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Malaria poses several challenges to the global research community on both

diagnostic and therapeutic fronts. Most prominent of them are deletion of

target genes (pfhrp2/3) used in rapid diagnostic tests (RDTs) and the

emergence of resistance against frontline antimalarials by the evolving

parasite. Exploration of novel therapeutics for malaria in view of limited

vaccine options is a promising resort for malaria control and elimination.

The scope of marine-derived chemotherapeutics is exciting, with a

significant number of FDA-approved drugs or therapeutic leads under

clinical trials for other diseases. This review article discusses the

significant antimalarial potential of marine-derived natural products

extracted from diverse biota including sponges, bacteria, sea hare and

algae etc. Bioassay-guided fractionation of raw extracts from marine

organisms for lead identification and further structural characterization

of purified compounds compose a sustainable marine-derived drug

discovery pipeline; which can be particularly diverted towards the

exploration of antimalarials. It is to be noted that the Indian peninsula is

largely unexplored, particularly for antimalarials screening; which has a

huge marine biodiversity owing to the three distinct water bodies- Bay of

Bengal, Indian Ocean and Arabian sea. This review also envisions a

collaborative initiative to explore the potential of marine natural

products in an economically feasible manner.
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Introduction

As the world is recovering from the pandemic- COVID-19,

the concern over malaria has regained its focus; globally, the

estimated malaria cases have gone up from 225 million in 2019 to

241 million in 2020 (WHO, 2021), with most of the burden

coming form the African region. Amongst the biological threats

to global malaria elimination programs-deletion of the pfhrp2/

3 genes; parasite resistance to antimalarials and vector resistance

to insecticides are the major threats identified byWHO; thus, the

onus now is on the research community in mitigating these

threats. Except for the first WHO-approved malaria vaccine

(RTS, S/AS01) in 2021 with its limited efficacy, antimalarial

agents are the only resort for therapeutic management of

malaria. The majority of the malaria burden is caused by two

Plamosdium species- P. falciparum (~193 million cases) and P.

vivax (~14 million cases), globally (Battle and Baird, 2021).

Numerous events of antimalarial failures have been

documented in the past; recent one is the development of

resistance against Artemisinin combination therapies (ACTs)-

the first line of defence against P. falciparum malaria (Nass and

Efferth, 2019). Since the discovery of artemisinin and its

combinatorial partner drugs, very few antimalarial drugs have

reached advanced clinical trials. It is worth noting that a

collection of potent antimalarial compounds called Malaria

box [Medicines for Malaria Venture (MMV), Switzerland], is

the only commercially available resource for exploration of novel

therapeutic targets against the malaria parasite (Subramanian

et al., 2018). Therefore, in light of the evidences of emerging

resistance against the currently available antimalarials and

limited therapeutic leads, it becomes imperative to explore

novel antimalarial compounds from the vast diversity offered

by nature - creating a sustainable malaria drug discovery pipeline.

Amongst the notable nature-derived antimalarials-

Artemisinin is an immensly valuable nature-derived

antimalarial and its discovery by Dr. Tu Youyou is worth

mentioning. Amongst 617 documented recipes from Chinese

traditional medicine, Dr. Youyou identified the cold extracts of

Artemis annua to be effective against malaria, which has become

the first line of defense against P. falciparummalaria till date. The

chemical space offered by the nature-derived extracts sourced

from plants, marine or fungi is vastly diverse, yielding greater

hits/leads compared to synthetic compound libraries (Harvey

et al., 2015). Inherently, natural extracts are complex bioactive

molecules, often containing a mixture of different functional

groups acting synergistically. Moreover, compared to synthetic

compounds, the bioactive fractions from natural extracts are also

better targeted due to metabolite-likeness (Harvey et al., 2015).

These bioactive fractions are usually extracted by preparative

scale high-pressure liquid chromatography (HPLC) and

characterized through techniques like nuclear magnetic

resonance (NMR) and liquid chromatography-mass

spectrometry (LC-MS) (Koehn, 2008). Attributing to the

world’s largest microbial collection and natural products

library- MEDINA is a wonderful resource, that has generated

three crucial anti-malarial leads (Pérez-Moreno et al., 2016).

Observant of the immense potential of nature-derived

antimalarials, this review article discusses the potential of

marine-derived antimalarials acting on multiple stages of the

parasite. With the discovery of novel marine-derived

antimalarials and their structural characterization offering new

scaffolds, that may lead to development of new generation

synthetic antimalarials. It is also worth discussing that the

Indian peninsula surrounded by three distinct water bodies

offers a great range of marine biodiversity to explore.

The potential of therapeutics from
marine biodiversity

According to the World Register of Marine Species

(WoRMS), ~228,450 species have been identified in the

oceans (World Register of Marine Species), and the

exploration of bioactive compounds from these marine

organisms is negligible (Ahyong et al., 2022). The marine

environment harbors a wide range of structurally and

physiologically different marine organisms/microorganisms

contributing to the rich biodiversity-such as marine

phytoplankton, bacteria, fungi and algae (brown/red/green

algae), marine invertebrates (sponges, cnidarians, tunicates)

and their associated microorganisms. The chemical-mediated

interactions among the organisms or microbes via primary/

secondary metabolites constitute the chemical ecology of a

marine ecosystem. The primary metabolites serve functions

such as growth, development and reproduction, while

secondary metabolites act as info chemicals (messenger

molecules) or allelochemicals (toxic compounds) for

communication and defense purposes (Thakur and Müller,

2004; Pallela et al., 2016; Singh and Thakur, 2016). Unlike

eukaryotes, microbes respond quickly to environmental

stimuli (temperature, salinity and pressure) via structurally

and functionally unique metabolites aiding in their survival

and often found to have significant therapeutic potential.

Specifically, marine organisms produce a range of structurally

novel bioactive compounds offering therapeutic potential in

different diseases including cancer, inflammatory diseases,

acquired immune deficiency syndrome (AIDS) etc. (Xie et al.,

2018; Ameen et al., 2021). Microorganisms are crucial part of the

marine biodiversity usually inhabiting the surface of marine

sponges, corals, tunicates and other invertebrates, often

constituting up to 60% of their body mass (Mehbub et al.,

2014). Notably, during 2007–2017, a total of 267 natural

compounds were isolated from rare marine actinomycetes

strains (Subramani and Sipkema, 2019) and 774 novel

compounds were obtained from sponge-derived

microorganisms during 1998–2017 (Cheng et al., 2020). In
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terms of the origin of compounds, the majority of the compounds

were derived from fungi (73%), followed by actinomycetes (16%)

and other bacteria (11%) (Cheng et al., 2020). Databases like

Seaweed Metabolite Database (SWMD) (Davis and Vasanthi,

2011; Kildgaard et al., 2017; Barbosa and Roque, 2019) and

MarinLit (Royal Society of Chemistry, 2022) are a good

resource to refer to marine natural products and avoiding the

dereplication of already isolated/characterized compounds.

Table 1 highlights some of the FDA-approved and

commercialy available drugs sourced from marine organisms,

emphasizing their immense potential in drug discovery. Table 2

enlists a few marine-sourced antimalarials, which are undergoing

pre-clinical trials.

Majority of the marine natural products can be classified as-

sterols, terpenoids, alkaloids, peptides, polysaccharides,

acetogenins, polyketoids, polyacetylenes, shikimates and toxins

(Blunt et al., 2016). Terpenoids consist of repeated units of

isoprene (C5H8), imparting significant bioactivities (Bakkali

et al., 2008; Ebada and Proksch, 2012; Varijakzhan et al.,

2021). Many alkaloids isolated from marine sponges have

been reported to possess antimalarial activity (Ang et al.,

2000). Peptides from marine sources can be found in both

cyclic or linear conformation consisting of rare amino acids

and are often considered inexpensive and safe (Nakao et al., 1995;

Yeung et al., 1996) (Wang et al., 2017). Sterols are usually isolated

from marine invertebrates and are diversely bioactive (Ioannou

et al., 2009). However, a comprehensive description of these

classes of marine natural products is beyond the scope of this

review. Interestingly, compounds from the marine invertebrates

(ascidians) offer unique bioactivities including antimalarial

activity (6%), otherwise dominated by anti-cancerous (64%)

and antimicrobial activities (14%) (Palanisamy et al., 2017).

A sustainable marine-derived drug discovery pipeline for

malaria shall include collection and identification of marine

organisms/associated microorganisms from different oceans;

screening of crude extracts/partial fractions through a series of

biochemical assays in vitro followed by in vivo testing; structural

characterization; scaling up of selected molecules/hits or

TABLE 1 List of clinically approved drugs sourced from marine bodies [adapted from (Ghareeb et al., 2020)].

S.
no.

Clinical name Origin Bioactivity Biochemical class Target site Organization/
Corporation

1 Cytarabine
Cytosar-U®

Sponge Tectitethya
crypta

Leukemia and lymphoma Nucleoside DNA polymerase
inhibitor

Bedford (United States);
Enzon (United States)

2 Trabectedin
Yondelis®, ET-743

Sea squirts
Ecteinascidia
turbinata

Soft tissue sarcoma, relapsed
ovarian carcinoma

Alkaloid Stalls tumor cell growth PharmaMar (Spain)

3 Eribulin mesylate
Halaven®

Sponge Halichodria
okadai

Breast cancer Macrolide Microtubules Eisai (Japan)

4 Brentuximab vedotin
(SGN-35) Adcetris®

Sea slug Dolabella
auricularia

Hogkin lymphoma Antibody drug
conjugates (ADCs)

CD30-directed
antibody cytotoxic drug
conjugate

Seattle Genetics
(United States); Takeda
GRDC (Japan)

5 KLH Hemocyanin
Immucothel®

Mollusk Megathura
crenulate

Antiumor (Bladder) Copper-containing
respiratory protein

Cellular immune
responses activation

Biosyn Corporation
Company (United States)

6 Vidarabine Vira-A® Sponge Tectitethya
crypta

Herpes virus Nucleoside Viral DNA
polymerase I

King Pharma (United States)

7 Carragelose® Iota
carrageenan

Red algae
Eucheuma/
Cnondus

Respiratory diseases Sulfated polysaccharide Physical anti-viral
barrier

Marinomed (Austria);
Boehringer Ingelheim
(Germany)

8 Ziconotide Prial®,
SNX-111

Snail Conus magus Neuropahtic ache Chronic
severe pain

Peptide Modulator of neuronal
calcium channels

Elan Corporation (Ireland)

9 Omega-3-acid ethyl
esters Lovaza®

Fish Hypertriglyceridemia Omega-3 fatty acids Triglyceride
synthesizing enzymes

GlaxoSmithKline
(United Kingdom)

TABLE 2 List of marine natural products in pre-clinical trials for malaria [adapted from (Malve, 2016)].

Pre-clinical drug Source Biochemical class Target disease

Bromophycolides Alga Terpene Malaria

Plakortin Sponge Polyketide Malaria

Homogentisic acid Sponge Shikimate Malaria
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chemical synthesis to accomplish pharmacokinetics and

pharmacodynamics (PKPD) studies (Hughes et al., 2011). The

molecules with safer PKPD profiles can undergo clinical trials

and further be validated as drugs available for commercial use. A

schematic for the development of marine-derived antimalarial

drugs is shown in Figure 1.

High throughput screening assays for
antimalarial screening

HTS makes use of optimized/validated assays to conduct

mass screening with minimal resources and generate a multitude

of experimental data, edgeing over the traditional drug screening

assays that usually were laborious and time-intensive, with a

limited set of experimental data. HTS assays are categorized as

target-specific assays (biochemical) and phenotypic assays

(whole-cell based). Specifically, phenotypic assays are

employed for unknown targets and are based on reporters/

viability/receptor/ion channel assays. For known targets,

binding/enzyme/receptor assays are usually performed to

accomplish target-specific screening. A case in point, the

current pandemic SARS-CoV-2, where HTS assays have been

thoroughly employed in screening of therapeutic hits against the

viral proteases (papain-like proteases) (Shen et al., 2019; Smith

et al., 2020; Zhao et al., 2021). The lack of nucleus in the human

RBC makes visualization of the Plasmodium parasite feasible in

HTS assays. Some of the commonly used anti-malarial HTS

assays are- 1) Detection of fluorescence generated by the DNA

binding dye (Joanny et al., 2012) (SYBR Green-I); 2) Lactate

dehydrogenase (LDH) (Makler et al., 1993; Druilhe et al., 2001;

Nambati et al., 2018) assay, where the parasite specifically utilize

3-acetylpyridine adenine dinucleotide (APAD) and its

conversion into reduced APADH is followed; 3) Histidine-rich

Protein-II (HRP2) based drug susceptibility assays which are

sensitive and suitable for screening purposes (Noedl et al., 2002)

and 4) Transgenic parasite lines expressing luciferase reporter

cassettes (Cui et al., 2008; Hasenkamp et al., 2013; Swann et al.,

2016; Caridha et al., 2019). Specific assays that measure the

parasitemia in a high-throughput manner are PicoGreen

(Corbett et al., 2004), YOYO-1 (Li et al., 2007), (3H)-

Hypoxanthine based assays (Desjardins et al., 1979), etc.

Owing to the sensitivity and ease of performance, SYBR

Green-I based assays are routinely used to detect low levels of

parasitemia (Rason et al., 2008; Cheruiyot et al., 2016) including

mixed-strain infections (Dennull et al., 2009). HTS assays have

also been employed to screen compounds against the sexual

stages of the parasite (Buchholz et al., 2011). Of note are the

inexpensive HTS assays designed to screen 10,000 compounds

against stage IV and V gametocytes (Lucantoni et al., 2016).

64 hits for gametocyte stages I-III (IC50 < 2.5 µM) were identified

from 400 MMV compounds, using a transgenic P. falciparum

line expressing the GFP-luciferase (gametocyte stage I-III)

(Lucantoni et al., 2013). Moreover, 681 hits were received

from a library of 500,000 compounds against the liver stages

of the P. falciparum with IC50 < 1 µM; further, phenotypic and

functional assays reported 58 compounds to be mitochondrial

inhibitors (Antonova-Koch et al., 2018). RNA-binding dyes for

FIGURE 1
A schematic depicting the development of marine-derived antimalarial drugs from extraction to a market available drug.
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P. falciparum RNA had also been demonstrated their use in the

high-content live cell imaging to observe cell growth and

proliferation in HTS format (Cervantes et al., 2009). State-of-

the-art techniques for conducting HTS assay includes semi-

automation and high-content live cell imaging to investigate

the cellular physiology in a real-time manner. These prominent

TABLE 3 A list of potent compounds isolated from marine organisms/microbes with bioactivity against malaria parasites.

Compounds/Class/Source Antiplasmodial
activity/Cellular toxicity

Functional group Chemical structure

Manzamine (Ang et al., 2000; Radwan et al.,
2012)

IC50: (W2, D6) <528.8 ng/ml β-Carboline MW: 548.8 LogP 6.85

Alkaloid

Haliclona sp Sponge

Fascaplysin (Kirsch et al., 2000; Lu et al., 2011) IC50: K1 = 50 ng/ml; NF54 =
34 ng/ml

β-Carboline MW: 306.75 LogP 3.12

Alkaloid

Fijian Didemnumsp. Ascidian MIC: L6 = 2.5 μg/ml

Homofascaplysin A (Kirsch et al., 2000; Lu et al.,
2011)

IC50: K1 = 14 ng/ml; NF54 =
24 ng/ml

β-Carboline MW: 329.379

Alkaloid

Fijian Didemnumsp. Ascidian MIC: L6 = 1.1 μg/ml; Macrophages =
30 μg/ml

Axisonitrile-3 (Wright et al., 2011) W2 = 0.165 μg/ml; D6: 0.142 μg/ml Sesquiterpene MW: 231.38 LogP 5.09

Terpenes

Cymbastelahooperiand Acanthellkletra Sponges KB cells >20 μg/ml

Kalihinol A (Miyaoka et al., 1998) EC50: 3D7 = 1.2 nM Diterpenes MW: 393 LogP 0.1462

Terpenes

Acanthella sp.Sponge EC50: FM3A cells = 0.38 µM

Calothrixins A and B (Rickards et al., 1999) IC50: FAF6 = 58 nM; 180 nM,
respectively

Indolo[3,2-j]phenanthridine ring
system Pentacyclic metabolite MW:
314.3, 298.3 LogP 2.73

Alkaloid

Calothrix Cyanobacteria IC50: HeLa cells = 40 nM; 350 nM,
respectively

Salinosporamide A (Prudhomme et al., 2008) IC50: 3D7 = 11.4 nM; FCB = 19.6 nM

(Continued on following page)
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TABLE 3 (Continued) A list of potent compounds isolated from marine organisms/microbes with bioactivity against malaria parasites.

Compounds/Class/Source Antiplasmodial
activity/Cellular toxicity

Functional group Chemical structure

Long-Chain Bicyclic
Phosphotriesters MW:
313.8 LogP 1.13

Alkaloid

Salinispora Bacterium Cytotoxic in human tumor cell lines

Mollemycin A (Raju et al., 2014) IC50: 3D7 = 9 nM; Dd2 = 7 nM Glycohexa-depsipeptide Polyketide
MW: 1301.45Peptide

Streptomyces sp.(CMBM0244) Actinomycetes IC50: NFF = 198 nM

Cyclomarin A (Bürstner et al., 2015) IC50: NF54 = 40 nM Cyclic peptide MW:1043.3 LogP -1.8

Peptide

Actinomycetes

Lagunamide A, B (Tripathi et al., 2010) IC50: NF54 = 0.19 and 0.91 µM,
respectively

MW:842.1, 840.1 LogP 1.16

Peptide

LyngbyaMajuscula Bacterium IC50: P388 murine leukemia cell
lines = 6.4 and 20.5 nM, respectively

Lyngbyabellin A (Fathoni et al., 2020;
Sweeney-Jones et al., 2020)

EC50: 3D7 = 1.5 nM Depsipeptides MW:691.7

Peptide

Moorea producens and M. bouillonii
Actinomycetes

EC50: HEK293T = 19 μM;
HePG2 = 3.3 µM

Trioxacarcin (A, B, D) (Maskey et al., 2004) IC50: NF54 = 1.5; 102; 2.3 ng/ml,
respectively IC50: K1 = 1.6; 82; 1.7 ng/
ml, respectively

Tricyclic quinone Derivatives MW:
876.8Quinones

Streptomycessp. B8652 Actinomycetes

(Continued on following page)
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TABLE 3 (Continued) A list of potent compounds isolated from marine organisms/microbes with bioactivity against malaria parasites.

Compounds/Class/Source Antiplasmodial
activity/Cellular toxicity

Functional group Chemical structure

Urdamycinone E (Supong et al., 2012) IC50: K1 = 0.534 μg/ml C-glycosylatedbenz[α]
anthraquinone MW:
532.567 LogP 6.85

Quinones

Streptomycessp. BCC45596 Actinomycetes IC50: Vero cell lines = 1.71 μg/ml

Bromophycolide A (Stout et al., 2011) IC50: 3D7 = 499 nM; Dd2 = 377 nM;
HB3 = 493 nM

Diterpene Macrolide MW:
665.3 LogP 4.7Terpenes

Callophycusserratus Red macroalga IC50: Vero cell lines = 34.6 µM

Dolastatin-A (Luesch et al., 2001; Fennell et al.,
2003)

IC50: FCH5.C2 = 0.1 nM Linear peptide MW:
785.109 LogP 7.6

Peptide

Cyanobacterium Symplocasp.VP642 Bacterium IC50: P388 cell lines = 0.059 nM

Tsitsikammamine C (Davis et al., 2012) IC50: 3D7 = 13 nM, Dd2 = 18 nM Bispyrroloimino-quinone MW:
332.383 LogP 3.49Alkaloid

Zyzzya sp Sponge IC50: HEK293 = 3,600 nM

Dicerandrol D (Calcul et al., 2013) IC50: 3D7 = 600 nM Dimeric tetrahydroxanthone MW:
708.669 Log P: 6Polyketides

Diaporthe sp. (CY-5188) Endophytic fungi IC50: A549 = 7,800 nM

Thiaplakortones A–D (Davis et al., 2013) IC50: 3D7 & Dd2 <651 nM Thiazine-derived alkaloids MW:
409.342 Log P: -0.6466Alkaloids

Plakortis lita

Sponge IC50: HEK293T > 3.9 µM

(Continued on following page)
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studies emphasize the use of the HTS format in screening

antimalarials from marine-derived compounds, saving

expensive reagents, time and labour of the research personnel.

Global advancements in marine-
derived antimalarials

This section discusses the notable marine-derived natural

products with significant antimalarial potential. Table 3 collates a

list of marine-derived antimalarial compounds, their bioactivities,

active functional groups and respective chemical structures.

Marine-derived antimalarials from
sponges

1. Manzamine A is a marine-derived β-carboline alkaloid

from sponges found in Indian and Pacific oceans

(Haliclona sp., Pellina, Pachypellina, Xestospongia, Ircina

and Amphimedon). With significant antimalarial activity in

addition to the anti-inflammatory and antimicrobial

activities (Ang et al., 2000; Radwan et al., 2012). The

antimalarial activity of Manzamine A and its derivative

(−)-8-hydroxymanzamine A were screened in the culture

of P. berghei, the rodent parasite. Morphological changes

and subsequent degeneration were noticed by transmission

electron microscopy in the P. berghei asexual stage

parasites, in a similar fashion to the chloroquine

treatment. In vivo studies of mice malaria with

chloroquine and mefloquine-resistant P. berghei strains

found the IC50 concentrations of manzamine A to

be <529 ng/ml (El Sayed, 1996). It was interesting that

manzamine F carrying a ketonic group at C-31, hydroxyl

group at C-8 and double bond between C-32 and C-33 and

hydrogen at N-27 did not show any antimalarial activity

compared to manzamine A.

2. Fascaplysin and homofascaplysin A derived from sponge

Hyrtios cf. erecta from Fiji have been known to possess

antimalarial activities along with other biological activities

in Trypanosoma brucei, Trypanosoma cruzi, hepatitis A virus

and against molecular targets- HIV-1-RT and p56lck tyrosine

kinase (Kirsch et al., 2000). 3-bromohomofascaplysin A, an

analogue derived from Fijian Didemnum sp. ascidan has also

been reported (Lu et al., 2011). In vitro stage-specific

inhibition assays using chloroquine and mefloquine-

resistant P. falciparum by homofascaplysin A demonstrated

significant IC50 values - 0.55 nM and 105 nM against ring-

stage parasites and all live parasites, respectively. The

minimum inhibitory concentrations (MIC) of fascaplysin

and homofascaplysin A in L6 and macrophages were

observed to be 1.1 μg/ml and 2.5 μg/ml, indicating their

selective action against the malaria parasites.

3. Marine sponge, Cymbastela hooperi from Great barrier reef,

Australia have been observed to be a rich source of biologically

active molecules-a series of diterpenes and isonitrile-

containing diterpenes. These compounds demonstrated

potent antimalarial activities against P. falciparum strains

D6 and W2. Isonitriles (1–5) derived from C. hooperi and

axisonitrile from Acanthella kletra are notable with their

potent antimalarial activities, while tolerable cytoxicity was

observed in KB cells. (Wright et al., 2011). Using molecular

modeling, diisocyanoadociane and axisonitrile-3 interact with

the heme of the hemoglobin via the formation of a

coordination complex. Interestingly, the isonitrile moiety

forms a coordinate bond with the heme iron, thus inhibits

the hemozoin formation-a significant mode of action for

developing antimalarials and have been used in synthetic

approaches to design novel scaffolds.

4. Kalihinane diterpenoids derived from marine sponges have

been shown to possess antimicrobial, antifungal, cytotoxic,

antihelminthic, antifouling activities. Specifically, okinawan

marine sponge, Acanthella sp. extracts containing isonitrile/

isothionitrile kalihinane diterpenoids-kalihinol A, kalihiene,

TABLE 3 (Continued) A list of potent compounds isolated from marine organisms/microbes with bioactivity against malaria parasites.

Compounds/Class/Source Antiplasmodial
activity/Cellular toxicity

Functional group Chemical structure

Actinoramide A (Cheng et al., 2015) EC50: Dd2 = 200 nM Modified tetrapeptide MW:
661.757 Log P: -1.8496Streptomyces bangulaensis Bacteria EC50: HepG2 & HEK293 > 4 µM

Footnotes-W2, D6, 3D7, Dd2, HB3, FCH5, NF54, FCB, K1 (Different strains of Plasmodium); IC50–50% inhibitory concentration; EC50–50% effective concentration; nM-nanomolar. Log

p > 5: Lyophilic, MW: molecular weight.
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6-hydroxykalihinene demonstrated significant antimalarial

activities in nanomolar range, comparable/better than

mefloquine (Miyaoka et al., 1998).

Marine-derived antimalarials from
bacteria

1. Cyanobacteria have been well known to produce bioactive

metabolites; two Calothrix extracts were identified for their

bioactivity against P. falciparum in a dose-dependent

manner (Rickards et al., 1999). Further, bioassay-guided

fractionation of these extracts led to identification of two

pure compounds calothrixins A and B and their structural

characterization was accomplished. The atypical indolo

[3,2-j]phenanthridine ring system in these pentacyclic

metabolites was observed as the active chemical moiety

exerting the antiplasmodial activity. IC50 values of

calothrixins A and B (58 and 180 nM, respectively) were

found to be comparable to chloroquine.

2. Marine actinomycetes have been recognized as a rich

source of secondary metabolites with anticancer

potential. Extracts from ocean sediment-derived

microbes were screened and a pure compound-

salinosporamide A, was isolated from Salinispora tropica

(marine actinomycete), which demonstrated antimalarial

activity against P. falciparum (Prudhomme et al., 2008). In

vitro antiplasmodial activity with IC50 11.4 nM of

salinosporamide A were reported, which was comparable

to the established antimalarial drugs-chloroquine,

mefloquine and artemisinin. Similar to its mode of

action against human multiple myeloma the inhibition

of ubiquitination mediated proteasome degradation

(20 S proteasome) was shown to be the plausible

inhibitory property of salinosporamide A against the

asexual stages of the human malaria parasite.

3. A first-in-class glycol-hexadepsipeptide-polyketide

(Mollemycin A) was extracted from Streptomyces

sp. (CMB-M0244) from a marine sediment from south

Molle Island, Australia. The anti-parasitic activity of the

mollemycin A was exceptionally potent with IC50 7 nM

and 9 nM for drug-sensitive (3D7) and drug-resistant

(Dd2) Plasmodium falciparum (Raju et al., 2014), in

addition to its potent antibacterial activity.

4. An unusual cyclic peptide cyclomarin A derived from

Streptomyces sp. has been found to inhibit P. falciparum

growth with IC50 value of 40 nM, in addition to its potent

antibacterial activity, albeit with a different mode of action in

Mycobacterium (Bürstner et al., 2015). PF14_0349

(PfAp3Ase) was found to be the target enzyme in P.

falciparum, which was inhibited by cyclomarin A derivative

with IC50 4 nM, with no inhibition for the human orthologue

hFHIT (human fragile histidine triad). Co-crystalization of

PfAp3Ase dimer and cyclomarin A also validated their

binding and potent inhibition of cellular growth due to

enhanced levels of P(1)-P(3)-bis(5′-adenosyl) triphosphate

(Ap3A). These kinds of potent marine-derived natural

products and elucidation of their mode of action propel

the exploration efforts of other marine organisms.

5. Marine cyanobacterium Lyngbya Majuscula from Pulau

Hantu Besar region found to possess biologically important

activities (antimalarial and cytotoxic) cyclodepsipeptides-

Lagunamides A and B, structurally related to potent

marine cyanobacterial aurilides (Tripathi et al., 2010). IC50

values of 190 and 910 nM of lagunamides A and B,

respectively were found against P. falciparum NF54 strain,

the former was comparable to the dolostatin 15- another

potent marine cyanobacterial compound.

6. Other marine cyanobacteria- Moorea producens, Moorea

bouillonii and Okeania sp., as rich source of depsipeptides

(lyngbyabellins) have been found to possess significant

antimalarial activities. Lyngbyabellin A was the most potent

cyclic peptide extracted from Fijian Moorea producens with

EC50 1.5 nM against the asexual P. falciparum stages

(Sweeney-Jones et al., 2020). Other compounds from

antimalarial extracts of Moorea producens were observed to

be moderately active against P. berghei liver stage parasites,

further computationally predicted to bind to Plasmodium

actin-like proteins and sortilin, possibly inhibiting cellular

invasion of the parasite. So far 18 lyngbyabellins have been

identified, of which LYN1 and LYN2 exhibited potent anti-

plasmodial activities (EC50 73 and 100 nM, respectively).

Lyngbyabellin A isolated from M. bouillonii and

Lyngbyabellin G from Okeania sp. were also found to be

anti-plasmodial with IC50 300 and 1,100 nM, respectively

(Fathoni et al., 2020). Interestingly, the cytotoxicity of

Lyngbyabellin A in HEK293T and HepG2 cell lines was

negligible as compared to the anti-plasmodial activity

making it a potential candidate for further in vivo

experiments and pre clinical studies.

7. Trioxacarcins A-F (antibiotics) from marine Streptomycetes

sp. (isolate B8652) were purified and tested for anti-bacterial,

anti-tumor and anti-plasmodial activities (Maskey et al.,

2004). Trioxacarcins A & D were observed to be highly

potent (IC50 1.6 and 2.3 ng/ml, respectively) against P.

falciparum NF54 and K1 strain, comparable to artemisinin.

8. C-glycosylated benz[α]anthraquinone derivatives-

urdamycinone E, urdamycinone G, dehydroxyaquayamycin;

were isolated from marine Streptomycetes sp. (isolate

BCC45596) and potent antiplasmodial activities (IC50

0.053, 0.14 and 2.9 nM, respectively) against P. falciparum

K1 strain were observed, along with anti-tubercular activities

(Supong et al., 2012).

9. Salinipostins A-K derived from marine bacterium Salinispora

sp., are novel bioactive compounds containing bicyclic

phosphotriester core structure, never observed in natural
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antimalarials, promising a new lead scaffold (Schulze et al.,

2015). Salinipostin A for P. falciparum EC50 50 nM was the

most potent derivative, potency majorly derived from the

length of aliphatic chains and no. of C atoms in them. Failure

of resistance selection experiments using Salinipostin A and

further tagged-probes led to the identification of multiple

essential serine hydrolases as targets for Salinipostin A,

promising a potent antimalarial lead (Yoo et al., 2020).

Marine-derived antimalarials from diverse
biota

1. Fijian red macroalga Callophycus serratus has been shown to

contain novel brominated macrocyclic meroditerpenes which

were antimalarial in vitro. Notably, the most abundant and

potent compound was bromophycolide A, arresting the

parasite growth strongly (Stout et al., 2011). While the

mode of action (MOA) of most of the marine natural

products is not clear; to delineate the MOA of

bromophyclide A, immunoaffinity (IAF) tags were attached

via acetyl linkage. Using IAF tags and confocal microscopy,

bromophycolides were found to fluoresce with hemozoin

crystals and colocalized with neutral lipids, suggesting

inhibition of heme crystallization as plausible MOA of

bromophycolides. Structurally, bromophycolides are unique

therapeutic motifs, as they do not resemble other natural

inhibitors of heme crystallization (xanthones and terpene

isonitriles from marine sponges) or other natural products

(quinine and artemisinin); thus offering potent lead structures

to block heme crystallizaiton-a major physiological target in P.

falciparum asexual life cycle.

2. Dolostatin 10 and dolostatin 15 (potential anticancer agents)

are two marine peptides derived from sea hare Dolabella

auricularia and their synthetic derivatives-auristatins, have

been investigated for their antimalarial activities (Fennell

et al., 2003). Amongst these, dolostatin 10 was the most

effective with IC50 0.1 nM against P. falciparum. The mode

of action of dolostatin 10 included nuclear division arrest

apparently by disassembly of microtubular mitotic structures,

similar to the mode of action of vinblastine-a potent

anticancer agent blocking microtubule assembly.

Marine antimalarials screened in high-
throughput manner

1. In a unique intiative, Harbor Branch Marine Microorganisms

Culture Collection (HBMMCC) has a collection

of >19,000 isolates; from which a subset of 2,365 marine

isolates was explored for antimalarial screening using SYBR

green-I fluorescence assay with P. falciparum

Dd2 chloroquine-resistant strain (McCarthy et al., 2019).

17 potent leads were identified with EC50 values < 1 μg/ml;

derived from broad taxa including actinomycetes, fungi and

gram-negative bacteria; supporting the idea of antimalarials in

the form of marine-derived natural products.

2. Using highthroughput screening (HTS) of over 18,000 marine

and terrestrial biota extracts to identify some lead antimalarial

compounds, fractions from a marine sponge Zyzzya sp. were

found to inhibit the in vitro parasite growth and were not

observed to be toxic to human cell lines (HEK293). Further,

bioassay-guided fractionation and HPLC purification led to

the identification of bispyrroloimminoquinone alkaloid

-tsitsikammamine C (Davis et al., 2012). The IC50 values of

tsitsikammamine C against the P. falciparum (3D7 & Dd2-

chloroquine resistant strains) were 13 and 18 nM, indicating

the high potency of the marine sponge derived natural

product. While, the cytotoxicity in HEK293 cell lines was

found to be ~200 fold higher than the anti-plasmodial activity.

Moreover, makaluvamine G-a previously reported compound

was also isolated from Zyzzya sponge and also reported

therapeutic potential in P. berghei infected mice.

3. Rational screening of endophytic fungal extracts from

mangrove plants derived from the coast of Hong-Kong and

Taiwan yielded one lead compound-dimeric

tetrahydroxanthone, dicerandrol D with antimalarial

activity in nanomolar range, while the cytotoxicity was

reported ~8 fold higher in A549 human pulmonary

adenocarcinoma cells. (Calcul et al., 2013).

4. High-throughput screening of a prefractionated library

including marine invertebrates identified an extract of

marine sponge- Plakortis lita with the potential to

inhibit P. falciparum 3D7 (Davis et al., 2013). Bioassay

guided fractionation led to the identification of four

compounds (thiazine-derived alkaloids)- thioplakortones

A-D; with IC50 51 and 6.6 nM for the P. falciparum

3D7 and Dd2 strain.

5. Quantitative high-throughput screening of a natural product

extracts (NPE) library derived from diverse marine microbes

18 highly potent natural product extracts were identified

(Cheng et al., 2015). HPLC fractionation was carried out to

identify the active compounds from marine Streptomyces

bangulaensis-as Actinormides A and B (non-proteinogenic

tetrapeptides), with EC50 200 nM for Actinormaide A against

five P. falciparum strains were observed, while the EC50 for

HEK293T and HepG2 cell lines was observed to be >4 µM.

6. A targeted screen of 62 aqueous extracts from Cuban marine

organisms identified potent protease inhibitors of P.

falciparum hemoglobinases (Plasmepsin-II and Falcipain-2;

aspartic and cysteine proteases, respectively) and resulted in

the functional characterization of a protease inhibitor sourced

from Plexaura homomalla (PhPI) (Salas-Sarduy et al., 2017).

7. Pseudilins (halogenated marine natural products) as

inhibitors of the IspD enzyme (third enzyme of the non-

mevalonate pathway) inArabidopsis thaliana and P. vivax had
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been identified from a screen of ~100,000 compounds

(Kunfermann et al., 2014).

Discussion

The objective of this review article is to draw the focus of

the readers on the potential of marine-derived antimalarials,

especially in the current situation where the emergence of

resistance against the frontline antimalarial drugs has become

a global concern. The review has collated and summarized the

marine-derived antimalarial compounds (FDA-approved

drugs and lead compounds) so far, globally. Numerous lead

compounds have been identified for their antimalarial

potential using HTS platform and hence emphasizing the

use of HTS in exploring marine-derived antimalarials. In

Section 4, specific emphasis has been given to the global

advancements in the identification of marine therapeutics

from diverse biota including sponges, bacteria, sea hare and

algae etc. Particularly, marine-derived bacteria has come up as

the richest source of lead antimalarials with IC50 values in nM

range, such as calothrixins, salinosporamide, mollemycin,

cyclomarin, lagunamides, lyngbyabellin, trioxacarcins,

urdamycinone, and salinipostins. The antimalarial activities

of these compounds were observed to be comparable to the

present day antimalarials (chloroquine and artemisinin). For

ease of handling and high throughput feasibility in the

antimalarial assays, majority of the compunds were

screened only for the asexual stages of the Plasmodium

parasite except for the cyclic peptides from marine

cyanobacteria- Moorea producens, which were found to be

moderately active against liver stage of P. berghei. There are

limited studies worth highlighting which deduced the mode of

action of the lead compounds-salinisporamide inhibiting

ubiquitination-mediated proteasomal degradation (20S

proteasome); cyclomarin A targeting the PF14_0349

(PfAp3Ase) enzyme of P. falciparum and lynbyabellin A

computationally predicted to bind Plasmodium actin-like

proteins and sortilin, inhibiting parasite invasion. After

marine-derived bacteria, sponges also are a significant

source of lead antimalarials. Some of the notable sponge-

derived potent antimalarials are manzamines, fascaplysins,

isonitriles and kalihinols. The mode of action of manzamine A

was similar in action as chloroquine via induction of

morphological changes and degradation of the parasite

observed by transmission electron microscopy. Fascaplysin

is peculiar as it was found to have antimalarial activity in

against all asexual stages of P. falciparum, but for ring-stage

parasites it was ~190 times more potent than other stages,

indicating a stage-specific mode of action. Isonitriles were

FIGURE 2
A list of marine research institutes in India, particularly located at the peninsular region with the potential to explore marine biodiversity.
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computationally deduced to inhibit the hemoglobin

degradation in Plasmodium, which has been a crucial target

for many natural and synthetic antimalarials.

Bromophycolides from macroalga- Callophycus serratus,

imparted their antimalarial activity by inhibition of heme

crystallization to hemozoin. Marine-derived peptides such

as dolostatin 10 is a highly potent antimalarial which

causes alteration in microtubule assembly during mitosis.

It is notable that marine-derived compounds also provide

novel chemical scaffolds or active chemical moieties, on which

new or modified synthetic derivatives can be developed.

Calothrixins are pentacyclic metabolites extracted from marine

cyanobacteria, with potent antimalarial activity, where the

bioactive scaffold contained atypical indolo[3,2-j]

phenanthridine ring system. Another important lead

antimalarial-salinipostins contained unique bicyclic

phosphotriester core structure, where the antimalarial activity

was dependent on the length of aliphatic chains. Isonitriles are

important class of antimalarials derived from marine sponge-

Cymbastela hooperi, which inhibits hemoglobin degradation via

coordinate bond with the heme molecule. Bromophycolides are

brominated macrocyclic meroditerpenes possessing novel

therapeutic motifs, that has not been observed in other heme

crystallization inhibitors such as xanthones, terpene isonitriles,

quinine and artemisinin. Synthetic derviatives of dolostatins-

auristatins have been found to be potent antimalarial

compounds.

The discovery of these lead antimalarials derived from

marine orgnaisms clearly makes the case for vast unexplored

potential of the marine biodiversity, especially focusing on

discovery of novel drugs for malaria. However, with their

significant antimalarial activity and chemical structures

available, detailed investigations elucidating the mechanisms

of action against the human malaria parasite- P. falciparum

are lacking; only few notable studies are available. These

studies elicit enough confidence that marine therapeutics

could be worth exploring potent antimalarials.

In the context of the antimalarial landscape of India,

particularly marine-derived, there is not much information/

exploration available. Moreover, the Indian coastline is

approximately 8,000 km, spanning the peninsular region as

well as the islands (Andaman and Nicobar Islands and

Lakshadweep Islands), which harbors unique marine

habitats with a great marine biodiversity. The Indian

peninsula is surrounded by three distinct ocean bodies- Bay

of Bengal, Indian Ocean and Arabian Sea with their own

marine ecological systems defining the marine biodiversity in

estuaries, lagoons, mangroves, backwaters, salt marshes, rocky

coasts, sandy stretches and coral reefs. The eastern and

western coast of India comprise of huge marine floral and

faunal diversity (no. of species)- marine algae (844), sponges

(451), corals (200), crustacean (2,900), marine mollusks

(3,370), echinoderm (765), tunicates (47) etc. and theire

associated microorganisms (Saxena, 2012). There are a

number of marine research institutes across the Indian

peninsula, with their core research expertise in the isolation

and characterizing of the marine extracts; but rarely an

antimalarial-focused study was undertaken. While writing

this review, we have embarked on a collaborative project to

undertake an exploration of marine-derived natural extract

from different research institutes across the Indian peninsula;

few leads have been identified from ~100 marine-derived

extracts. ICMR-National Institute of Malaria Research with

its field units spanning across India (Figure 2) can play a

central role in the exploration of new antimalarials from

marine-derived natural extracts in a cost-effective and

resource limited manner.

Conclusion and future outlook

This review article has now clearly established that marine-

derived extracts/compounds have significant antimalarial

potential, which has not been explored to its capacity. The

marine biodiversity offers a vast chemical space for discovery of

novel chemical scaffolds for development of novel compounds,

which can be used as therapeutics in various diseases including

malaria. Particularly, in Indian perspective with its vast

coastline and huge marine biodiversity, there is clear lack of

efforts in screening the marine-derived extracts for discovery of

novel antimalarials, which of course have multiple factors-lack

of state-of-art technologies/infrastructure, collaborations and

sharing of expertise etc. Therefore, it is apt fro the malaria

research community to come forward and collaborate with the

marine research community to screen the marine-derived

extracts/compounds as potent antimalarials. The lead

compounds can be further investigated for their mode of

action, target identification and preclinical studies. In light of

the challenges of malaria elimination, globally, drug discovery is

a prominent tool against malaria parasite and should be

explored thoroughly from natural sources.
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