to 270, indicating its antiplasmodial
activity is due to a different mechanism of action.

Ablordeppey et al. synthesized isosteres of 44.'9 The carbon
(indenoquinoline) and oxygen (benzofuroquinoline) isosteres
were significantly less potent than the parent nitrogen (indolo-
quinolines) isostere, while the, benzothieno[3,2-b]pyridines like
(271, IC50 = 0.18 pg/mL) obtained by removal of ring D and
replacement of nitrogen with sulfur were equipotent to 44 with
no cytotoxicity. Moreira et al. designed cryptolepine analogs like
272 by incorporating an alkyldiamino side-chain at C-11, aiming
to increase accumulation in the parasite food vacuole.'®® The ana-
logs had ICsq values ranged in 22 and 184 nM, with a selectivity
ratio higher than 10. Febrifugine (273) is a quinazoline alkaloid
isolated from Dichroa febrifuga Lour as the active component
against P. falciparum. Strong liver toxicity has precluded the use
of 273 as a potential clinical drug. Structure-activity relationship
studies have demonstrated that the 4-quinazolinone moiety plays
an essential role, while presence of a 1”-amino group and C-2/, C-
3" O-functionalities is crucial for antimalarial activity. Zhu et al.
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synthesized febrifugine analogs by introducing extra nitrogen
atoms, one or two electron-withdrawing group(s) or a bulky
group in the quinazolinone ring.'* Overall, these compounds clo-
sely resembled febrifugine itself by possessing a planar aromatic
ring, a 1”-amino group, and C-2’, C-3"0O-functionality. Compound
274 with an extra nitrogen atom on the position 5 or 6 of the aro-
matic ring (ICso = 1.2 nM) possessed antimalarial activity compa-
rable to 273, while compound 275 (ICsq 0.33 nM) with
difluoride attached to C-5 and C-6 was superior to febrifugine.
These compounds were 100 times less toxic than febrifugine.
Oshima et al. also reported antimalarial activity of a series of feb-
rifugine derivatives bearing structural modifications at: (i) the
quinazoline ring, (ii) the linker, or (iii) the piperidine ring.'®> Thi-
enopyrimidine analog 276 exhibited potent antimalarial activity
and a high therapeutic selectivity both in vitro and in vivo
[ECs0 = 0.00306 pg/mL (P. falciparum FCR-3), EDsq = 2.95 mg/kg,
LDso = 88 mg/kg (P. berghei)]. Recently, Bringmann et al. have
synthesized a series of photoactive and fluorescent derivatives
of naphthylisoquinoline alkaloids to identify their putative tar-
get.’® The dansyl-functionalized dioncophylline A derivatives
were good candidates for visualizing the in vitro distribution of
these alkaloids. Barbaras et al. evaluated bis-cationic dimeric
derivatives of nostocarboline (64) against P. falciparum K1.°¢ For
dimers long and flexible linkers were preferred and all semisyn-
thetic analogs displayed ICso < 100 nM. While, the effect of linker
length on antiplasmodial activity of dimers was very small, its ef-
fect on cytotoxicity was more pronounced. Cytotoxicity increased
with linker length leading to decreased selectivity for longer link-
ers. Compound 277 with five atom linkers displayed highest po-
tency (ICsp = 18 nM) and an excellent selectivity of >2500-fold
against the L6 cell line.

12.2. Semisynthetic artemisinin derivatives (Fig. 21)

Chinese researchers discovered antimalarial compound arte-
misinin 278a (ICso = 0.5 ng/mL), which is currently established as
a clinically important drug against CQ resistant P. falciparum. The
biological activity and the challenging structure of artemisinin
have prompted extensive synthetic efforts to disclose more potent
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Figure 21. Semisynthetic artemisinin analogs.
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analogs. Artemisinin analogs modified at C-3 and C-13 were pre-
pared by Han et al. from artemisinic acid.’®’ Artemisinic acid was
modified through allylic oxidation at C-3 or conjugate addition at
C-13 to afford methyl artemisinates, which upon photooxidation
yielded artemisinin analogs. Among these analogs, 13-nitromethy-
lartemisinin (278b) produced activity comparable to artemisinin
(ICs0 = 0.68 ng/mL). 13-(1-Nitroethyl)artemisinin was 20-fold less
active, indicating that the activity was sensitive to the bulkiness
of the side chain.

Posner et al. used naturally occurring trioxane artemisinin to
synthesize its dimers. Alcohol, diol and ketone dimers were 10
times more potent than artemisinin. Most potent dimer 279 exhib-
ited ICso of 0.59 nM,'?® while isonicotinate N-oxide dimer 280 was
more efficacious than clinically used sodium artesunate via both
oral (EDsg = 2 mg/kg/day x 4) and intravenous (EDso = 0.8 mg/kg/
day x 4) administration.’®® Among the C-10 nonacetal trioxane di-
mers, the most active compound 281, a benzyl alcohol dimer pro-
duced ICsq value of 0.77 nM.2%°

In this section we have also included advances made in the past
three years in the synthetic trioxanes, trioxolanes and dioxolanes.
Singh et al. reported novel functionalized 1,2,4-trioxanes such as
282 and 283, which showed significant in vivo protection against
multi-drug resistant P. yoelii nigeriensis.?’! Vennerstrom et al. iden-
tified spiro- and dispiro-1,2,4-trioxolanes as a new class of syn-
thetic antimalarial peroxides and discovered 284 as a novel
antimalarial lead.2%? Later, Vennerstrom et al. synthesized spiro-
and dispiro-1,2-dioxolanes 285 and 286. However, 1,2-dioxolanes
were either inactive or less potent than the corresponding 1,2,4-
trioxolanes or artemisinin. Based on this study, Vennerstrom
et al. postulated that for optimal antimalarial potency, peroxide
structures that permit rapid B-scission reactions (H shifts) to form
primary or secondary carbon-centered radicals are preferred,
rather than structures that undergo further reduction of the ini-
tially formed Fe(Ill) complexed oxy radicals.??3

12.3. Miscellaneous semisynthetic antimalarials [Figs. 22 and
23]

Go et al. studied in vitro and in vivo antimalarial activities of
ring B alkoxylated and ring B hydroxylated chalcones.?°* The most
active compound 287 exhibited ICso of 2 puM. Structure-activity
relationships were also derived by applying the projections to la-
tent structures (PLS) method. Brun et al. synthesized a series of
aurones, tricyclic phenolic compounds characterized by the pres-
ence of a benzylidine function.2%> The most active compound 288
had ICsq values of 0.007 and 0.18 uM for K1 and NF54 strains,
respectively. It was observed that aurones with hydroxyl and
methoxy groups were more active than lipophilic aurones with
no oxygen substituents. Antiplasmodial activity seemed to be
influenced by the oxygenation pattern on the aromatic rings. Com-
pounds bearing an oxygen substituent in the B-ring had better
activity, while presence of bulky groups on A-ring reduced the
activity. Kundu et al. used lupeol (243) a pentacyclic triterpene,
as a scaffold for the synthesis of lupeol-based libraries.?’® Com-
pounds like X4Y10 (289) containing suberic acid and 4-bromoben-
zyl alcohol moieties exhibited 7-9-fold increase in the biological
activity in comparison to lupeol (MIC = 13.07 pM).

Hamann et al. performed microbial and chemical transforma-
tion studies of the marine sesquiterpene phenols isolated from
the Jamaican sponge Didiscus oxeata.?’” From the metabolites ob-
tained by preparative-scale fermentation of (S)-(+)-curcuphenol
(290) with Kluyveromyces marxianus, (S)-(+)-15-hydroxycurcuphe-
nol (291) displayed best antimalarial activity against D6 clone and
W2 clone of P. falciparum (MIC = 3800 and 2900 ng/mL, respec-
tively). Hagai et al. reported that aminoheptanoylated peptide
NC7-P, based on K4-S4(1-13), displayed improved antimalarial effi-
ciency and reduced hemolysis. NC7-P dissipated the parasite plas-
ma membrane potential and caused depletion of intraparasite
potassium at non-hemolytic conditions.?%®

290. Curcuphenol, R = CH3
291. R = CH,0H
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Figure 22. Miscellaneous semisynthetic antimalarials.
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Lang’at-Thoruwa et al. converted quassin (157) chemically into
the y-lactone quassilactone (292) in their attempt to enhance anti-
plasmodial activity.?%® The activity of 292 was 40-fold greater than
quassin, while intermediate 293 was 506-fold more active with a
high selectivity index of 112 (ICso = 23.0 and 1.80 uM, respec-
tively). Neoquassin ether, a dimer (294), linked at C-16 possessed
moderate antiplasmodial activity (ICso = 9.70 pM). Christensen
et al. used hinokiresinol, the E-isomer of nyasol as a template
and synthesized a series of norneolignans by changing the substit-
uents and side chain of hinokiresinol.2'® One of the analogs, 295
was about 10 times more potent than hinokiresinol (ICsq = 1.5
pg/mL). Clair while carrying out the total synthesis of terpenes,
hexacyclinol, epi-5-hexacyclinol, and desoxohexacyclinol present
in Panus rudis, found that some of the intermediates exhibit anti-
malarial activities.?'’ The most active compound 296 displayed
ICso value of 2.1 £0.7 nM and EDsq of 5.2 mg/kg against chloro-
quine sensitive P. berghei.

Mangostin derivatives were tested in vitro against P. falciparum
strain K1.1%6 Synthetic derivatives of mangostin with methoxy
group, acyl group and alkylcyano groups at one or both hydroxyl
groups were less active (ICso > 17.0 pM). Dihydroxypropyl group
attached at 6-OH increased the activity (ICso = 7.4 nM). The highest
activity was observed with alkylamino groups (297-299, ICso < 1.0
1M). Disruption of the prenyl side-chains of mangostin also led to
marked reduction in activity (ICso > 20 pM). It has been speculated
that hydroxyxanthones like mangostin exert their antiplasmodial
activity through formation of soluble complexes with heme, there-
by inhibiting parasite hemozoin formation. The better activity of
derivatives with alkylamino groups 297-299 can be accounted to
the presence of protonable nitrogen atoms for ionic interaction
with the heme propionate groups and increased accumulation in
the malaria parasite food vacuole. Gutierrez et al. synthesized
and evaluated the antiplasmodial activity of derivatives of tyra-
mine.'®® The derivatives with a fatty acid moiety had activity very
similar to those of natural analogs. Increase in the number of car-
bons of the fatty acid chain produced an increase in potency while
the presence of polar groups on the fatty acid chain decreased the
potency. The introduction of bromine atoms on the tyramine aro-
matic ring (300, ICso = 17.0 uM) and change in the position of
amide bond increased the antimalarial activity (301, ICso = 8.0
pg/mL). Lewin et al. reported antiplasmodial activity of flavonoid

derivatives containing a piperazinyl chain.?'? The compounds hav-
ing a 2,3,4-trimethoxybenzylpiperazinyl chain attached to the fla-
vone at the 7-phenol group were most active (e.g., 302, ICso = 0.6
1M). Surolia et al. synthesized di-O-methylcurcumin, isoxazole,
and pyrazole derivatives of curcumin.?!> Pyrazole analog of curcu-
min 303 exhibited 7-9-fold higher antimalarial potency against
CQ-S and CQ-R P. falciparum strains (ICso of 0.48 and 0.45 pM,
respectively).

13. Conclusions

Medicinal plants have provided valuable and clinically used
antimalarials like quinine and artemisinin. In past few years, not
only plants but fungi, bacteria and marine organisms have also
been intensively investigated for obtaining new antimalarial
agents. As discussed in this review, several compounds containing
unique structural composition have been isolated and character-
ized from natural sources. These natural products have exhibited
promising antimalarial activities in vitro and in vivo. However, lim-
itations such as toxicity, low bioavailability and/or poor solubility
have restricted the scope of use for several natural products in hu-
mans. Nevertheless, nature provides novel leads, which can be
developed into safe drugs by synthetic strategies as exemplified
by artemether, and quinoline class of antimalarials. Therefore,
compounds described herein provide useful bioactive synthons,
which could be modulated to obtain antimalarials active against
not only drug-sensitive, but also drug-resistant and multi-drug
resistant strains of Plasmodium. In this direction, semisynthetic ap-
proaches to newer and modified antimalarials have provided use-
ful insights into their applicability in antimalarial drug discovery.
To conclude, nature has been generous in providing several reme-
dies for the treatment of disease like malaria. However, still there
is vast unexplored flora and fauna, which when systematically ex-
plored will provide additional new leads and drugs for malaria
chemotherapy.
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