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Abstract
An integrated approach to innovatively counter the transmission of various arthropod-borne diseases to humans
would benefit from strategies that sustainably limit onward passage of infective life cycle stages of pathogens and
parasites to the insect vectors and vice versa. Aiming to accelerate the impetus towards a disease-free world amid
the challenges posed by climate change, discovery, mindful exploitation and integration of active natural products
in design of pathogen transmission-blocking interventions is of high priority. Herein, we provide a review of natural
compounds endowed with blockade potential against transmissible forms of human pathogens reported in the last 2
decades from 2000 to 2021. Finally, we propose various translational strategies that can exploit these pathogen trans‑
mission-blocking natural products into design of novel and sustainable disease control interventions. In summary,
tapping these compounds will potentially aid in integrated combat mission to reduce disease transmission trends.
Keywords: Human pathogen transmission-blocking, Natural products, Arthropod disease vectors, Disease control,
Anti-infectives
Background
Haematophagous arthropod vectors—mainly mosquitoes, phlebotomine sand flies, triatomine bugs, simulid
blackflies and tsetse flies—inadvertently transmit highly
infectious pathogens to humans during blood meal
acquisition. Arboviruses (chikungunya virus, CHIKV;
Zika virus, ZIKV; dengue fever virus, DENV; West Nile
virus, WNV; Rift Valley fever virus, RVFV; sand fly
fevers, yellow fever virus, YFV, etc.), lymphatic filarial
worms, Wuchereria bancrofti, Brugia spp., Plasmodium
parasites, Onchocerca volvulus and kinetoplastids (leishmania and trypanosomes) that develop in these insects
gravely afflict humans residing in tropical and subtropical
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regions. These vector-borne pathogens contribute
to > 17% of all human infectious diseases, accounting for > 700,000 annual deaths estimated by the World
Health Organization (WHO) (https://www.who.int/
news-room/f act-sheets/detail/vector-b orne-disea s es).
The successful transmission of these pathogens across
vertebrate and insect hosts is facilitated by intricate
multi-ecological factors, most of which remain poorly
understood, yet intriguingly providing excellent opportunities for novel intervention designs. While the development of effective vaccines against these arthropod-borne
diseases appears far beyond reach, translational aspects
to counter the infectious bites especially through small
molecule forms are warranted.
The attractiveness to infectious individuals in some
insect vectors for pathogen uptake is the initial adaptive
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success towards sustained transmission. For instance, in
malaria highly gametocytemic individuals have modulated host skin microbiota composition and chemistry that generates volatile organic compounds (VOCs),
which attract more female Anopheles mosquitoes for
blood feedings, and in the process acquire Plasmodium
parasites [1–4]. A similar phenomenon has been reported
for sand flies [5]. Such host-induced attractiveness is
however lacking for many emerging and re-emerging
arboviruses partly because these mosquito infections are
incidental, but also other evolved viral mechanisms have
been described to sustain their transmission cycle upon
viral establishment [6]. These viral mechanisms include
vertical (transovarial and trans-egg transmissions) and
horizontal transmission, or both. However, other viruses
find their way into mosquitoes through environmental
acquisition; for instance, ZIKVs have been reported to
potentially infect mosquito juveniles while breeding in
contaminated sites [7]. Nevertheless, following the ingestion of infectious blood meals the developing pathogens
must infect various tissues and evade physiological bottlenecks imposed by the vector immune defences to facilitate successful transformation into infective stages ready
for transmission to the next human host. This infective
passage from the vector to humans occurs during appetite-induced search for blood meal, but also as a result of
enhanced manipulative feeding effects by the infective
stages as in the case of malaria, leishmania and DENV
[8]. A consequential worrying trend is the possible transmission of drug-resistant pathogens, exemplified by Plasmodium sporozoites, CHIKV variants and leishmania
promastigotes that have been reported [9–12].
With current global elimination strategies for infectious diseases in focus, there is a dire need to find appropriate transmission-reducing interventions [13–16]. In
fact, the UN Sustainable Development Goal 3 advocates
for elimination of human infectious pathogens by 2030
anchored on target 3.3. Towards this goal, knowledge
on transmission of insect-vectored human pathogens
between host interfaces continues to grow rapidly in
tandem with recent advancements of -omics technologies and potential drug targets discovered. Prioritizations have largely taken the form of disrupting either
the development of transmissible stages in human and
insect hosts or the activation factors of quiescent infectious forms, as well as targeting the host–pathogen interaction proteins that offer less drug pressure in the insect
vector [17]. Opportunities, viz, (i) arbitrary screening for
direct cidal activity against transmissible stages, (ii) targeting the host factors functionally identified to facilitate
host cell invasion, replication and egression, (iii) exploitation of obligate endosymbionts, (iv) vector sugar feeding behaviour and endectocides, (v) enzyme inhibitions
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of essential pathogen proteins and (vii) Plasmodium liver
stages following sporozoite inoculation have taken centre
stage in the identification of transmission-blocking compounds [18–23].
Despite a slow pace in their exploration, compared to
chemotherapeutic counterparts, natural products (primarily from plants, microbial sources, marine organisms,
insect microbiomes and higher invertebrates) and their
synthetic derivatives as pathogen transmission-blocking
agents could offer an integral pivot in disease control
and prevention. Structural diversity and complexity provided by these compounds have been widely appreciated
in drug discovery as novel lead scaffolds for various antiinfective drugs [24, 25]. Within this context, the identification and strategic use of natural products as new leads
to combat further spread of vector-borne diseases to
humans will complement the existing interventions. Our
earlier studies have contributed to these efforts by documenting the vector control strategies utilizing natural
compounds [26]. In this review, we provide a summary
based on an extensive literature search on the promising
anti-infective natural compounds (and their derivatives)
discovered in the last 22 years (from 2000 to 2021). The
scientific literature was searched from PubMed, Google
Scholar, Wiley Online Library, ScienceDirect, ACS Publications, Royal Society of Chemistry (RSC), Web of
Science and SpringerLink libraries. Relevant keywords,
“transmission-blocking”, “natural products”, “human
vector diseases”, “antivirals”, “procyclic and metacyclic
trypomastigotes”, “arboviruses”, “antifilariasis”, “anti-wolbachial”, and “procyclic promastigotes” and appropriate
combinations of the above terms, were used to retrieve
the articles. Our analyses demonstrate a great emphasis
on exploration of plant- (66.01%) and microbial-derived
(29.41%) chemical space in pursuit of reducing the spread
of malaria (61 compounds), arboviruses (72 compounds),
lymphatic filariasis (26 compounds) and leishmania
(2 compounds) transmissions over the 22-year period
(Fig. 1A–C). Moreover, we present our perspectives on
various prospective applicability strategies of these molecules towards impedance of transmission of infectious
pathogens between humans and insect vectors.

Transmission‑blocking in pursuit of human disease
elimination and eradication agenda: the challenge
meets nature?
Midgut microbiota and microbial explorations

Naturally most if not all living organisms, including
disease-transmitting insect vectors, are colonized by
multigenera microbial communities existing in unresolved complex symbiotic interactions largely shaped by
their proximate environment [27]. Wild-caught mosquitoes, for instance, are dominated by highly diverse and
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Fig. 1 Summarized analyses of the highlighted compounds retrieved from literature. A Overall distribution of sources of natural compounds
highlighted in this review. B Disease target profile of the highlighted natural compounds. C Trends in exploration of natural products in pursuit of
pathogen transmission-blocking between 2000 and 2021

dynamic gram-negative bacteria, Pseudomonas, Aeromonas, Asaia, Comamonas, Elizabethkingia, Serratia,
Acinetobacter, Enterobacter, Klebsiella and Pantoea, and
symbiotic fungi; yeast, Candida, Penicillium, and Pichia
(reviewed in [28]). Antiparasitic, antimicrobial and antiviral products secreted by such microbes (inclusive of
insect-associated symbionts) are or have found interesting pharmaceutical applications [29–31]. Several studies published over the recent years have demonstrated
the potential impact of gut bacterial products in impairing Plasmodium sporogonic development through
direct killing, indirect immunomodulatory effects, or
both. Chromobacterium spp. (Enterobacter bacterium)

isolated from midguts of field-caught Zambian anophelines (Esp_Z) [32] and Panamanian Aedes aegypti mosquitoes (Csp_P) [33] inhibited Plasmodium ookinete
development and also abrogated replication of dengue
virus in mosquitoes. These inhibitory activities were later
found to be mediated by a histone deacetylase inhibitor romidepsin (1; Fig. 2) and aminopeptidase secretion,
respectively [34, 35]. The depsipeptide compound 1 has
potent Plasmodium gametocytocidal activities. Besides,
the bacterial isolate (Csp_P) kills mosquito larvae by its
secreted hydrogen cyanide in addition to exerting adulticidal effects [36], underscoring its broad-spectrum
activity window. A related Chromobacterium species
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Fig. 2 Chemical structures of compounds 1–17. Romidepsin (1), Violacein (2), Epoxomicin (3), thiostrepton (4), ivermectin (5), chlorotonil a (6),
bt37 (7), bt122 (8), p-orlandin (9), asperaculane b (10), pulixin (11), monensin a (12), nigericin (13), salinomycin (14), narasin (15), maduramicin (16),
NITD609 (17)
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C. violaceum has been isolated from soils [37]. These
bacteria produce a broad-spectrum bisindole antimalarial agent, 3-[1,2-dihydro-5-(5-hydroxy-1H-indol-3-yl)2-oxo-3H-pyrrol-3-ilydeno]-1,3-dihydro-2H-indol-2-one
(violacein (2)), reported to have gametocytocidal (EC50
1.25–2.5 µM) and Plasmodium transmission-blocking
activity (43% oocysts reduction) [37]. In another more
recent study, despite pending efforts to establish the
identity of anti-Plasmodium mediating molecule(s),
a novel sexually inherited microsporidian MB infecting Kenyan An. arabiensis population was discovered to
block transmission of P. falciparum (undetectable levels
of sporozoites) [38, 39]. Similar bacteria with P. vivax
transmission-blocking activity are the Serratia spp. and
Enterobacter spp. isolated from midguts of field-collected
An. albimanus in southern Mexico, affording appreciable
reductions in oocysts densities [40]. Further exploration
of these bacterial species, and their bioactive compounds
1, 2 as potential leishmania, Trypanosoma, filarial and
arboviral transmission-blocking interventions, is lacking in literature and presents an open path of scientific
exploration.
Transmission-blocking
endosymbiotic
“killer” yeast strains of Wickerhamomyces anomalus have
been shown to undergo maternal inheritance in different insects, including Anopheles, Aedes, and Culex mosquitoes, and sand flies [41–43]. Secreted antimicrobial
toxins such as WaF17.12 and WaATCC96603 induced
in vitro killing of P. berghei ANKA sporogonic stages at
LC50 64.6 µg/ml and 61.3 µg/ml, respectively, reducing
65.2% of early sporogonic parasites and oocysts in mosquitoes [44, 45]. Stable pathogen transmission-blocking
compounds from symbionts in other disease vectors are
yet to be identified.
Equally important are the microbial products from
ubiquitous bacteria and fungi. Exploitation of such microbial-derived compounds as human pathogen transmission-blockers is widely documented, but largely limited
to malaria, filariasis, and arboviruses. Early in 2009, epoxomicin (3), a known proteosome degradation inhibitor discovered from an Actinomycetes strain Q996-17, emerged
to potently kill mature Plasmodium stage V gametocytes
at 100 or 10 nM 72-h post-treatment and blocked oocysts
production in mosquitoes [46]. Subsequent work on plasmodial proteosome led to the identification of a Streptomycetes spp.-derived thiopeptide, thiostrepton (4), and
its semisynthetic derivatives SS231/[14] and SS234/[05]
with promising gametocytocidal activities in the 
IC50
range of 1.82–3.40 µM [47]. From Streptomyces avermectinius bacterium identified back in early 1970s by a Japanese microbiologist, Satoshi Omura, a macrocyclic lactone
ivermectin (5) was pioneered and developed in 1983 by a
Merck’s team led by William Campbell as an anthelmintic
drug [48]. A veterinary drug trademarked as Mectizan®
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was later prioritized for mass drug administration (MDA)
at an oral dose of 150–200 µg/kg to treat river blindness
prevalent in West Africa, Yemen, and Latin America
regions. Apart from this remarkable invention, compound
5 has been repurposed successfully in malaria exerting
endectocidal, Plasmodium sporontocidal, and sporogonic
inhibitions at both laboratory and field levels [49–52]. The
systemic administration and/or topical application of compound 5 to cattle and humans reduces the survival, feeding
frequencies, blood digestibility, locomotion, and fecundity of bloodsucking arthropod disease vectors including
mosquitoes and tsetse flies [53–57]. As human malaria
transmission greatly relies on the longevity of female mosquitoes, reduction of their survivorship rates from this
intervention breaks parasite transmission especially by the
outdoor feeding vectors.
Another tricyclic macrolide, chlorotonil A (6), that
structurally resembles the antibiotic anthracimycin was
discovered from a soil-dwelling myxobacterium Sorangium cellulosum ce1525 in Germany. Chlorotonil A
exerts nanomolar potency against late-stage IV/V gametocytes (IC50 29.6 nM; IC90 123.2 nM), besides its antimalarial activity against all intraerythrocytic stages [58].
This notable bioactivity has however not been extended
for investigations against either the Plasmodium sporogonic stages or repurposed to target other arthropod
transmissible human pathogens. Furthermore, lichenderived (+)-usnic acid derivatives of dibenzofurandione class, BT37 (7) and BT122 (8), prevent Plasmodium
zygote-to-ookinete maturation achieving 100% inhibition
of oocyst production at 250 µg/ml [59]. (+)-Usnic acid
also inhibits P. berghei liver stages at I C50 value of 2.3 µM,
but is less active against P. falciparum blood stages [60].
It has also been demonstrated that fibrinogen-related
proteins (FREPs) from An. gambiae midgut epithelium,
and specifically FREP1, facilitate Plasmodium ookinete
invasion through surface anchorage [61]. They observed
that silencing of FREP1 gene expression reduces P. falciparum infection in mosquitoes. Inspired by these findings, through a systematic screening of the fungal library
by ELISA-based method, a bicoumarin p-orlandin (9)
from Aspergillus niger emerged as a potential candidate
that prevents either Plasmodium gametocytes or ookinetes from interacting with FREP1 at 92% inhibition [62].
Consequently, such disruption, as at low dose of 3 µg/
ml, effectively reduced P. falciparum infection load in
mosquitoes by 56.7% oocyst numbers and 35% infection prevalence. In continuation with this work by Jun
Li’s group, other fungal compounds, Asperaculane B
(10) and [3-amino-7,9-dihydroxy-1-methyl-6H-benzo[c]
chromen-6-one (Pulixin, (11)], with Plasmodium transmission-blocking activities have been identified [63,
64]. Compound 10 derived from Aspergillus aculeatus
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inhibits Plasmodium transmission at IC50 7.89 µM, while
11 isolated from Purpureocillium lilacinum exerts its
activity in mosquitoes at EC50 11 µM, without notable
host cytotoxicity.
A chemical class of polyether ionophores comprising monensin A (12), nigericin (13), salinomycin (14),
narasin (15), and maduramicin (16), to mention a few, is
reportedly derived from Actinobacteria of Streptomyces
spp. These specific lipid-soluble monovalent compounds
tend to bind metal cations reversibly at high affinities,
transporting them across the cell membrane and disrupting parasite intracellular ionic homeostasis. Apart from
exhibiting nanomolar activity against asexual stages of
Plasmodium, the repurposed ionophores 12–16 preferentially kill transmissible stage IV/V gametocytes and
liver stages more rapidly and impair sporogonic development in mosquitoes at nanomolar doses [65–69]. Such
potent susceptibility of gametocytes, in addition to parasite transmission-blocking activity, to ionic balance perturbation is akin to PfATP4 targeting by spiroindolone
NITD609 (17) [70, 71]. NITD609 (also referred to as
cipargamin or KAE609) is a clinical trial phase 2 candidate discovered and developed from a screen of ~ 12,000
Novartis microbial product library.
For lymphatic filariasis, efforts to discover new treatment options with transmission-blocking capability to
complement ivermectin (5) are to date targeting the
obligate filarial endosymbiotic bacterium Wolbachia by
utilizing suitable platforms of insect cell lines. Chemical depletion of Wolbachia from filarial worms renders
them infertile and nonviable, blocks embryogenesis, and
inhibits their development, potentially blocking parasite transmission. In this regard, adult worm-sterilizing
compounds such as corallopyronin A (CorA) (18; Fig. 3)
from Corallococcus coralloides B035 that specifically
depletes Wolbachia from filarial nematodes are showing
promising preclinical candidature [72, 73]. CorA effectively targets bacterial RNA polymerase. When offered
to infected Litomosoides sigmodontis rodent model for
14 days, > 90% of Wolbachia from filarial worms were
cleared and development of adult worms abrogated,
exerting a short-course efficacy in combination with
albendazole for only 7 days at 10 mg/kg CorA [72].
Elsewhere, Xu et al. [74] discovered kirromycins–kirromycin B (19) and congeners kirromycin (20) and kirromycin C (21) from Streptomyces sp. CB00686 through a
high-throughput screening of a natural product library
consisting of 348 compounds isolated from 65 bacterial
strains at The Scripps Research Institute. The three kirromycins 19–21 potently depleted Wolbachia in LDW1
Drosophila cells (IC50 0.58, 0.25, 1.08 nM, respectively)
and Brugia pahangi ovaries ex vivo (65–95% efficiency at
1 µM). Such anti-Wolbachia activity of 19–21 is believed
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to originate from inhibition of protein synthesis through
interaction with prokaryotic elongation factor Tu (EFTu). From a discovered macrolide tylosin A (TylA) of
Streptomyces fradiae, von Geldern et al. [75] esterified the 4″-OH on mycarose sugar to develop ABBV4083 (22) with potent anti-Wolbachia activity 
(EC50
0.019 nM), in vivo efficacy of > 99.9% at 150 mg/kg for
14 days, and superior pharmacokinetic profile. Another
modified antibiotic boron-pleuromutilin, AN11251
(23), exerts enhanced in vitro anti-Wolbachia activity of
EC50 15 nM compared to less active pleuromutilin itself
(EC50 > 1 µM) [76]. Oral administration of compound 23
at 50 mg/kg to L. sigmodontis mouse infection model for
14 days effectively clears > 99% of Wolbachia from adult
female worms. Globomycin (24) is yet another filaricidal
agent, first isolated in 1978 from fermentation of Streptomyces spp. [77]. Globomycin is known for its lipoprotein signal peptidase II (LspA) inhibitory activity. By
inhibiting lipoprotein biosynthesis, globomycin depletes
Wolbachia from B. malayi and kills the adult worms at
100 µg/ml [78].
Other compounds with anti-Wolbachia and antifilarial
activity are the antibiotics doxycycline (25; Fig. 3), minocycline (26): two synthetic derivatives of Streptomycesderived tetracycline, rifampicin (27): a product of a soil
bacterium Amycolatopsis rifamycinica, and azithromycin (28): a semisynthetic macrolide derivative of Streptomyces derived erythromycin [79]. In a recent study
report by Bullman et al. [80], however, the antibiotics
25–27 displayed inverse treatment effects on Wolbachia,
increasing titres with dose increment, despite rendering Brugia worms moribund. Besides these advances,
microbial compounds of Streptomyces spp. origin targeting asparaginyl-tRNA synthetase activity are able to kill
adult Brugia worms. These include tirandamycin B (29),
WS9326A (30), and adipostatins A-D [structurally represented by (31)] identified via high throughput screening
[81–83]. Notably, the aforementioned compounds 18–31
have only been tested in vitro and using mouse infection
models, raising a concern as to whether the observed
activity is also extrapolatable to insect vector level from
an infectious human blood meal. This arises owing to a
compendium of interactive factors influencing transmissibility of human pathogens that are potentially missed
by in vitro assay conditions.
Reduction of arboviral titres at the points of acquisition and inoculation through chemical inhibition of
host factors required for viral replication is a promising approach for blocking transmissions of arboviruses.
However, only a few examples of comparable inhibitors
of microbial origin are known at present and they are
highlighted below. Nanchangmycin [32; isolated from
Streptomyces nanchangensis (Fig. 4)] was identified
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Fig. 3 Chemical structures of compounds 18–31. Corallopyronin A (CorA) (18), kirromycin b (19), kirromycin (20), kirromycin c (21), abbv-4083
(22), an11251 (23), globomycin (24), doxycycline (25), minocycline (26), rifampicin (27), azithromycin (28), tirandamycin b (29), WS9326a (30),
adipostatin compound (31)
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Fig. 4 Chemical structures of compounds 32–39. Nanchangmycin (32), cavinafungin (33), soraphen a (34), labyrinthopeptins a1 (35),
labyrinthopeptins a2 (36), mycophenolic acid (mpa) (37), cyclosporine a (38), daptomycin (39)

through screening a 2000 compound library and established to block ZIKV infection at EC50 0.97 µM by targeting the human viral attachment factor AXL [84]. In
addition, this ionophore nanchangmycin was shown

to actively inhibit entry of CHIKV, DENV and WNV
into human cells. During the same year of its discovery in 2017, Estoppey et al. identified a fungal lipopeptide, cavinafungin (33), from Colispora cavincola with

Muema et al. Parasites & Vectors

(2022) 15:298

potent activity of nanomolar range against ZIKV and
DENV 1–4 serotypes, albeit with less inhibitory efficacy against CHIKV [85]. The selective antiviral activity of compound 33 was demonstrated to largely stem
from its inhibition of endoplasmic reticulum host signal
peptidase (ER-SPase) activity that consequently impairs
viral polyprotein processing. Another screen of myxobacteria extracts, which was conducted in Germany, led
to isolation of a polyketide soraphen A (SorA) (34) that
targeted host acetyl-CoA carboxylase, a key lipid biosynthetic enzyme. SorA inhibits DENV in vitro at E
 C50 of
4.7 nM and reduces the viral load in vivo with promising pharmacological profile [86]. Prochnow et al., from
the same research group, recently isolated labyrinthopeptins A1 (35) and A2 (36) from actinomycete Actinomadura namibiensis DCM 6313 [87]. These compounds
35 and 36, which bind to lipid phosphatidylethanolamine
on the viral membranes, exert broad-spectrum antiviral activities against diverse human viruses including
DENV, CHIKV, ZIKV and WNV at low micromolar to
nanomolar ranges. A high-throughput screening of 774
FDA-approved drugs for anti-ZIKV chemotherapy by
repurposing resulted in identification of; the antiparasitic
ivermectin (5), an inosine-5′-monophosphate (IMPDH)
inhibitor mycophenolic acid (MPA, 37), the cyclophilin
inhibitor cyclosporine A (38), and a lipopeptide daptomycin (39) [88]. Besides the aforementioned activities
as anthelmintic, antimalarial, antifilarial and mosquitocidal, it is not surprising for the wonder drug ivermectin (5) to inhibit arboviruses, including not only ZIKV
(EC50 1–10 µM) but also DENV, WNV and CHIKV (EC50
0.6 µM) by interacting with non-structural (ns) helicase
protein 3 [89, 90]. The IMPDH inhibitor, MPA (37), was
first discovered from Penicillium stoloniferum during
1893–1896 and approved for reducing transplantation
rejection. In 2002, Diamond and colleagues reported the
anti-DENV activity of MPA whose mechanism of action
is through impairment of viral genome replication; in
addition, a similar antiviral activity was later reported for
CHIKV and ZIKV ( EC50 0.1–1 µM) [88, 91]. Likely blockage to directly access purines from the host cells through
IMPDH inhibition slowing viral replication is perhaps the
possible mechanism of action of MPA. Like MPA, cyclosporine A (38; a fermentation product of Trichoderma
polysporum) inhibits viral RNA synthesis, but through
interference of viral NS5 protein interaction with human
cyclophilins. Such protein–protein interaction interference perturbs viral replication affording cyclosporine A
antiviral activity against DENV and ZIKV [92]. In the
case of daptomycin (39) from Streptomyces roseosporus,
its antiviral mechanisms against ZIKV are yet unknown
but postulated to interfere with viral cell entry. Whilst
Barrows et al. in vitro screen for daptomycin’s anti-ZIKV
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activity was exciting at E
 C50 0.1–1 µM, this efficacy was
unfortunately lost and invalidated in infected Aedes mosquitoes [93].
Additional compounds with anti-arboviral activity from microbes are acknowledged. Antimycin A1a
[40; produced by Streptomyces kaviengensis (Fig. 5)] is a
potential anti-DENV agent identified by high-throughput
screening of microbial compounds. Antimycin A exerts
antiviral activity at IC50 80 nM [94]. Whilst its known
cellular mechanism is through binding the Qi site of
cytochrome c reductase and inhibition of oxidative phosphorylation, the precise antiviral mechanism is to date
unclear. Further interrogation of the same screen yielded
acetylspiramycin (41; from Streptomyces ambofaciens)
with anti-DENV activity at IC50 0.91 µM. A polyketone
from Penicillium sp., brefeldin A (42), inhibits DENV at
IC50 54.6 nM [95]. Apart from ivermectin, a related macrolide abamectin (43) from fermentation of Streptomyces
avermitilis identified by a high-throughput screen performed by Varghese et al. was shown to inhibit CHIKV
replication, besides other flaviviruses, at E
 C50 1.5 µM
[90]. Antibiotics, doxycycline (25) and azithromycin
(28), are also potential anti-arbovirals targeting CHIKV
and ZIKV infections, respectively [96, 97]. Debromoaplysiatoxin (44), and its 3-methoxy derivative have been
isolated from Singaporean Trichodesmium erythraeum
(TLTY/PSK/001). These compounds inhibit CHIKV replications in vitro at IC50 1.3 and 2.7 µM [98].
Perhaps the more exciting bioactivity exhibited by
these compounds is the blockade of viral passage through
insect vectors after ingestion of viraemic blood meals, in
addition to their in vitro antiviral activity in mammalian
cells. Here we should highlight the works by Dimopoulos’ group. For instance, Kang et al., demonstrated that
thoracic microinjection of a macrolide bafilomycin [45;
an inhibitor of vacuolar H + -ATPase (vATPase) from fermentation products of Streptomyces spp.] and mycophenolic acid (37; MPA) block DENV-2 infection in Ae.
aegypti [99]. The authors demonstrated that microinjection of either 45 (5 µM) or 37 (250 µM) a day prior to
ingestion of DENV-2 viraemic blood meal led to inhibition of viral titres in the salivary glands by 90% and 83%,
respectively, at day 14 post-infection. These findings are
not different from the recently reported inhibitory efficacy of these compounds against ZIKV in C6/36 cells and
mosquito midguts [93].
Plant‑derived compounds

Over the years plants have been indispensable sources of
drug-like molecules that are sought as curatives and/or
novel scaffolds for drug lead development against various
human disease pathogens. Apart from their use in clinical treatment, innovative exploration of these bioactives
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Fig. 5 Chemical structures of compounds 40–56. Antimycin A1a (40), acetylspiramycin (41), brefeldin a (42), abamectin (43), debromoaplysiatoxin
(44), bafilomycin (45), azadirachtin a (46), gedunin (47), deacetylnimbin (48), vernodalol (49), daucovirgolide g (50), 6-o-angeloxyl-8-o-senecioy
l-6β,8α,11-trihydroxygermacra-1(10)e,4e-diene (51), parthenin (52), parthenolide (53), 1α,4α -dihydroxybishopsolicepolide (54), artemisone (55),
artemiside (56)

as promising pathogen transmission blockers has lately
gained remarkable traction. Moreover, an emerging
translational approach to control disease transmission
motivated by exploitation of female insect vectors’ sugar
foraging behaviour from randomly selected host plants is

explorable for novel interventions [20]. From this ecological perspective, the female disease vectors are evidently
reported to feed on particular plant families, harbour
host plant tissue DNA as foraging evidence or be manipulated by developing pathogens for increased plant sugar
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uptake [100, 101]. Laboratory and field studies [102–109]
show both native and invasive alien host plant tissues or
secretions being ingested by phlebotomine sand flies,
arboviral Aedes mosquitoes, Anopheles gambiae and
triatomine bug Rhodnius prolixus. Table 1 summarizes
these identified host plants foraged by various insect
vectors.
Besides the pervasive quest for plant sugars, ingestion of other bioactive secondary metabolites is likely to
occur and consequently have variable detrimental effects
on the development of infectious pathogens harboured
in vector’s midguts and salivary glands [105, 113–115].
Although the above list in Table 1 is not exhaustive,
because geographical sites and seasons of insect vector
collection could influence plant foraging diversity, these
studies inform a feasible starting point in the search for
chemoprotective compounds. Exemplar agents and others are described below.
Terpene derivatives

Natively, neem trees (Azadirachta indica; Meliaceae) are
among the most sought sources of plant-derived remedies at primary care level. Neem has been widely characterized and known for its bioactive terpene derivatives,
azadirachtin A (46), gedunin (47), nimbolide, nimbin,
salannin, azadirone, azadiradione, deacetylnimbin (48),
etc., as well as its standardized alcoholic formulation,
NeemAzal® [116, 117]. In 2002, Billker et al. reported
remarkable distortions of mitotic microtubule arrays and
axonemes in activated male gametes of P. berghei by compound 46 [118]. This cytoskeleton assembly disruption
impaired exflagellations, subsequent fertilization and
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ookinete development. Subsequent studies by Annete
Habluetzel’s team have demonstrated in vitro and in vivo
Plasmodium transmission-blocking activities by neem
terpene compounds [119–121]. In this regard, the standardized NeemAzal® (34% azadirachtin A, 4% salannin,
2% nimbins) reduced the number of zygotes developing
into mature ookinetes and exerted a 100% blockade of
oocysts in An. stephensi at 50 mg/kg in vivo dose [121].
Synergistic action of NeemAzal® constituents afforded a
stronger activity against early sporogonic stages of Plasmodium compared to azadirachtin A alone [120]. From
the seed kernels, Tapanelli et al. isolated various limonoids. A thermally and chemically stable deacetylnimbin
(48, an analogue of nimbin) was highlighted as a potential inhibitor of early sporogonic stages achieving a 100%
parasite clearance at 100 µM [119]. Gedunin (47) is a
potent plasmodial Hsp90 inhibitor and has been identified among the promising inhibitors of Plasmodium liver
stages with prospective prophylactic efficacy [69]. Other
compounds with potential malaria transmission-blocking
activity have also emerged from Habluetzel’s research
team. Abay et al. [122] identified a sesquiterpene lactone,
vernodalol (49), from Vernonia amygdalina (Asteraceae)
leaves modestly acting against P. berghei zygotes and
ookinetes at IC50 18.7 µM, but did not impair microgamete formation even when tested at high concentration
of 50 µM. Germacranolide sesquiterpenoids, daucovirgolides A–L and polyoxygenated germacranes have been
isolated from Tunisian plants of Daucus genera (Apiaceae), D. virgatus and D. carota [123–125]. Remarkable
P. berghei ookinete formation inhibitory activities were
noted for daucovirgolide G (50) (92% at 50 µg/ml; IC50

Table 1 Examples of the host plants ingested by various disease vectors
Serial number Host plantsa

Disease vector

References

1

Prosopis juliflora (Fabaceae), Vachellia tortilis (Fabacae), V. nilotica (Fabacae), Senegalia Phlebotomine sand flies
laeta (Fabacae), Cannabis sativa (Cannabaceae)

[104, 105]

2

Pithecellobium dulce (Fabaceae), Senna uniflora (Fabaceae), Hibiscus heterophyllus
(Malvaceae), Opuntia ficus-indica (Cactaceae), Prosopis juliflora (Fabaceae), Hibiscus
rosasinensis (Malvaceae), Azadirachta indica (Meliacae), Zea mays (Poaceae), Vigna
unguiculata (Fabaceae), Malva parviflora (Malvaceae), Acacia spp. (Fabaceae)

Aedes spp.

[100, 103, 110]

3

Solanum lycopersicum (Solanaceae)

Triatomine Rhodnius prolixus [108]

4

Prosopis juliflora (Fabaceae), Parthenium hysterophorus (Asteraceae), Senna occidentalis (Fabaceae), Senna alata (Fabaceae), Senna tora, (Fabaceae), Ricinus communis
(Euphorbiaceae), Leonotis nepetifolia (Lamiaceae), Bidens pilosa (Asteraceae),
Senna didymobotrya (Fabacae), Tecoma stans (Bignoniaceae), Acacia macrostachya
(Fabaceae),
Faidherbia albida (Fabaceae), Boscia
angustifolia (Capparaceae), Ziziphus
jujuba (Rhamnaceae), Mangifera indica
(Anacardiaceae), Delonix regia (Fabaceae), Thevetia neriifolia, Senna siamea
(Fabaceae), Cassia sieberiana (Fabaceae)

An. gambiae

a

[100, 109, 111, 112]

Host plants were validated by PCR targeting chloroplast DNA using gene-specific primers: matK, rbcL and trnH-psbA, and also through chemical olfactory
attractiveness
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17.5 µM) and 6-O-angeloxyl-8-O-senecioyl-6β,8α,11trihydroxygermacra-1(10)E,4E-diene (51) (86.4% at
50 mM; IC50 96.4 µM), without a general cytotoxicity.
Whilst no apparent defined mechanism or biological
target has been identified yet, the observed activity is
hypothesized to result from the intact endocyclic doublebond system of these compounds [124].
Parthenin (52), a major sesquiterpene lactone from a
mosquito preferred host plant, the invasive Parthenium
hysterophorus (Asteraceae), is well tolerated by female
mosquito vectors without any apparent tissue toxicity
[109]. Motivated in part by this initial finding, Balaich
and colleagues examined parthenin’s inhibitory effects
against transmissible sporogony stages of P. falciparum
alongside a structurally related parthenolide (53) from
Tanacetum parthenium (Asteraceae). The authors noted
decreased Plasmodium oocyst densities of 40–80% on
offering mosquitoes 6.25 µg/ml parthenin in gametocytemic blood meal and a complete clearance at doses
between 50–100 µg/ml. Similar activity was exerted
by parthenolide at 40 nM to 4 µM and poised to occur
through inactivation of stage V gametocytes, inhibition
of microgamete exflagellation and impaired ookinete
maturation [126]. Another gametocytocidal guaianolide
sesquiterpenoid, 1α,4α -dihydroxybishopsolicepolide
(54), was recently isolated from a South African plant
of Asteraceae family Artemisia afra (Asteraceae). Compared to its activity against early gametocytes, compound 54 was demonstrated to exert better cidal activity
against the late-stage IV/V gametocytes (IC50 6.3 µM)
[127]. This is however in contrast to derivatives of artemisinin from Artemisia annua (Asteraceae): dihydroartemisinin (DHA), artemether and artesunate with relatively
poor activity against late-stage IV/V gametocytes [128].
Besides their rapid clearance of asexual stages, they also
potently kill early stage I-III gametocytes reducing gametocyte carriage. But, failure to clinically clear stage IV/V
gametocytes by these artemisinin derivatives promotes
the transmission of Plasmodium to mosquitoes, including parasites from artemisinin-based combination therapy (ACT) resistance backgrounds [129, 130]. Inspired to
reverse this challenge into better antimalarials, Coertzen
et al. [131] and Wong et al. [132] have developed artemisone (55), artemiside (56) and 10-aminoartemisinins
57–60 designed from artemisinin skeleton (Fig. 6).
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These compounds 55–60 exhibit preferential nanomolar
activity against late-stage IV/V gametocytes (IC50 0.04–
42.4 nM), without being overshadowed by artemisinin’s
PfKelch-13 C580Y mutation genotypes.
Antiviral activities of terpene derivatives against various arboviruses are reported, particularly in experiments
utilizing in vitro conditions. An oxygenated diterpenoid,
trigocherriolide A (61), was isolated alongside other
compounds from the bark of a New Caledonian plant
Trigonostemon cherrieri (Euphorbiaceae) in 2012 [133].
A relatively strong inhibitory activity of compound 61
(IC50 3.1 µM) for DENV NS5 RdRp was reported. In
the same year, two plant-derived phorbol esters, prostratin [62; from Homalanthus nutans (Euphorbiaceae)]
and 12-O-tetradecanoylphorbol 13-acetate (63), were
reported to selectively inhibit CHIKV replication at EC50
values of 2.6 µM and 2.9 nM, respectively [134]. Bourjot
et al. later isolated unusually chlorinated daphane diterpenoid orthoesters (DDO) from the leaves of Trigonostemon cherrieri, among them trigocherrierin A (64) and
trigocherriolide E (65). Using a viral cell-based assay, the
authors reported potent inhibition of CHIKV by compound 64 (EC50 0.6 µM), with similar bioactivity exhibited by 65 (EC50 0.7 µM) [135]. From the leaves of another
Euphorbiaceae plant, Croton mauritianus, Corlay et al.
isolated alongside other compounds two promising
anti-CHIKV tigliane diterpenes, 12-O-decanoylphorbol 13-acetate (66) and 12-O-decanoyl-7-hydroperoxy-phorbol-5-ene-13-acetate (67). Compounds 66
and 67 inhibited CHIKV-induced cell death at EC50s of
2.4 µM and 4 µM, respectively [136]. In the same spirit
of finding anti-CHIKV inhibitors, Nothias-Scaglia et al.
identified a potent acetoxylated jatrophane diterpene
(2R,3R,4S,5R,7S,8R,13R,15R)-3,5,7,15-tetraacetoxy-2-hydroxy-8-tigloyloxy-9,14-dioxojatropha-6(17),11E-diene
(68) from a Mediterranean Euphorbia amygdaloides
(EC50 0.76 µM) [137]. In a follow-up study from the same
group in 2015, 29 commercially available natural diterpenoids were screened against CHIKV and HIV replications. This effort led to identification of a potent inhibitor
agent phorbol-12,13-didecanoate (69) with anti-CHIKV
activity (EC50 6 nM) [138].
In addition, tonantzitlolone-type diterpenes were isolated from stem barks of Euphorbiaceae plant Stillingia
lineata collected in Reunion Island and screened against

(See figure on next page.)
Fig. 6 Chemical structures of compounds 57–80. 10-Aminoartemisinin compound (57), 10-aminoartemisinin compound (58),
10-aminoartemisinin compound (59), 10-aminoartemisinin compound (60), trigocherriolide A (61), prostratin (62), 12-O-tetradecanoylphorbol
13-acetate (63), trigocherrierin A (64), trigocherriolide E (65), 12-O-decanoylphorbol 13-acetate (66), 12-O-decanoyl-7-hydroperoxy-phorb
ol-5-ene-13-acetate (67), (2R,3R,4S,5R,7S,8R,13R,15R)-3,5,7,15-tetraacetoxy-2-hydroxy-8-tigloyloxy-9,14-dioxojatropha-6(17),11E-diene (68),
phorbol-12,13-didecanoate (69), tonantzitlolone B (70), 12-deoxyphorbol-13(2"-methyl)butyrate (71), stachyonic acid a (72), compound 73,
compound 74, compound 75, compound 76, compound 77, compound 78, ((4r,9s,14s)-4α-acetoxy-9β,14α-dihidroxydolast-1(15),7-diene (79),
betulinic acid (80)
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Fig. 6 (See legend on previous page.)
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CHIKV. Among the compounds, Techer et al. [139]
reported 4′-acetoxytonantzitlolone (70; tonantzitlolone
B) endowed with a promising anti-CHIKV activity
(EC50 7 µM). From the leaves of the same plant, a more
potent tigliane diterpenoid 12-deoxyphorbol-13(2"methyl)butyrate (71) was isolated (anti-CHIKV, E
C50
1.2 µM) [140]. A labdane diterpene stachyonic acid A
(72) was isolated in 2019 from Basilicum polystachyon
(Lamiaceae) [141]. By using a DENV plaque-reduction
neutralization (PRNT) assay, compound 72 exerted an
antiviral activity of IC50 1.4 µM relative to less potent
andrographolide (IC50 51 µM). Elsewhere, antiviral triterpenoid compounds have been reported from the roots
of licorice herb Glycyrrhiza glabra (Fabaceae). Unlike
the parent compound glycyrrhizic acid that exerts antiDENV-2 activity (IC50 8.1 µM), its derivatization through
chemical conjugation with isoleucine and 11-aminoundecanoic acid methyl ester resulted in potent compounds
73 (IC50 1.3 µM) and 74 (IC50 1.2 µM) [142]. Through
a similar strategy, a more recent study reported derivatives of a pentacyclic triterpenoid, glycyrrhetinic acid
from G. gabra, with potent anti-ZIKV replication activity
[143]. The resultant compounds 75–78 had IC50 values
of 0.13 µM, 0.55 µM, 0.29 µM and 0.56 µM, respectively.
From a marine brown seaweed (Canistrocarpus cervicornis) collected from Praia do Velho in Angra dos Reis
(Brazil), a dolastane diterpene ((4R,9S,14S)-4α-acetoxy9β,14α-dihidroxydolast-1(15),7-diene; 79) was isolated
and reported to inhibit ZIKV (EC50 0.95 µM) and CHIKV
(EC50 1.3 µM) [144]. Elsewhere the triterpenoid betulinic acid (80) displayed an anti-DENV-2 activity at IC50
0.95 µM, with a specific inhibition exerted at viral RNA
replication step of other DENV serotypes (DENV-1,3,4;
IC50 0.9–1.84 µM) and ZIKV (IC50 2.45 µM) [145].
The compounds gedunin (47) and photogedunin (81;
Fig. 7) were isolated from ethyl acetate fractions derived
from the fruits of naturally growing Xylocarpus granatum (Meliaceae). Evaluation of these compounds against
filarial worms, B. malayi, resulted in complete immobilization and macrofilaricidal activity at IC50 values of
0.239 µg/ml and 0.213 µg/ml, respectively [146]. Kalani
et al. isolated and derivatized glycyrrhetinic acid that
exhibited potential antifilarial activity against the microfilariae (IC50 1.2 µM) but was inactive against the adult
worms of B. malayi. The authors reported an improved
amide analogue 82 with lesser potency against microfilariae (IC50 2.2 µM) but active against adult worms
at IC50 of 8.8 µM [147]. At a concentration of 10 µg/ml
ursolic acid [83; isolated from ethyl acetate fraction of
Nyctanthes arbortristis (Oleaceae)], about 84.15% reduction of W. bancrofti microfilariae viability was achieved
through redox imbalance [148]. In 2016, antifilarial activity of compounds isolated from Taxodium distichum
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(Cupressaceae) collected from Palampur, India, was
investigated [149]. Among the compounds identified,
the diterpenoid labda-8(20),13-diene-15-oic acid (84)
exerted a 100% reduction in motility of B. malayi microfilariae and adult worms, killed > 80% adult worms in an
infected mouse model (dose: 100 mg/kg for 5 days) and
sterilized > 36% female worms.
Alkaloids

Various plant-derived compounds of the alkaloid class
show profound activities against infectious pathogens in
the context of blocking disease transmissions between
hosts. In view of this, the first ever discovered antimalarial compound quinine (85) has shown cidal effects on
the early gametocytes, but weak activity against mature
gametocytes of Plasmodium falciparum from various
screening platforms [128, 150]. Yet, quinine could effectively kill mature gametocytes of P. vivax and P. malariae, as well as reduce P. falciparum oocysts numbers
when provided at higher concentrations of EC50 642 ng/
ml [151, 152]. Attempts to find other potential Plasmodium transmission-blocking agents utilizing a fragmentbased screening approach of natural products afforded
the identification of three compounds based on securinine [153]. (−)-Securinine is an alkaloid sourced from two
Phyllanthaceae plants Securinega suffruticosa and Phyllanthus niruri. Securinine-related compounds 86–88
from the fragment screen inhibited > 80% Plasmodium
gametocyte viability at 100 µM through an allosteric
binding of 2′-deoxyuridine 5′-triphosphate nucleotidohydrolase (PfdUTPase). From the West African antimalarial
herbal plant Cryptolepis sanguinolenta (Periplocaceae),
its main alkaloid constituent cryptolepine (89) was demonstrated to exert late-stage NF54 gametocytocidal activity at IC50 1.97 µM [154].
Onambele et al. [155] designed and synthesized
various derivatives of a (indolo-2,1-b)-quinazoline6,12-dione [tryptanthrin; derived from Isatis tinctoria
(Brassicaceae)]. Among the synthesized compounds,
two derivatives designated as NT1 (90; 3-chloro-8-nitro-tryptanthrin, 3-chloro-8-nitro-indolo [2,1-b] quinazoline-6,12-dione) and T8 (91; 3-chloro-indolo [2,1-b]
quinazoline-6,12-dione) emerged to confer 100% inhibition of gametocyte maturation when tested at their
IC90 concentrations. Despite this promising gametocytocidal activity, the compounds unfortunately had weak
inhibition of microgamete exflagellations with only 20%
for NT1 [155]. Goodman et al. isolated dihydronitidine
(92) alongside other compounds from the stem bark of
Zanthoxylum heitzii (Rutaceae). When tested for in vitro
P. berghei ANKA ookinete conversion inhibitions,
dihydronitidine exerted a more potent activity at IC50
0.59 µg/ml compared to heitziquinone at IC50 6.2 µg/
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Fig. 7 Chemical structures of compounds 81–98. Photogedunin (81), analog compound 82, ursolic acid (83), labda-8(20),13-diene-15-oic acid
(84), quinine (85), securinine (86), virosecurinine (87), allosecurinine (88), cryptolepine (89), 3-chloro-8-nitro-tryptanthrin, 3-chloro-8-nitro-indolo
[2,1-b] quinazoline-6,12-dione (nt1) (90), 3-chloro-indolo [2,1-b] quinazoline-6,12-dione (t8) (91), dihydronitidine (92), jozimine a2 (93),
dioncophylline c (94), ealapasamine c (95), dimer compound 96, compound 97, (−)-R,S-dehydroemetine (98)

ml [156]. Moreover, following the successful isolation of
various potent anti-infective naphthylisoquinoline alkaloids from rare lianas of Ancistrocladaceae and Dioncophyllaceae by a team led by Gerhard Bringmann, Moyo
et al. subsequently tested for their gametocytocidal activity profiles. As a result, Jozimine A2 (93), dioncophylline C (94), ealapasamine C (95), dimer compound (96)
and compound 97 tested at 2 µM inhibited male gamete

exflagellations between 73 and 100% [157]. With exception of compounds 94 and 97 (not tested), potent gametocytocidal activity was reported against early and late
gametocytes: jozimine A2: early gametocytes IC50 0.375,
late gametocytes IC50 0.511 µM; ealapasamine C: early
gametocytes IC50 0.545, late gametocytes I C50 0.889 µM;
dimer compound 96: early gametocytes IC50 0.542, late
gametocytes IC50 0.623 µM [157]. In the same period
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in 2020, Panwar et al. reported a synthetic analogue of
emetine dihydrochloride, (-)-R,S-dehydroemetine (98),
identified through a drug repositioning strategy and lead
optimization. Emetine dihydrochloride hydrate is derived
from Psychotria ipecacuanha (Rubiaceae). The emetine
derivative compound 98 was demonstrated to possess
potent inhibition against asexual parasite stages and prevented activated P. falciparum NF54 gametocytes from
progressing into gametes in a dual gamete formation
assay at IC50 0.43 µM (male gametocytes) and 1.04 µM
(female gametocytes) [158].
Mosquitoes have been reported to commonly feed on
the invasive plant Prosopis juliflora (Fabaceae) (Table 1)
for sugar acquisition. The Prosopis plant is a reliable
source of indolizidine alkaloids, majorly the juliprosopine (99; Fig. 8). We recently reported findings from
our study, which demonstrated potent gametocytocidal
activity of juliprosopine against late-stage IV/V gametocytes of Plasmodium clinical isolates (IC50 < 1 µM) (patent no. KE/P/2020/3643) [159]. Compound 99 further
strongly impaired sexual conversions, with no observable young NF54 gametocytes on day 5–7 post-induction, and killed developing ookinetes in vitro without
lethal effects on survival of female mosquitoes (patent
no. KE/P/2020/3643). Elsewhere, Carraz et al. reported
a morphinan alkaloid from stem bark of a Madagascan
Menispermaceae plant Strychnopsis thouarsii. Evaluations performed against Plasmodium yoelii and P. falciparum liver stages led to the identification of tazopsine
(100), with a promising cidal activity (P. yoelii; IC50
3.1 µM, IC90 6.3 µM; P. falciparum IC50 4.2 µM, IC90
18.3 µM). Following an establishment of its toxicity in
mice and cultured cells, modification through N-alkylation of tazopsine resulted in NCP-tazopsine (101) with
improved therapeutic index, low cellular toxicity and
IC50 values, P. yoelii (3.3 µM) and P. falciparum (42.4 µM)
[160]. Follow-up study on S. thouarsii yielded, among
other morphinan compounds, sinococuline (102), displaying slightly less but comparable activity against P.
yoelii liver stages to tazopsine (IC50 4.5 µM) [161].
In vitro studies highlight plant-derived alkaloids as
excellent antiviral scaffolds despite not being tested
in arboviral mosquito vectors. The antimalarial quinine (85) is a ten-fold more potent inhibitor of CHIKV
replication (IC50 0.1 µg/ml) compared to its derivative chloroquine (CQ) (IC50 1.1 µg/ml) [162]. A relatively nontoxic isoquinoline berberine (103) identified
through a high-throughput screen targets virus-induced
mitogen-activated protein kinase (MAPK) signalling to
inhibit CHIKV replication (EC50 1.8 µM) [90, 163]. Furthermore, a recent study [164] reported the ability of berberine to impair CHIKV nucleocapsid assembly at later
stages of the viral life cycle, with decreased infectivity
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of viral particles produced from the treated cells suggesting dual mechanisms of its antiviral activity. Kaur
et al. screened a 502 natural product compound library
and identified the highly potent anti-CHIKV agent harringtonine [104; derived from Cephalotaxus harringtonia (Taxaceae)] (EC50 0.24 µM) [165]. Harringtonine
inhibited CHIKV after cell entry 6 h post-infection by
targeting viral protein synthesis. Through targeting host
translational machinery hijacked by invading viruses,
Hwang et al. demonstrated potent inhibition of DENV
and CHIKV by a synthetic derivative of plant-derived
febrifugine (halofuginone; 105) at 100 nM [166]. A
recently identified steroidal alkaloid tomatidine (106; isolated from leaves and stem of unripe tomatoes) reduced
CHIKV particle production (93.7%) in various mammalian cells at additional 2 h post-infection [167]. Tomatidine achieved its anti-CHIKV activity at E
 C50s range
1.3–3.9 µM. Also tomatidine inhibits DENV 1–4 in vitro
at micromolar EC50 range of between 0.82 and 4.87 µM,
but is more active against DENV-2 independent of ATF4
transcription factor activation [168].
Among the earliest inhibitors of DENV, the
indolizidine alkaloid castanospermine (107) isolated
from seeds of Castanospermum australe (Fabaceae) is
known to be a potent inhibitor of all DENV 1–4 serotypes [169]. Its antiviral activity stems from inhibiting
host cell α-glucosidase activity reducing secretion and
infectivity of viral particles. However, when later administered into female Aedes mosquitoes via microinjection,
castanospermine failed to suppress DENV-2 infectivity
[99]. Another potent inhibitor of DENV, as well as YFV,
ZIKV, RVFV and WNV, has been derived from the Amaryllidaceae family, lycorine (108) and its 1-acetyllycorine
analog (109). Compound 108 reduces flaviviral titres
by up to 1
 04-fold at 1.2 µM and IC50 0.24 µM, while its
derivative 109 exerts E
 C50 0.4 µM [170]. In a recent study
by Chen et al. [171], compound 108 compromised ZIKV
replication in vitro and in vivo by inhibiting viral RNA
replication and protein synthesis at E
 C50 0.22–0.39 µM.
Whilst mechanistic antiviral actions of these compounds
108 and 109 are still unclear, targeted NS4B is possibly the direct interaction protein [172] but also binding
of ZIKV RdRp has been postulated [171]. From another
Amaryllidaceae plant, namely Crinum jagus collected
from Senegal, antiviral alkaloid cherylline (110) was isolated. Cherylline efficiently inhibited DENV and ZIKV at
EC50 values of 8.8 µM and 20.3 µM by interfering with
viral RNA synthesis post-entry step [173]. Elsewhere in
a drug repurposing study, the antiprotozoal emetine
(111) emerged to potently inhibit ZIKV African prototype (ZIKV MR766) infection with an IC50 52.9 nM and
completely suppressed ZIKV replication at I C50 8.74 nM.
Emetine was identified to exert its antiviral activity by
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Fig. 8 Chemical structures of compounds 99–124. Juliprosopine (99), tazopsine (100), NCP-tazopsine (101), sinococuline (102), berberine (103),
harringtonine (104), halofuginone (105), tomatidine (106), castanospermine (107), lycorine (108), 1-acetyllycorine analogue (109), cherylline
(110), emetine (111), epigallocatechin gallate (112), lophirone e (113), caffeic acid phenethyl ester (114), naringenin (115), chartaceone c (116),
chartaceone d (117), chartaceone e (118), chartaceone f (119), baicalein (120), sotetsflavone (121), coumarin a 34sk001 (122), coumarin b 34sk002
(123), cardol triene (124)
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inhibiting ZIKV NS5 polymerase activity and disrupting
lysosomal function [174].
Only berberine (103) has been reported to be active
against lymphatic filarial worms. Li et al. [175] demonstrated that berberine targets Wolbachial FtsZ, a cell division protein, inhibiting its GTPase activity. When treated
with 10 – 40 µM berberine for 2 days, adult female B.
malayi worms were immobilized and subsequently the
microfilariae production was completely stopped.
Flavonoids and phenolic derivatives

Flavonoids and phenolics from various plants have been
exploited as potential pathogen-blocking agents, with
most interrupting arboviral replication cycles. However,
very few molecules of this chemical class are presently
known to inhibit transmissible stages of Plasmodium
and lymphatic filarial worms. With reference to malaria,
the abundant green tea polyphenol EGCG (epigallocatechin gallate; 112) was demonstrated in 2010 to
kill infective Plasmodium sporozoites achieving 
IC50
values of 1.1 µM (6 h) and 0.12 µM (12 h). Mechanistically, EGCG impaired sporozoite gliding motility (IC50
0.14 µM), affecting their infectivity to liver cells through
unknown intracellular targets. The sporozoite kill effect
of EGCG was reported to be more pronounced through
a synergistic addition of membrane permeant digitoxin
that decreased overall I C50 values to 0.044 µM (6 h) and
0.035 µM (12 h) [176]. From the stem bark of Lophira
lanceolata (Ochnaceae) collected from Burkina Faso, the
bioflavonoid lophirone E (113) was isolated alongside
other compounds from the ethyl acetate fraction phase.
Whilst the compound 113 exerted moderate activity
against asexual stages of Plasmodium, a selectively potent
activity against 3D7elo1CBG99 stage V gametocytes at
IC50 0.14 µM was reported [177].
Regarding anti-lymphatic filariasis, flavonoids have
been investigated for their capacity to abrogate macrofilarial viability and microfilarial productions. Al-Abd
et al. reported antifilarial activity of caffeic acid phenethyl
ester (114) isolated from Melaleuca cajuputi (Myrtaceae)
flowers against B. pahangi adult worms. In their evaluations, these authors indicated that compound 114 kills
adult worms and microfilariae at IC50 values of 3.9 µg/
ml and 7.5 µg/ml, respectively, while administration
of 50 mg/kg compound 114 for 14 days to an infected
mouse model reduced circulating microfilariae by 60%
and 58% for adult worms. Depletion of Wolbachia, demonstrated by reduced WolbachiaftsZ gene copy number
on treatment, could underlie the observed antifilarial
activity [178]. From a screen of six flavonoids against B.
malayi naringenin (115) appeared as the most potent
filaricidal, immobilizing female adult worms at IC50
2.5 µg/ml and killing 73% of transplanted worms in vivo
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at 50 mg/kg dose. The molecule was however less effective against microfilariae (IC50 297.3 µg/ml) [179].
One of the most widely investigated bioactivites of
flavonoids and phenolics in this context is that of antiarbovirals. However, for the purpose of this review, we
focussed on the most potent reported compounds with
IC50/EC50 of < 10 µg/ml and 10 µM. In 2011, Allard et al.
isolated various dialkylated flavanones (chartaceones
A–F) from the stem bark of Cryptocarya chartacea (Lauraceae) collected from New Caledonia. Screening these
compounds against DENV-2 NS5 RNA-dependent RNA
polymerase (RdRp) activity identified chartaceones C–F
(116–119) as the most potent inhibitors with IC50 1.8–
4.2 µM [180]. The bioflavonoid baicalein [120; derived
from roots of Scutellaria baicalensis (Labiatae)] exerts
potent anti-DENV-2 activity at IC50 1.55 µg/ml [181].
Besides, compound 120 inhibited DENV-3 replication
in a virus foci reduction assay at 100 µg/ml (99.78%) and
IC50 12.7 µg/ml. The study demonstrated that compound
120 required a short time of contact (0 min) to exert its
virucidal activity (62.45%) by blocking viral attachment
and cell entry, interfering with infectivity of all DENV
1–4 serotypes [182]. Elsewhere, compounds inhibiting
DENV NS5 RdRp activity were isolated from leaves of
another New Caledonian plant, Dacrydium araucarioides (Podocarpaceae), and structure–activity relationships analyzed alongside other bioflavonoids previously
obtained from a related plant D. balansae (Podocarpaceae). From this analysis, the authors pointed out that
the number and position of methyl groups on the bioflavonoid moiety as well as the degree of oxygenation of
flavonoid monomers influence the anti-DENV bioactivity. The 7"-O-methylamentoflavone, sotetsflavone (121),
from D. araucarioides with an IC50 of 0.16 µM emerged
as the strongest DENV-NS5 RdRp inhibitor [183]. Coumarins A 34SK001 (122) and B 34SK002 (123) isolated
from seeds of Mammea americana (Clusiaceae) collected in the Colombian Caribbean Region (Colombia)
were reported to potently inhibit both DENV-2/NG
and CHKV-ACol at E
 C50 values: 9.6 and 10.7, 2.6 and
0.5 µg/ml, respectively [184]. Compounds 122 and 123
acted strongly by inhibiting replication of viral genome.
Recent studies have further highlighted other potential
DENV inhibitors. In 2018, a phenolic lipid cardol triene
(124) was identified from a structure–activity relationship study of cashew nutshell phenolics as a potential
anti-DENV inhibitor. Compound 124 inhibited DENV-2
(EC50 7.13 µM), but also displayed pan-dengue inhibition at E
 C50 values of 5.35–8.89 µM by targeting envelope
protein kl loops preventing fusion and infectivity [185].
The compounds 5,7-dihydroxy-2-methylchromone8C-β-d-glucopyranoside (isobiflorin), 5,7-dihydroxy2-methylchromone-6C-β-d-glucopyranoside (biflorin)
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and eugeniin (125; Fig. 9) have been isolated from flower
buds of cloves [Syzygium aromaticum (Myrtaceae)].
Only the ellagitannin compound 125 potently inhibited
recombinant DENV-2 and -3 NS2BNS3pro complex
(IC50 94.7 nM and 7.43 µM, respectively) through a competitive inhibitory mechanism [186].
The polyphenol EGCG (112) is a potent viral cell
entry inhibitor of CHIKV (IC50 6.54 µg/ml) [187] and
inhibits viral infection of CHIKV S27 in U2OS cells at
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IC50 1.99 µg/ml [188]. Synergistic anti-CHIKV action
with suramin against various strains was demonstrated.
However, EGCG exerts relatively weak anti-DENV and
anti-ZIKV activities. By inhibiting a host cell DEAD-box
helicase eIF4A, silvestrol (126; derived from Aglaia foveolata) abrogates CHIKV replication through delayed synthesis of nonstructural and structural proteins in 293 T
and NIH3T3 cells at IC50 1.89 nM and 5.06 nM, respectively [189]. Another potent ZIKV cell entry inhibitor

Fig. 9 Chemical structures of compounds 125–138. Eugeniin (125), silvestrol (126), houttuynoid B derivative (tk1023) (127), genistein (128),
lanceolin b (129), sn-2 (130), mandelonitrile (131), esculetin (132), anthraquinone k (133), alnus dimer (134), (5 s)-5- hydroxy-1-(4-hydro
xyphenyl)-7-(3,4-dihydroxyphenyl)-3-heptanone (135), octadeca-9,11,13-triynoic acid (136), (13e)-octadec-13-en-9,11-diynoic acid (137),
(13E)-octadec-13-en-11-ynoic acid (138)
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was derived from a flavonoid glycoside isolated from
Houttuynia cordata (Sauraceae). A tetra-O-acetylated
houttuynoid B derivative (TK1023; 127) strongly reduced
ZIKV intracellular and extracellular viral genomes within
48 h post-treatment, achieving EC50 values of 1.68 and
1.55 µM against Polynesia and Ugandan strains, respectively [190].
Pre-treatment, and not post-entry treatment, of Aedes
C6/36 cells with genistein (128) at 60 µM impaired WNV
replication. Only ~ 25% cells were detected positive for
the viral antigen. The anti-WNV activity by compound
128 was through disruption of focal adhesion kinase
(FAK) functionality [191].
Quinones, steroids, cardiac glycosides and other chemical
classes from plants

Motivated by the selective gametocytocidal potency of
compound 117 from Lophira lanceolata, Sore et al. further isolated alongside other compounds two lanceolins
of cyanoglucosides class, lanceolin A and B (129), containing a cyanomethylene group. Lanceolin B exerted
considerable inhibitory activity against P. berghei early
sporogonic stages and ookinete development at IC50 values of 12.75 and 10.95 µM, respectively [192]. Besides,
steroidal compounds isolated from Solanum nudum
(Solanaceae), SN-1, SN-2 and SN-4, were evaluated for
their sporontocidal effects on P. vivax isolates in An. albimanus. Administered at doses between 50 and 200 µg/ml
in infectious blood meals, SN-2 (130) reduced Plasmodium infection in mosquitoes by 90% and mean oocyst
numbers by 60% [193].
Ferreira et al. [194] investigated the physiological
effects of various plant-derived beta-glycosides and their
aglycones on Leishmania spp. viability in female sand fly
Lutzomyia longipalpis and in vitro culture. Oral administration of the toxic aglycone mandelonitrile (131) in
sugar diets reduced infection prevalence and L. mexicana
parasite numbers in sand fly guts, and both mandelonitrile (131) and esculetin (132) had strong anti-Leishmania activities in in vitro cell cultures [194].
Substituted anthraquinones inspired by potently
active antischistosomial compounds isolated from
Hemerocallis fulva (Asphodelaceae) roots were synthesized into anthraquinones A-S and evaluated for
filaricidal activity against microfilariae and adult
worms of B. malayi. From these derivatizations, anthraquinone K (133) exerted 100% worm mortality at
5 ppm in 3 days and caused marked distortions in
intrauterine embryos [195]. In 2013, Yadav et al. isolated five diarylheptanoid compounds from the leaves
of Alnus nepalensis (Betulaceae) and tested for their
anti-filariasis activity. Their analyses led to the identification of two potentially active agents, alnus dimer
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(134) and (5S)-5-hydroxy-1-(4-hydroxyphenyl)-7-(3,4dihydroxyphenyl)-3-heptanone (135), exhibiting both
macrofilaricidal (IC50 6.57–10.31 µg/ml) and microfilaricidal (IC50 11.05–22.10 µg/ml) effects [196].
Three acetylenic acids, octadeca-9,11,13-triynoic acid
(136), (13E)-octadec-13-en-9,11-diynoic acid (137) and
(13E)-octadec-13-en-11-ynoic acid (138), were isolated
alongside other compounds from the leaves of a Madagascan plant, Anacolosa pervilleana (Olacaceae). The
compounds 136–138 selectively inhibited the DENV
RdRp (IC50s ~ 3 µM) at lower micromolar concentrations, were moderately potent against WNV RdRp and
inactive against CHIKV [197]. Inspired by the structural
framework of lapachol, a plant-derived naphthoquinone,
several 1,4-pyran naphthoquinone derivatives were synthesized in the search for potential DENV inhibitors by
da Costa et al. [198]. As a result, two diastereoisomers
139 and 140 (Fig. 10) potently inhibited DENV-2 replications in Vero cells achieving 99.0 and 99.6% blockade
at IC50 values of 1.64 and 0.31 µM, respectively. Elsewhere, two independent drug repurposing studies have
reported the antiviral activities of a number of FDAapproved plant-derived cardiac glycosides functionally acting through blockade of N
 a+/K+ ATPase pump
channel. An earlier study screening a US drug collection
library showed lanatoside C (141; derived from Digitalis
lanata) exerted pan-DENV antiviral activity at an IC50
0.19 µM in Huh-7 cells through inhibition of viral RNA
and protein synthesis. However, the compound 141
weakly inhibits CHIKV by 38.66% at 1 µM [199]. More
recently, Guo et al. screened two FDA-approved N
 a+/K+ATPase inhibitors, digoxin and ouabain (142), against
ZIKV under in vitro and in vivo conditions. Whilst both
compounds displayed nanomolar IC50 anti-ZIKV inhibitory values, twice-potent ouabain (IC50 48.39 nM) was
found to block viral RNA synthesis by targeting N
 a+/K+ATPase and reduced viral loads in mouse tissues [200].
In 2015, Zanello et al. synthesized a number of derivatives based on quinic acid backbone usually found in
tomatoes, potatoes, coffee, carrots, etc. Quinic acid has
previously been modified into potential antivirals and
inspired synthesis of amide derivatives 143 and 144,
which inhibited replication of all DENV 1–4 serotypes at
IC50 ≤ 10 µM [201].
Other reported anti-arboviral compounds include glycosylated diphyllin (145) and a diarylamine synthetic
derivative of anthranilic acid (FAM E3; 146). The former antiviral agent 145, also known as patentiflorin
A, is a naphthalene-derived compound isolated from
Justicia gendarussa (Acanthaceae). Martinez-Lopez
et al. reported its antiviral activity, demonstrating
that the diphyllin component was the active principle
against ZIKV and other flaviviruses, DENV, WNV, etc.
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Fig. 10 Chemical structures of compounds 139–151. Diastereoisomers compound 139, diastereoisomers compound 140, lanatoside c
(141), ouabain (142), quinic acid amide derivative 143, quinic acid amide derivative 144, diphyllin (145), anthranilic acid (fam e3) (146),
(17r,9z)-1,17-diaminooctadec-9-ene (harmonine) (147), melittin (148), ecdysteroid (20e) (149), abscisic acid (150), compound 151

Compound 145 potently blocked ZIKV infection (100%
inhibition) at concentrations ~ 0.25–0.5 µM achieving an
IC50 between 0.01 and 0.03 µM. The antiviral activity was
mediated through prevention of endosomal acidification [202]. FAM E3 reduced up to 86% ZIKV replications
and 96% infectivity at 3 µM during post-entry phase. The

compound achieved an anti-ZIKV EC50 of 2.59 µM by
binding to and stabilizing NS3 helicase [203].
Miscellaneous sources

Apart from plants, insect gut microbiota and terrestrial microbes, exploration of other natural sources for
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bioactives has been reported especially from invertebrates. For instance, in 2012 Röhrich et al. identified
(17R,9Z)-1,17-diaminooctadec-9-ene (harmonine; 147)
from the haemolymph of harlequin ladybird betele
Harmonia axyridis. In addition to its activity against
Mycobacterium tuberculosis, compound 147 reduced
P. falciparum NF54 gametocytes at 4.8 µM to 18%,
completely killing all gametocytes at 50 µM. Microgametogenesis was inhibited at IC50 value of 5.8 µM,
reducing zygote formation to 17% and 1.2% at 4.8 and
50 µM, respectively. Offering harmonine at 10 µM in
gametocytaemic blood meals to Anopheles stephensi
mosquitoes resulted in 45/91 infected females with
mean oocyst numbers of 1 [204].
A screen of 33 antimicrobial peptides from various
sources, including toxins from bacteria, invertebrate
stings and venoms, amphibian skin secretions, fish
mucus and vertebrate antimicrobial peptides against
Plasmodium sporogony in 2013 led to the identification of a bee killer effector peptide (melittin; 148). At
50 µM, melittin consistently reduced P. berghei oocyst
parasite prevalence by a mean 10% and intensity by
68% in mosquito midguts. Also the peptide reduced P.
falciparum by an average of 57% [205]. Additional bee
venom constituent, phospholipase A2, transgenically
expressed in An. stephensi midguts effectively impaired
P. berghei oocyst formation by 87% and blocked parasite transmissions to naïve mice [206]. Another potential source of bioactive peptides with Plasmodium
transmission-blocking activity is from spiders. In this
regard, an antimicrobial peptide gomesin isolated from
haemocytes of spider Acanthoscurria gomesiana was
reported. In addition to its antimalarial activity against
asexual stages, the peptide at 50 µM inhibited P. berghei
exflagellation of male gametes by 58% and formation of
ookinetes by 100%. In mosquitoes the peptide reduced
Plasmodium oocyst numbers without inducing noticeable toxicity effects [207].
Studies have implicated host cell lipid hijacking by vector-borne pathogens as a unifying strategy to complete
their transmission life cycle and development (reviewed
in [208]). But as a feasible intervention target to combat
infectious transmissions, its translational applicability is
still at infancy stages. In mosquitoes, for instance, lipid
metabolism is controlled by pathways heavily dependent
upon by developing sporogonic Plasmodium parasites,
including the ecdysteroid (20E; 149) hormone signalling [209, 210]. Topical application of steroid/non-steroid
agonists, halofenozide, dibenzylhydrazines (e.g. methoxyfenozide) or microinjection of 20E itself into female
Anopheles mosquitoes prior to infection manipulates
steroid hormone titres, reducing susceptibility to Plasmodium [211–213]. In part, 20E manipulations boost basal
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innate immune responses that render mosquito midgut
unfavourable for sporogonic parasite development.
The human-derived stress signalling isoprenoid molecule and phytohormone, abscisic acid (150), have a
calcium signalling function essential in Apicomplexans
[214, 215]. While compound 150 itself is inactive against
gametocytes and asexual stages in vitro, Glennon et al.
have demonstrated that either oral supplementation
or pre-treatment of mature Plasmodium gametocytes
reduces transmission to mosquitoes [216, 217]. In the
mechanistic principle of its transmission-blocking, abscisic acid primes innate immune activation of infected
hosts and appears to increase expression of mosquito
nitric oxide synthase levels, in consequence mediating
reduced infection prevalence in a nitric oxide- and NFkB-dependent manner [216, 218].
Bryostatin 1 is a macrolide isolated from marine algae
in 1982 and largely associated with pan-protein kinase C
(PKC) modulation. While the compound itself was inactive against CHIKV ( EC50 > 96 µM), structural simplification of the scaffold at A- and B-ring fragments gave 151
that outperformed other anti-CHIKV inhibitors mediating activity through PKC such as prostatin and reported
jatrophanes (EC50 0.8 µM). Compound 151 possessing C-8 gem-dimethyl + C-13-methylenyl substitutions
exerted anti-CHIKV with an EC50 of 0.35 µM [219].
A summary of the discussed compounds has been provided in “Additional file 1”.

Filling the gap in applicability
Leveraging of the existing and innovative approaches in
delivery of the highlighted natural compounds is poised
to expand their use beyond human treatments through
disruption of pathogen transmission by insect vectors.
Notably, the deployability of the suggested approaches
could be crosscutting for control of various vector-borne
diseases. Among these delivery mechanisms of transmission-blocking technologies would be by treatment of
surfaces as reported by Paton et al. [220], where efficacious doses of atovaquone were delivered directly to the
mosquito through contact exposure. Modelling studies
also suggested that atovaquone would be effective when
applied to long-lasting insecticide-treated nets, providing
a potential route of administration for similar transmission-blocking chemistries.
Molecules can also be administered to animals as
endectocides especially where less anthropogenic vectors
such as Anopheles arabiensis mosquitoes are targeted.
However, this approach will require drug properties that
confer high residual activity, systemic activity and safety
to both animals and humans such as topical and feedthrough mosquito control systems using fipronil and
ivermectin [221, 222]. Attractive sugar baits or other
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baited surfaces treated with transmission-blocking compounds may also provide a feasible route of administration as demonstrated in laboratory testing, semi-field and
field application of disease vectors and harboured pathogens over the last decade [223–226]. For instance, the
development of ivermectin-based attractive toxic sugar
baits (ATSBs) in 10% sucrose solutions (0.01% ivermectin) against An. arabiensis resulted in > 95% mosquitoe
knock-down 48 h post-feeding, suggesting its potential
use for outdoor implementation [227].
Another route of administration of mosquito-stage
drugs would be through nanoparticle formulations as
sprays or biolarvicides, with engineered technology
to ensure bioavailability of the drug in the adult mosquito. To our knowledge such robust technologies have
not been developed yet and form a subject of further
research. The use of adult vector artificial diets treated
with the formulated natural compounds can also be
explored to be deployed as auto-dissemination stations
of the mosquito-stage transmission-blocking chemistries.
Based on studies with electrostatic nettings for application of mosquito adulticides [228], another approach that
we suggest is utilizing electrostatic dust treated with the
drug and applied as wall lining, bed nets, electrostatic
netting fitted eave-tubes or indoor wall sprays, which
would pile on the adult mosquito body upon wing vibrations during flight.
Agonistic proteins aiding pathogen invasions and vector tissue colonization are potential candidates for drug
targeting and transmission-blocking intervention designs.
In view of this, small molecule mimetics were designed
to target glycosaminoglycan anchorage of Plasmodiumimpaired mosquito midgut invasions, reducing oocyst
development by 99% [229, 230]. Other screening attempts
have been subsequently directed against the Anopheles
carboxypeptidase B [231]. Whether through enzymatic
inhibition screens, polymeric conjugation with such exemplar proteins or nanoformulated as drug delivery carriers [232], the potentially active natural products could be
applied as anchorage inhibitors and/or immune boosters of
basal antipathogen responses. Also, advancements in synthetic biology and bioengineering [233] could be adopted
for sustainable release and delivery of effector antipathogen products on trigger by pathogen-induced mechanisms
during vector infection. This approach is best suited when
the biosynthetic gene cluster(s) of a given bioactive natural
compound are known and utilized to bioengineer the stable obligate microbiomes and viromes in a paratransgenic
manner. This novelty in effector release could offer unprecedented routes of transmission-blocking interventions.
Besides that, natural products could be chemically
modified by molecular hybridization with clinically
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approved chemistries for improved in vivo potencies and
pharmacokinetics profiles.

Conclusions
In this review, we have provided a list of natural compounds reported to have potential arthropod-borne
pathogen transmission-blocking activities and a contemporary perspective on how such molecules could
be integrated into design of control interventions.
These molecules provide a blueprint towards (i) scaffold
advancement to better drug-like pathogen transmission-blocking leads with improved therapeutic indices,
(ii) spurring the continuous search for other potent
compounds from various natural sources and (iii) providing a roadmap for translating the laboratory findings
and innovatively lead to designing novel communityviable interventions that aid in reducing disease endemicity. For chemical groups that share similar activity,
we propose that further chemical modelling is needed
to establish structural scaffolds that can be used to
inspire synthetic analogues of multiple modes of action
to help combat one or more diseases. The provided
strategies, in addition to other upcoming next-generation approaches, could be followed in focused design of
sustainable delivery systems of these molecules towards
acceleration for reduced disease spread amongst vulnerable human hosts. We however noted with mindful
concern the lack of compounds investigated against the
vector infective forms of Leishmania metacyclic promastigotes and trypanosome metacyclic trypomastigotes. Like other diseases of public health concern, there
is need to address the existing gap through revitalized
discovery efforts. We believe this review will inspire
more discovery efforts within the field of natural products for development of vector-based approaches from
the potent molecules endowed with pathogen transmission incapacitations.
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