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SUMMARY 

 
 

The present thesis focused on discovering new candidate compounds in natural products against 

economically important parasitic worms of livestock to circumvent current problems associated with 

resistance to commercially-available drugs (anthelmintics) (cf. Chapter 1). One of the most 

pathogenic parasites of small ruminants, Haemonchus contortus (barber’s pole worm), was used as 

the screening tool. This whole-organism bioassay was used to identify active compounds/extracts that 

reduced motility and/or development or altered the morphology (phenotype) of H. contortus larvae 

in vitro. Selected compounds were purified from active extracts using a bioassay-guided fractionation 

approach.   

The screening of two compound libraries containing a total of 1,000 natural products, natural 

product-inspired or synthetic compounds identified 34 compounds with notable activity against H. 

contortus (Chapters 2 and 3). Most of the ‘hits’ (n = 32) identified from the first library were 

analogues of arylpyrrole (a natural product scaffold), while deguelin and rotenone (two plant 

rotenoids) were identified from the second library. Encouraged by these findings, a library of 7,500 

extracts from different plant species was screened (Chapter 4). This screen identified three active 

extracts from the leaves and roots of Cryptocarya novoguineensis and the roots of Piper methysticum. 

Bioassay-guided fractionation of active extracts yielded four known α-pyrones, namely 

goniothalamin from C. novoguineensis, and dihydrokavain, desmethoxyyangonin and yangonin (= 

kavalactones) from P. methysticum. Three kavalactones induced a lethal ‘evisceration’ phenotype in 

treated larvae of H. contortus, and had limited toxicity on mammalian epithelial (MCF10A) cells. 

This is the first report on the activity of such natural compounds on a parasitic nematode of animals.    

The work was extended to explore compounds from Australian marine species. A library of 2,000 

extracts from marine invertebrates was screened (Chapter 5) and identified three active extracts from 

marine sponges - one from Monanchora unguiculata and two extracts from Haliclona sp. The 

compounds with moderate activity against H. contortus were fomiamycalin from Monanchora 

unguiculata and halaminol A from Haliclona sp., although the activity of these compounds was not 

entirely selective.       

Subsequently, a structure-activity relationship (SAR) investigation of one of the identified natural 

product scaffolds, α-pyrone was conducted (Chapter 6). This work identified three analogues 

(designated W-408, W-415 and W-417) with anthelmintic activity similar to, or greater than the 

synthetic parent kavalactones (desmethoxyyangonin or yangonin), with the most potent analogue W-

408 achieving a marked increase in potency (7-fold) against and selectivity (> 21) for H. contortus.  

Taken together, this drug discovery effort identified or purified 40 natural products representing 

distinct chemical classes (Chapters 2-5), and the SAR investigation of the α-pyrone-scaffold 

identified three key analogues with enhanced potency and/or selectivity (Chapter 6). Collectively, the 

findings of this thesis indicate that some of the identified natural product scaffolds have the potential 

to be developed as ‘lead’ candidates. Developing such anthelmintic candidates via future chemical 

optimisation, efficacy and safety assessments, broad spectrum activity assessments, and target 

identification represents an exciting prospect (cf. Chapter 7) and, if successful, could pave the way 

to subsequent pre-clinical and clinical evaluations. 
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CHAPTER 1 

Literature review 

 
 

1.1. Introduction 

Diseases caused by parasitic helminths (worms) have a substantial adverse impact on both human 

and animal health worldwide (Fenwick, 2012; Fitzpatrick, 2013). In humans, the disease burden 

resulting from parasitic worms is in the order of 14 million disability-adjusted life years (DALYs) 

(Hotez et al., 2014, 2016). In livestock animals, such worms result in reduced productivity, leading 

to major economic losses in agriculture and the food industries (Charlier et al., 2014, 2015). 

Gastrointestinal roundworms (nematodes) are amongst the dominant production-limiting factors in 

livestock systems (Charlier et al., 2014; Rodriguez-Vivas et al., 2017). For example, in Australia 

alone, diseases caused by internal parasites cost the sheep industry ~ 400 million dollars (Lane et al., 

2015). Thus, the effective control of gastrointestinal nematodes in livestock animals is central to 

increasing agricultural productivity.    

A sound practice for controlling gastrointestinal nematodes of small ruminants involves the use of 

an integrated management approach, in which multi-faceted strategies, such as pasture and grazing 

management, nutritional management and/or vaccination are used, in combination with the strategic 

treatment of animals with anthelmintics (Kearney et al., 2016). The classes of anthelmintics mostly 

used for this purpose are: benzimidazoles, imidazothiazoles, macrocyclic lactones, aminoacetonitrile 

derivatives, tetrahydropyrimidines, salicylanilides and organophosphates (Besier et al., 2016; 

Lanusse et al., 2016). The drugs from each of these chemical groups have unique targets in the 

parasites, and represent either β-tubulin binders, nicotinic agonists, glutamate-gated chloride channel 

potentiators, acetylcholinesterase inhibitors or proton ionophores (Martin, 1997; Besier et al., 2016; 

Lanusse et al., 2016). However, parasitic nematodes, particularly those of the order Strongylida, have 

developed anthelmintic resistance to each of the currently available drugs (e.g., Drudge et al., 1964; 

Wolstenholme et al., 2004; Papadopoulos et al., 2012; Kaplan and Vidyashankar, 2012; Scott et al., 

2013; Van den Brom et al., 2015; Sangster et al., 2018; Bartley et al., 2019). Resistance against a 

drug class can develop due to a change in the drug target or a gene encoding the target, drug 

distribution and/or alterations in parasite metabolism over the time (Wolstenholme et al., 2004). Such 

resistance can develop relatively quickly in small ruminants (resistance developed within 4-9 years 

to all current anthelmintics), as chemicals are usually over-relied upon by farmers, and animals are 

often under-dosed (Van Wyk, 2001). The slow rate of resistance development in cattle compared with 

sheep and goats suggests that genetic changes in worms are not the only factor in the process of 

resistance selection. Several other factors such as host physiology and biochemistry, host-parasite 

relationship, treatment regimen, epidemiology and biology of the worms (or a combination thereof) 
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can be responsible for resistance development (Kaplan, 2004; Kotze and Prichard, 2016). 

Furthermore, numerous studies have reported the development of resistance against multiple drugs 

(Green et al., 1981; Thomaz-Soccol et al., 2004; Cezar et al., 2010;  Cazajous et al., 2018; Ploeger 

and Everts, 2018; Bartley et al., 2019); such ‘multidrug resistance’ seriously threatens the control of 

parasitic nematodes in animals. Therefore, new drugs with novel modes of action are required to 

combat widespread resistances to single and multiple drugs.  

In the last decades, there has been a focus on discovering and developing synthetic drugs as 

anthelmintics. However, there has been limited progress to date, with only few examples of successful 

developments of anthelmintics, including tribendimidine (Xiao et al., 2005), monepantel (Kaminsky 

et al., 2008a, 2008b) and derquantel (Little et al., 2010). The recent Nobel Prize-winning discoveries 

of the anti-parasitic drugs artemisinin and avermectin, and dissapointing results from large synthetic 

compound library screens, encourage the reconsideration of natural products as candidates for 

screening in drug discovery programs (Harvey et al., 2015). The extraordinary diversity in the 

terrestrial and marine systems make these systems reservoirs of diverse arrays of bioactive 

compounds (Harvey, 2000; Li and Lou, 2018). In addition, there are thousands of natural extracts 

that have been used in traditional medicines, of which the active constituents have not been studied 

systematically (Tulp and Bohlin, 2004; Li, 2016; Penido et al., 2016). Compounds from natural 

sources are naturally aligned with Nature’s need to develop a “chemical warfare” arsenal (Baell, 

2016). This and several other advantageous properties of natural product libraries, particularly 

substantial chemical diversity over synthetic compound libraries, enhance their potential for drug 

discovery (Koehn and Carter, 2005; Harvey et al., 2015).   

However, natural product drug discovery has some inherent challenges, including restrictions and 

difficulties relating to sample collection, recollection and identification of source species (Harvey, 

2000; David et al., 2015), low compatibility of crude samples for advanced high throughput screening 

(HTS) systems as well as challenges relating to traditional bioassay-guided fractionation (Gaudencio 

and Pereira, 2015; Harvey et al., 2015). However, the attempts made by selected institutes to maintain 

drug-like extract and pre-fractionated extract libraries, and/or different types of natural compound 

libraries (Li and Vederas, 2009; Harvey et al., 2015), together with advances in chromatography, 

spectrometry and spectroscopy techniques can assist in overcoming these limitations (Li and Vederas, 

2009; Harvey et al., 2015). These avenues and advances thus encourage the exploration of natural 

sources for anthelmintic candidates.    

 

1.2. Socio-economic impact of helminth infections and associated diseases 

A future expansion of the meat and dairy industries is vital to fulfil the increasing food demand in 

next 50 years. Hence, producing and maintaining healthy livestock is one of the most critical factors 
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(Charlier et al., 2014). However, helminth parasites have a major adverse impact on the health of the 

livestock animals, and, thus, cause serious losses to global livestock production systems if not 

controlled properly (Charlier et al., 2014). The direct production losses associated with helminth 

infections relates to adverse effects on weight gain, milk, meat and wool production, infertility, 

carcass quality and composition, and feed intake (Albers et al., 1989; Charlier et al., 2014). Apart 

from these direct production losses, the economic impact of parasitic diseases associates with 

controlling these parasites, which includes chemotherapy, vaccination and/or parasitic management 

programs (Corwin, 1997). For instance, the costs associated with anthelmintic treatment have been 

identified as a significant loss linked to parasite control in animals (McLeod, 1995). In addition, the 

losses in the meat and dairy industries have a substantial impact on the global food supply as well as 

on human nutrition (Charlier et al., 2014). Apart from this, the reduced production and death of 

animals due to severe infections and disease adversely impact on income levels of livestock farmers 

(McLeod, 1995; Kaplan, 2004).  

 

1.3. Gastrointestinal nematodes of small ruminants  

Nematodes represent one of the largest phyla in the animal kingdom, second to arthropods 

(Wharton, 2012). They are multicellular invertebrates with reproductive, alimentary, excretory-

secretory and nervous systems within a pseudocoelom (body cavity), and with a cylindrical body 

covered by a multilayered, non-cellular layer (cuticle) consisting mainly of proteins and lipids 

attached to polysaccharides (Bird and Bird, 1991; Castro, 1996; Wharton, 2012). The parasitic species 

of nematodes infect either animals (including humans) or plants.  

Gastrointestinal nematodes are parasites that occupy one or more niches in the alimentary systems 

of animals including humans. The order Strongylida is particularly significant and contains 

gastrointestinal nematodes with major importance in small ruminants (Roeber et al., 2013a). Of the 

four superfamilies (i.e. Strongyloidea, Trichostrogyloidea, Ancylostomatoidea and 

Metastrongyloidea) of this order, the Trichostrongyloidea represents key gastrointestinal nematodes 

of livestock animals (Zajac, 2006). Some key representatives include Haemonchus contortus, 

Teladorsagia circumcincta and Trichostrongylus species, which are responsible for diseases in small 

ruminants in Australia and worldwide (Besier and Love, 2003; Roeber et al., 2013a, 2013b). These 

nematodes follow a similar life cycle pattern (Levine, 1968). The mature male and female worms in 

the gastrointestinal tract of the host mate and reproduce; the females lay relatively large numbers of 

eggs, which are then released via faeces into the environment. Here, the eggs develop and 

embryonate. First-stage larvae (L1) then hatch from the eggs and develop via the second larval stage 

(L2) to the third larval stage (L3) in the faeces. The L1s and L2s feed on bacteria in the dung, and L3 

is the non-feeding infective stage, which retains the L2 cuticle for protection from the environment. 
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The L3s migrate from the faeces on to pasture, and are then ingested by small ruminants as they feed. 

The exsheathment (shedding of the outer cuticle = retained L2 cuticle) of L3s occurs upon passage 

through the gut; the exsheathed L3s (xL3s) then develop to fourth-stage (L4) larvae via another moult. 

The L4s then undergo final moult, and then develop to dioecious adult worms. Following mating, the 

females start to reproduce, thus completing the cycle (Fig. 1.1) (Veglia, 1915). However, some 

histotropic L3s can undergo hypobiosis (= arrested development) inside the host without developing 

to the next stages. Hypobiosis can occur, for example, if environmental conditions for free-living 

larval stages are unfavourable (e.g., severe winter or summer heat); if host immune and/or hormone 

status induce(s) larvae to undergo arrested development; and/or if adult worm burdens in a host are 

high (i.e. ‘negative feedback’ to regulate worm density in the gut) (cf. Beveridge and Emery, 2014).    

H. contortus is a highly pathogenic, blood-feeding (haematophagous) gastric nematode which 

infects ruminants, including sheep and goats, but can also infect large ruminants including cattle (e.g., 

Waller and Chandrawathani, 2005; Jabbar et al., 2014). The anatomy of this worm is characteristic. 

The twisting of the pale reproductive organs around the blood-filled intestine in the female gives this 

worm a “barber’s pole” appearance, which is why it is commonly referred to as the barber’s pole 

worm. Adult males (10-20 mm) are smaller than females (18-30 mm) and have a copulatory bursa at 

their posterior end, a feature characteristic of strongylids (Veglia, 1915; Anderson, 2000; Roeber et 

al., 2013b).  

The main pathogenic effect caused by this parasite is anaemia, which is the consequence of the 

blood-feeding activity of L4s and adults in the host abomasum. This blood-feeding activity causes 

disease (haemonchosis) characterised by anaemia, hypoproteinaemia, oedema, weakness, weight loss 

and, ultimately, reduced wool or meat production from adult animals, and death in young animals as 

the final consequence of severe infection and disease (Besier et al., 2016). However, the severity of 

haemonchosis depends on the intensity of infection. Unlike other gastrointestinal nematodes, H. 

contortus is not a primary cause of diarrhoea; thus, infected animals are often not detected until salient 

clinical signs are exhibited (Zajac, 2006).  

The free-living stages of this parasite prefer warm and humid environmental conditions; therefore, 

the parasite and associated disease are prevalent in tropical and subtropical climatic zones (Besier et 

al., 2016). However, the ability of this parasite to adapt to a range of environmental/climatic 

conditions and its high biotic potential facilitate the distribution and spread of this parasite in many 

farming regions around the world (Besier et al., 2016). 

 

1.4. Aspects of the control of gastrointestinal nematodes of small ruminants 

The control of gastrointestinal nematodes is critical for the sustainability of livestock production 

systems worldwide (Waller, 1997). Three main principles for parasite control by disrupting different 



5 
 

stages of their life cycle have been explained in the review by Hoste and Torres-Acosta (2011): (1) 

minimise the ingestion of the infective larvae by the host; (2) stimulate the response of the host against 

parasitic infection; and (3) remove the parasites from the host (Fig. 1.2). According to these 

principles, it is preferable to implement an integrated control strategy (or integrated parasite 

management, IPM) that utilizes both chemical and non-chemical control components (Hoste and 

Torres-Acosta, 2011). However, the selection of the best combination of approach(es) depends on 

factors including parasite and disease epidemiology, the conditions on a farm and associated costs 

(Torres-Acosta and Hoste, 2008; Hoste and Torres-Acosta, 2011).     

 

1.4.1. Non-chemical control  

Non-chemical methods of parasite control in livestock animals can involve grazing management, 

biological control, nutritional management, genetic selection of resistant host species and/or 

vaccination (Kelly et al., 2010; Besier et al., 2016; Kearney et al., 2016). These strategies relate to 

any one of the three main parasite control strategies described in Section 1.4 (see Fig. 1.2). Their 

application might depend on the farming context/size, cost, animal species, herd/flock size, 

geographical location and/or season/climate. 

Grazing management aims to reduce the contamination of pasture with, and uptake of, infective 

larvae by host animals (Hoste and Torres-Acosta, 2011). Rotational grazing and alternative grazing 

can be used to achieve this (Besier et al., 2016). Rotational grazing allows the successive introduction 

of (preferably treated) host animals on to paddocks that have been “rested” or “spelled”, from which 

infective L3s have been eliminated by natural means (e.g., UV-light and/or desiccation) (Hoste and 

Torres-Acosta, 2011). Alternative grazing relies on using some host species as “vacuum cleaners” to 

rid pasture of infective larvae. It is based on the principle of the affiliation of particular gastrointestinal 

nematodes to their host species, so that unsusceptible host animals (e.g., horses) are grazed to reduce 

the overall burden of infective larvae on pasture(s), so that the subsequent uptake of these larvae by 

susceptible host species (e.g., sheep and goats) is substantially reduced - with the exception of 

nematode species that cross-infect host species (e.g., Trichostrongylus axei). For instance, Southcott 

and Barger (1975) illustrated that the alternation of cattle with sheep/goats reduced the number of H. 

contortus on pasture, although H. contortus does infect cattle (cf. Fernandes et al., 2004; Jabbar et 

al., 2014; Waghorn et al., 2019).   

The biological control of parasitic nematodes can be used to enhance the positive effects attained 

through grazing management (Hoste and Torres-Acosta, 2011). Biological control can use (i) 

nematophagous fungi or (ii) bioactive forages (Besier et al., 2016; Hoste et al., 2016). In the first 

case, spores of the nematophagous fungi are ingested with feed by host animals and pass through the 

gut into the faeces. In the environment, the fungal spores develop along with the parasitic nematodes, 
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and the developed fungi trap and kill the larvae of the parasite (i.e. nematode trapping) in the faeces 

(Larsen et al., 1992; Waller and Larsen, 1993). The studies of sheep (Fontenot et al., 2003) and goats 

(Terrill et al., 2004) treated with the fungus Duddingtonia flagrans revealed significant reductions in 

the intensity of H. contortus infection following treatment. For instance, there was a 79.4% reduction 

in L3s (cultured from faeces) after the treatment with 5 x 105 fungal spores per kilogram of body 

weight in sheep (cf. Fontenot et al., 2003). Similarly, a 93.6% reduction of L3s was observed in goats 

treated with 5 x 104 fungal spores per kilogram of body weight (cf. Terrill et al., 2004). In the second 

case, bioactive plants can be used as forage (Kearney et al., 2016). Several studies have been carried 

out to study the efficacy of tannin-rich plants to assist the control of gastrointestinal nematodes 

(Niezen et al., 2002; Paolini et al., 2003; Martinez-Ortiz-de-Montellano et al., 2013; Hoste et al., 

2016). In spite of their promise, revealed through experimental studies, these biological control 

strategies are not commonly used (reviewed by Kearney et al., 2016).  

Vaccination, breeding of resistant animals and improving the nutritional status of host animals are 

other non-chemical approaches, focused on stimulating the host response against gastrointestinal 

nematodes. Vaccination aims to induce protection against particular parasites (Kearney et al., 2016). 

Thus far, two vaccines have been developed and commercialised for parasitic nematodes of livestock 

- one for Dictyocaulus viviparus (bovine lungworm; Bovilis Huskvac; Jarrett et al., 1957, 1958), and 

the other for H. contortus (Barbervax; Smith et al., 2001; Smith, 2015). Bovilis Huskvac contained 

irradiated L3s of D. viviparus; this vaccine had a disadvantage of being a live vaccine with a limited 

shelf-life (Smith and Zarlenga, 2006). By contrast, Babervax contains native gut integral proteins 

enriched for H-gal-GP and H-11 of H. contortus (see Smith, 2015; Nisbet et al., 2016). As this vaccine 

contains hidden antigens, repeated vaccination is required to stimulate relatively high levels of 

circulating antibodies, and protection is usually achieved after the third vaccination and lasts for ~ 6 

weeks (Smith, 2015; Nisbet et al., 2016). This vaccine is produced by the Department of Agriculture 

and Food, Albany, Western Australia. Its production relies on the large-scale isolation of the integral 

membrane proteins (H-Gal-GP and H11) from adult worms from experimentally infected sheep 

(Smith and Zarlenga, 2006; Smith, 2015).  

The breeding of animals that are resistant to gastrointestinal nematodes is another approach (Bisset 

and Morris, 1996; Woolaston and Baker, 1996; Besier et al., 2016). Individuals in a herd vary 

considerably in their genetic constitution and their susceptibility to parasites (Stear and Wakelin, 

1998; Bishop and Morris, 2007). Therefore, the best animals, in terms of their ability to resist parasitic 

infections, can be selected for (Stear, 2010; Kearney et al., 2016). For instance, the significant 

reduction in egg excretion and larval production after the selection of resistant sheep over several 

generations has been evidenced in several breeding programs (Bisset et al., 2001; Bishop and Morris, 

2007; Jacquiet et al., 2009). The faecal egg count (FEC) is the parameter most commonly used in 



7 
 

breeding programs for the selection of ‘worm-resistant’ animals (Stear, 2010; Hoste and Torres-

Acosta, 2011; Kearney et al., 2016). However, now, a genetic focus is gaining momentum to explore 

and define quantitative trait loci (QTLs) to monitor the efficiency of the selection process (Bishop 

and Morris, 2007; Hunt et al., 2008; Castillo et al., 2011).        

Gastrointestinal nematode infections cause pathophysiological effects on the host, including 

malabsorption, loss of appetite and/or changes in nutrient metabolism, which collectively affect the 

nutritonal status of the host animal (Coop and Kyriazakis, 2001). Nematode infections can cause 

disruptions in protein metabolism and induce a loss of proteins from tissues into the gut (Coop and 

Kyriazakis, 2001; Kearney et al., 2016). Therefore, a substantial amount of protein loss can occur 

during an infection, which can be addressed, to some extent, via supplementation of dietary proteins. 

It has been shown that protein supplementation at appropriate time periods can improve the resilience 

levels of goats and sheep (Etter et al., 2000; Kahn, 2003; Hoste and Torres-Acosta, 2011). In general, 

nutrition supplementation serves as a suitable approach to stimulate the host responses against 

parasite infections, but the costs associated with this approach need to be taken into consideration, 

depending on the farming system (Coop and Kyriazakis, 2001; Hoste and Torres-Acosta, 2011).   

 

1.4.2. Chemical control - anthelmintic drugs and their modes of action 

Most farming systems rely heavily on the use of anthelmintics to support the control of parasitic 

nematodes of livestock animals (McKellar and Jackson, 2004). Several factors need to be considered 

when selecting a drug or drug combinations to treat a herd; they include severity and type of infection, 

prevalence and severity of anthelmintic resistance, necessity of treatment or prevention, and 

associated costs to the farmer (Besier et al., 2016). Currently, there is a small number of anthelmintic 

classes used for the treatment of parasitic nematodes:       

 

Benzimidazoles 

Thiabendazole, the drug which represents the benzimidazole class was the first broad spectrum 

anthelmintic, released in the early 1960s (Brown et al., 1961). Several other benzimidazoles and pro-

benzimidazoles (i.e. which are converted to their active forms within the host) had been subsequently 

released; however, some of these drugs are not commonly used (e.g., parabendazole, oxibendazole 

and cambendazole) in ruminants (Besier et al., 2016). The currently-used benzimidazoles include 

albendazole, fenbendazole and their sulfoxide derivatives (Lanusse et al., 2016); these are relatively 

broad-spectrum drugs that act against nematodes, cestodes (e.g., albendazole and mebendazole) 

and/or some trematodes (e.g., triclabendazole) (Lanusse et al., 2016).                                      

Benzimidazoles bind to nematode β-tubulins (cytoskeleton proteins) and inhibit microtubule 

formation (Lacey, 1988; McKellar and Scott, 1990; Table 1.1), resulting in abnormal cell functions 
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linked to this formation (e.g., cell division, motility and cell shape maintenance), and ultimately the 

death of cells in the parasite (McKellar and Scott, 1990; Lanusse et al., 2016).         

 

Imidazothiazoles 

Levamisole represents this group (Besier et al., 2016); this relatively broad-spectrum drug acts 

against adult stages of many gastrointestinal nematodes (Lanusse et al., 2016), and both larval and 

mature lungworms (family Metastrongyloidea). Levamisole acts as an agonist for nicotinic 

acetylcholine receptors on the body wall musculature of nematodes (Table 1.1), and causes a 

prolonged activation of the receptor. This effect alters the neuromuscular coordination of the 

nematode and causes paralysis (Lanusse et al., 2016), leading to worm-expulsion from the host.       

 

Tetrahydropyrimidines 

Pyrantel and morantel represent this group. Morantel is available as morantel-tartrate and pyrantel 

as pyrantel-tartrate, -citrate or -pamoate. They are broad spectrum drugs with activities against 

helminths of animals including larval and mature stages of H. contortus (see Pitts and Migliardi, 

1974; Besier et al., 2016; Lanusse et al., 2016). These drugs have some properties that are similar to 

those of acetylcholine, and act as agonists at synaptic and extra-synaptic nicotinic acetylcholine 

receptors in nematode muscles, resulting spastic paralysis of nematodes (Martin, 1997; Table 1.1).      

 

Organophosphates 

Drugs in this class act as insecticidal and nematocidal compounds (Besier et al., 2016; Lanusse et 

al., 2016). However, some organophosphate compounds are not readily available (Basier et al., 2016; 

Lanusse et al., 2016). Some of the main compounds used in the past as anthelmintics include 

naphthalophos, trichlorfon, haloxon and crufomate (Lanusse et al., 2016). These drugs exhibited a 

high efficacy against parasitic nematodes of the abomasum and small intestine, but low efficacy 

against the nematodes of the large intestines (Lanusse et al., 2016). As these drugs have toxicity to 

mammalian cells, extreme care should be taken when they are administered to animals (Lanusse et 

al., 2016). Organophosphates cause irreversible inhibition of the enzyme acetylcholinesterase (Table 

1.1), resulting an accumulation of acetylcholine at the receptors. The final consequence is paralysis 

and death of the parasite (Martin, 1997; Lanusse et al., 2016).       

 

Salicylanilides 

This group contains compounds with activity against nematodes, trematodes and/or cestodes as 

well as some ectoparasites (Besier et al., 2016; Lanusse et al., 2016). The main salicylanilides with 

activity against parasitic nematodes include closantel, refoxanide, disophenol and nitroxynil 
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(McKellar and Jackson, 2004; Besier et al., 2016; Lanusse et al., 2016). Compounds such as closantel 

and disophenol have high efficacy against blood-feeding nematodes including H. contortus (see 

Lanusse et al., 2016). The detachable proton present and the lipophilic nature of the drugs in this class 

facilitate their entrance into the mitochondria. The drug molecules that enter the mitochondria 

uncouple oxidative phosphorylation and inhibit ATP synthesis (Martin, 1997; Table 1.1).  

 

Macrocyclic lactones  

This class represents two related groups, the avermectins and the milbemycins. Macrocyclic 

lactones exhibit broad-spectrum activity in most nematodes and some ectoparasites (Lanusse et al., 

2016). Avermectins represents natural and semi-sysnthetic compounds derived from the parent 

compound isolated from a bacterium (i.e. Streptomyces avermitilis), including ivermectin, abamectin, 

doramectin and eprinomectin. The drugs milbemycin, moxidectin and nemadectin belong to the 

milbemycin group (Lanusse et al., 2016). The persistent activity of some macrocyclic lactones relates 

to their prolonged retention in tissues of the digestive tract and their distribution pattern in the body 

(Lanusse et al., 2016).   

Compounds of this class bind to glutamate-gated chloride ion channels in nerve or muscle cells of 

parasites (Table 1.1), and increase the permeability of those cell membranes to chloride. This leakage 

of chloride causes a hyper-polarisation of cells, which leads to paralysis and subsequent death of the 

parasite (Martin, 1997). 

 

Amino-acetonitrile derivatives (AADs) 

Monepantel (Kaminsky et al., 2008a) is the only drug in this class. This novel AAD is active 

against both larvae and adults of gastrointestinal nematodes of sheep, which are resistant to other 

currently available drugs (Kaminsky et al., 2008a, 2008b; Lanusse et al., 2016). The activity of 

monepantel relates to one or more nematode-specific nicotinic acetylcholine receptors (MPTL-1 and 

another receptor representing DEG-3 and DES-2 molecules in H. contortus) (Kaminsky et al., 2008b; 

Harder, 2016; Table 1.1). Monepantel acts as a positive allosteric modulator of these receptors, 

leading to spastic paralysis and subsequent death of the parasite (Kaminsky et al., 2008a; Rufener et 

al., 2010). 

 

Spiroindoles 

Derquantel is the first member of this class (Little et al., 2010, 2011), but was introduced on to the 

market as a combination with abamectin (STARTEC; http://startect.co.nz/quick-facts/; Pesticides, 

Australian and Veterinary Medicines Authority, 2015) due to its limited efficacy on some nematodes 

(Besier et al., 2016). This combination (STARTEC) achieved an efficacy of ≥ 98.9% against blood-
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feeding stages of H. contortus (see Little et al., 2011). Derquantel acts as an antagonist on the B-

subtype nicotinic acetylcholine receptor, to exert flaccid paralysis in nematodes (Ruiz-Lancheros et 

al., 2011).      

 

1.4.3. Anthelmintic resistance: a major obstacle to controlling gastrointestinal nematodes in small 

ruminants 

Most of the livestock production systems rely on chemotherapeutic agents (Sargison, 2012). The 

under-dosing and frequent use of these drugs results in the development of anthelmintic resistance. 

Resistance has now reached an alarming level and is one of the biggest challenges faced by livestock 

producers worldwide (Kaplan, 2004). In Australia, anthelmintic resistance is declared when the 

treatment efficacy (usually based on FEC reduction = FECR) is < 95% and the < 95% confidence 

limit is ≤ 90% (Coles et al., 1992; McKenna, 1994). According to Wolstenholme et al. (2004), the 

reduction in drug efficacy associates with four main molecular mechanisms: a change or changes in 

the (i) drug target, (ii) drug metabolism, (ii) drug distribution and (iv) gene of the drug target.   

Resistance development in nematodes of small ruminants has become a serious problem in many 

production systems worldwide (Kaplan, 2004; Hoglund et al., 2015; Salgado and Santos, 2016; 

Traversa and von Samson-Himmelstjerna, 2016). The first case of resistance in nematodes of small 

ruminants to phenothiazine was reported as early as 1957 (Drudge et al., 1957), and subsequently 

resistance has developed to all the anthelmintic drug classes within 4-9 years of their initial drug 

approval (Green et al., 1981; Jambre, 1993; Kaplan, 2004; Kotze and Prichard, 2016) (Fig. 1.3). For 

instance, severe cases of resistance to benzimidazoles have been reported in areas endemic for H. 

contortus, and the drugs retain a relative activity only when used in combination with other effective 

compounds. Nevertheless, H. contortus has remained susceptible for a longer period to levamisole 

compared with other drugs, such as benzimidazoles and amino-acetonitrile derivatives (Kaplan, 2004; 

Playford et al., 2014) (Fig. 1.3). Furthermore, recent reports revealed that H. contortus and related 

species have developed resistance to all currently available drugs, including relatively recently-

released moxidectin, monepantel and derquantel (Van den Brom et al., 2015; Kotze and Prichard, 

2016; Lamb et al., 2017). The emergence of multidrug resistance is a major concern and limits the 

use of drug combinations and, thus, makes parasite control a major challenge (Green et al., 1981; Van 

Wyk et al., 1989; Lamb et al., 2017).    

Fortunately, IPM strategies and drenching approaches such as in a refugia-context and strategic 

drenching coupled with monitoring approaches including FECR testing (Coles et al., 1992) assist, to 

some extent, in managing resistance (Kearney et al., 2016). The term refugia defines the proportion 

of parasites which are not exposed to a particular control measure, thus, are escaping selection for 

resistance, allowing a proportion of susceptible worms to emerge in ensuing generations (Van Wyk, 
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2001). The maintenance of a parasitic population as a mix of resistant and susceptible worms slows 

down the rate of resistance development (Van Wyk, 2001; Coles, 2005; Kearney et al., 2016). In 

strategic drenching, only animals with a high relative intensity of infection are treated, while animals 

with a low infection intensity remain untreated (Kearney et al., 2016). Although these approaches 

help decrease the rate of resistance development, resistance is inevitable. Given that strategic 

anthelmintic treatment remains a key component of nematode control, there is a need to discover and 

develop novel drugs with new modes of action, unless effective vaccines are developed in the future.             

           

1.5. Prospects for novel anthelmintics  

Given that the resistance problem is widespread and that no new anthelmintics are entering the 

market, it is critical to discover and develop novel anthelmintics with new modes of action. 

Nonetheless, there appear to have been a number of patented compounds (both natural and synthetic) 

in the drug discovery pipeline (cf. Woods et al., 2007; Garcia-Bustos et al., 2019; Kyne et al., 2019), 

but there is no published evidence to indicate that they are under development. It is important to 

appreciate that drug discovery/development is a very time-consuming process with four key phases: 

(1) discovery and lead optimisation; (2) preclinical development; (3) clinical development; and (4) 

drug approval and marketing (Ashburn and Thor, 2004; Woods et al., 2007), and requires major 

interdisciplinary expertise, along with substantial industry investment and commitment (Fig. 1.4).        

 

1.5.1. Drug discovery  

Apart from early, anecdotal evidence of the use of crude extracts from natural sources, the earliest 

anthelmintic compounds released include phenothiazine (1940) and piperazine (1954) (McKellar and 

Jackson, 2004), while thiabendazole (1960) was released as the first-broad spectrum anthelmintic for 

small ruminants (Brown et al., 1961). Other drugs from the same (benzimidazole) class and other 

drug classes (i.e. imidazothiazoles and organophosphates) were subsequently released into the market 

from 1960 to 1970 (Besier et al., 2016; Kotze and Prichard, 2016).  

The commercialisation of macrocyclic lactones (e.g., ivermectin) in the early 1980s opened up a 

new era of anthelmintic drug discovery. Interestingly, this was the first anthelmintic class to originate 

from a natural product and to be approved by the United States Food and Drug Administration (FDA) 

(McKellar and Jackson, 2004; Kotze and Prichard, 2016). Monepantel, a novel amino-acetonitrile 

derivative, was released in late 2000, ~ 3 decades after ivermectin (Kaminsky et al., 2008a, 2008b). 

This compound, with a unique mode of action, is now also available as a combination with abamectin 

(Zolvix-plus; www.elanco.com.au/products-services/sheep/products/zolvix-plus). The most recently 

released anthelmintic, derquantel (Little et al., 2010), has been marketed in combination with 
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abamectin (STARTEC; http://startect.co.nz/quick-facts/; Pesticides, Australian and Veterinary 

Medicines Authority, 2015). However, even though anthelmintics with distinct modes of action were 

commercialised from time to time, until the latest release of derquantel, the release of new 

anthelmintics into the market has been infrequent during the past few decades (McKellar and Jackson, 

2004). The associated cost and the willingness of pharmaceutical companies to develop drugs that 

are more profitable than anthelmintics was identified as one of the main reasons for delays in the 

development and release of new anthelmintics into the commercial market (Geary et al., 2015). 

Advances and collaborations among experts from different fields, including chemistry, biology 

and pharmacology, have significantly influenced drug discovery (Drews, 2000; Roy, 2019). For 

instance, the development of avermectin - a macrocyclic lactone from Streptomyces avermitilis - 

illustrates the contributions that microbiologists have made to drug discovery (Shen, 2015). 

Additionally, advances in the fields of molecular biology and biotechnology can accelerate the drug 

discovery process, as can close collaborations between chemists and biologists (Drews, 2000; Baltz, 

2019; Wright, 2019). Additionally, recent advances in high throughput screening, combinatorial 

chemistry and genetics provide a new momentum to the drug discovery process (Schneider, 2018; 

Baltz, 2019). Importantly, there is also a renewed interest, mostly in the academic sector, to discover 

novel drug candidates from natural products compared with a massive reliance on the synthetic 

compound libraries - as has been the case over the past few decades (Harvey et al., 2015; Shen, 2015; 

Shinde et al., 2019).    

 

1.5.2. Prospects for anthelmintics from natural products 

Despite an apparent decline in natural product-based drug discovery over the last few decades, 

extracts or compounds isolated from natural sources have assumed a significant role in health care 

since ancient times (Cragg and Newman, 2001). Exciting discoveries include the analgesic agent 

morphine (from the plant Papaver somniferum) and the antimalaria drug quinin (from the plant 

Cinchona sp.), as well as the Nobel Prize-winning discovery of penicillin (from the fungus 

Penicillium notatum), which was the foundation for the ‘golden age’ of antibiotic discovery from 

natural sources (Cragg and Newman, 2001). Other, more recent Nobel Prize-winning discoveries of 

anti-parasitic agents, artemisinin (by YouYou Tu) and avermectin (by William Campbell and Satoshi 

Omura), have reignited the discovery of anti-parasitic drugs from natural sources (Shen, 2015).  

Apart from this ‘golden age’ of natural product drug discovery and the disappointing results from 

recent, large combinatorial library screens, natural products possess a range of chemical properties to 

serve them well as candidates for drug discovery compared with synthetic compounds (Harvey et al., 

2015). Natural product libraries consist of a greater chemical diversity exhibited by a wide range of 

‘pharmacophores’ (i.e. group of atoms or chemical groups in a spatial arrangement that is responsible 
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for a biological or pharmacological interaction/activity) and ‘stereochemistry’ (i.e. spatial 

arrangement of atoms or groups in a molecule), which is not matched by synthetic chemical libraries 

(Harvey et al., 2015). For instance, currently available drugs and libraries lack ~ 83% of the core 

ring-scaffolds found in the natural products (Hert et al., 2009), while current commercial drugs have 

less than one fifth of the ring-scaffolds present in natural products (Koehn and Carter, 2005). The 

experiences from unsuccessful combinatorial library screens suggest that the ‘hit’ rate of bioactive 

compounds depends largely on the biologically-relevant ‘chemical space’ (i.e. multidimensional 

space occupied by all chemical compounds) of a compound collection rather than the size of a library 

(Harvey et al., 2015). Unlike synthetic compounds, which undergo a series of structural modifications 

to achieve improved drug-like or lead-like properties, natural products are produced and modified 

over a long period of time, i.e. throughout evolution in nature. Hence, their biologically-relevant 

‘chemical space’ is vastly greater than that of synthetic libraries (Harvey et al., 2015). Therefore, such 

natural compounds can sometimes interact with a wide range of biological targets (Oprea, 2000; 

Koehn and Carter, 2005; Quinn et al., 2008). Furthermore, the ‘metabolic likeness’ (i.e. the ability of 

compounds to act as substrates in one or more cellular transporter systems) of natural products 

facilitates the delivery of these compounds to their ultimate active sites via their binding to cellular 

transporters (Harvey et al., 2015). All of these favourable chemical and pharmacological properties 

would appear to enable the lead development process (Harvey, 2007; Lam, 2007; Wright, 2019).    

Recent advances in analytical and combinatorial chemistry techniques also facilitate the rapid 

isolation and synthesis of natural products (Harvey et al., 2015; Barnes et al., 2016). Furthermore, 

low-cost, high throughput sequencing and synthetic biology approaches open up opportunities for 

exploring and synthesising new secondary metabolites (Baltz, 2019; Cravens et al., 2019). All of 

these approaches can produce chemically diverse natural product libraries for the screening and 

subsequent development of drugs against a range of targets and diseases. This context encourages the 

re-emergence of natural products as drug candidates. 

 

1.5.3. Nature - as a source of new anthelmintic drugs 

Nature represents a reservoir of “novel” chemical entities, of which a huge portion is yet 

unexplored for medicinal agents (Li and Lou, 2018; Wright, 2019). For instance, only 6% of the plant 

species have been systematically studied for chemically and biologically active compounds, while 

the vast majority of marine species and microorganisms have not yet been explored for biological 

activities (Zhang et al., 2016; Datir, 2018; Li and Lou, 2018).       

Of all natural sources, plants provide a basis for many traditional medicines for the treatments of 

both human and animal diseases (Yuan et al., 2016). For instance, the first records of using plants 

(e.g., oils of cedar, cypress, myrrh, poppy and licorice) date back to writings on clay tablets in 
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Mesopotamia (2600 BC) (Cragg and Newman, 2001). Subsequently, several plant species were 

discovered and have been used by different communities to treat worm infections in humans and 

other animals. Examples from selected plants used against human helminths include Streblus asper  

(anti-filarial activity; Singh and Singh, 1987), Curcuma sp. (anti-schistosomal; Haddad et al., 2011), 

Dryopteris filix-mas (anti-cestodal; Van Wyk and Wink, 2004), whereas plants used for the treatment 

of livestock helminths include Artemisia brevifolia, Zanthoxylum zanthoxyloides and Manihot 

esculenta (Iqbal et al., 2004; Hounzangbe-Adote et al., 2005; Bunyeth and Preston, 2006). Apart from 

these whole plants or extracts, several bioactive compounds (e.g., tannins and lactones) from the 

plants have been isolated and their anthelmintic activities reported (Butter et al., 2001; Waller et al., 

2001). However, most of these compounds have not been translated into leads due to their possible 

adverse effects on the host animals (Milgate and Roberts, 1995; Dawson et al., 1999; Stepek et al., 

2005, 2006). However, the discovery of the antimalarial agent, artemisinin, in the plant Artemisia 

annua by Youyou Tu, who was jointly awarded the Nobel Prize in Physiology or Medicine, with 

William Campbell and Satoashi Omura (for the discovery of avermectin) in 2015, represented a major 

breakthrough and a stimulus for the discovery of anti-parasitic drugs from plants (Shen, 2015), and 

provides an excellent example of the utility of plants as sources of anti-parasitic drugs.       

Also microorganisms can be a key source of drugs. Starting from the discovery of penicillin by Sir 

Alexander Flemming from the fungus, Penicillium notatum,  in 1928, the ‘golden era’ of antibiotics 

commenced. Subsequently, researchers focussed their attention on isolating compounds with 

biological activities, including those with anti-bacterial (e.g., cephalosporins from Cephalosporium 

acremonium, tetracyclines and polyketides from Streptomyces species), cholesterol-reducing (e.g., 

lovastatin from Penicillium) and immunosuppressive (e.g., cyclosporins and rapamycin from 

Streptomyces) effects (Cragg and Newman, 2001). Interestingly, the isolation of the anthelmintic 

candidate, avermectin, from Streptomyces avermitilis, led to a scaffold to develop various 

macrocyclic lactones (e.g., ivermectin, moxidectin), and represented a major milestone in 

anthelmintic discovery (Shen, 2015).    

Although the use of marine organisms as traditional medicines was not commonly reported, the 

extensive diversity represented in the marine ecosystem attracted researchers to discover a range of 

novel marine-derived compounds (Blunt et al., 2018; Jimenez, 2018). The range of biological 

activities of marine extracts (macro-species and/or associated microorgansims) and/or purified 

compounds has been clearly documented (Mayer and Hamann, 2002, 2004, 2005; Mayer et al., 2007, 

2009), and seven compounds including the anti-viral agent, vidarabine (ara-A), were approved by 

the FDA (Jimenez, 2018). Despite the lack of anthelmintics from marine sources to reach a 

commercial market, the massive untapped biodiversity of the marine system around the world could 

serve as a unique source of novel chemical entities with distinct anthelmintic activities.  
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In summary, the long history of traditional medicines as well as a past, successful history of natural 

product drug discovery show that Nature acts as a reservior of novel chemical entities, and should be 

explored extensively for novel bioactive compounds. In relation to anthelmintics, given the results of 

recent combinatorial library screens and a low rate of releases of new anthelmintcis into the market-

place (Besier et al., 2016; Kotze and Prichard, 2016; see subsection 1.5.1), the time seems right to 

undertake systematic evaluations of terrestial and marine systems for anthelmintic candidates.    

 

1.5.4. Libraries from natural sources 

Extract libraries 

Most traditional drug discovery programs used extracts from plants, marine organisms and/or 

microorganisms (Quinn, 2012; Harvey et al., 2015). These crude extracts are complex mixtures and, 

thus, are less attractive inputs for HTS due to their limited compatibility (Harvey et al., 2015). In 

addition, the presence of artefacts (false-positive ‘hits’) in these crude mixtures might affect screening 

results, while additive or synergistic effects of compound-combinations might also be problematic 

(Harvey et al., 2015). Even though the presence of active compounds in minor quantities and/or 

masking of the activity by other interfering compounds might decrease ‘hit’ rates (Bugni et al., 2008a, 

2008b; Harvey et al., 2015), extract libraries are usually an economical starting point due to their 

relatively low cost to establish, access and purchase (Harvey et al., 2015). Interestingly, advances in 

chemistry and analytical techniques allow the preparation of relatively “screening-friendly”, drug-

like extract libraries by removing artefacts and nuisance compounds (e.g., polyphenols in plant 

extracts and salts in marine organism extracts) and high logP (i.e. highly lipophilic) compounds from 

crude extracts (Quinn et al., 2008; Camp et al., 2013; Harvey et al., 2015).  

   

Pre-fractionated libraries 

Advances in chromatography technologies facilitate the preparation of less complex, “screening-

friendly”, pre-fractionated libraries (Butler et al., 2014; Harvey et al., 2015). The fractions can be 

prepared to contain more drug-like compounds, while removing highly polar as well as high logP 

compounds (Harvey et al., 2015). Even though pre-fractionated libraries incur a relatively high costs 

for library preparation (Butler, 2004), ‘hit’ rates for these libraries are better than for extract libraries 

(Harvey et al., 2015). Recent developments in fractionation and structural elucidation approaches can 

reduce the time and effort required to purify biologically active compounds (Butler, 2004; Boufridi 

and Quinn, 2018). Pre-fractionated compound libraries are maintained by a number of institutes 

around the world, including the Guy and Yan Group of St Jude Children’s Research Hospital in the 

USA, Merlion Pharmaceuticals in Singapore, and the Griffith Institute for Drug Discovery in 

Australia (Appleton et al., 2007; Tu et al., 2010; Camp et al., 2012). These libraries have been 
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prepared mainly from plant, microbial and marine sources using techniques including flash 

chromatography, solid-phase extraction and high-performance liquid chromatography (HPLC) 

(Harvey et al., 2015).  

 

Natural compound libraries 

The compounds purified from natural sources mimic the synthetic compound libraries in their 

simplicity. As these are single molecular compounds, issues relating to compatibility in HTS are 

overcome (Harvey, 2000, Harvey et al., 2015). Once ‘hits’ are identified, compounds can proceed to 

lead development, thus potentially reducing the time and effort during drug development (Abel et al., 

2002). The preparation of pure compound libraries can be costly, but is feasible using advanced 

chromatographic (e.g., HPLC), spectrometric (e.g., mass spectrometry [MS]) and spectroscopic (e.g., 

nuclear magnetic resonance [NMR] spectroscopy) techniques (Bindseil et al., 2001; Boufridi and 

Quinn, 2018).       

Apart from these pure natural compound libraries, the production of natural product-inspired 

libraries (in which natural product scaffolds are used for library preparation; Wessjohann, 2000), as 

well as semi-synthetic libraries (resulting from the structural modification of functional groups on 

natural product scaffolds; Barnes et al., 2016) is also possible. In addition, the advances in genome 

sequencing and synthetic biology enhance the prospects for using techniques such as combinatorial 

biosynthesis (Baltz, 2019; Cravens et al., 2019) to synthesise novel natural product-derivatives via 

the manipulation of secondary metabolite biosynthesis pathways.         

 

1.5.5. Screening techniques for anthelmintic drug discovery from natural sources  

It is recognised that the pharmaceutical companies prefer to invest more in discovering “lucrative” 

drugs (e.g., anti-cancer drugs) than “less profitable” anthelmintics (Geary et al., 2015). In this context, 

it is essential to employ efficient and inexpensive strategies to enhance the rate of anthelmintic drug 

discovery. The screening technique employed in a drug discovery program is one of the major 

determinants of success of such a program. Three general approaches have been used to screen 

compounds for anthelmintic candidates: animal-based, phenotypic and mechanism-based screening 

(Geary et al., 2015).    

The first approach relates to the treatment of infected animals with test compounds. Anti-parasitic 

drugs, such as macrocyclic lactones (tested in infected mice; Burg et al., 1979), were discovered in 

this way. Here, using appropriate control groups, host animals are treated with a test compound, and 

the change in the parasitic burden following treatment is measured; the degree of reduction in 

parasitic burden reveals the level of efficacy of the test compound (Geary and Thompson, 2003). 

Irrespective of the high efficiency of this technique, it is very involved in terms of time, labour and 
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compound requirements. It is also very costly, and the ethical concerns surrounding the use of animals 

make this approach less feasible for large scale screening programs these days (Geary et al., 2015).  

As an alternative to using animals, parasites (either cell lines or whole organisms) grown in culture 

have been used for screening; this technique is called ‘phenotypic screening’ (Geary et al., 2015). 

Here, the changes in the viability of the cells or the behaviour or development of the organism upon 

compound treatment is measured (Geary et al., 2015). However, phenotypic screening in anthelmintic 

drug discovery usually relies on whole-organism assays due to the lack of cell lines expressing 

parasite targets in a screening-friendly setup (Geary et al., 2015). This approach enables the detection 

of compounds with novel, yet unexplored mechanisms of action as well as compounds with more 

than one target (Eggert, 2013; Zheng et al., 2013; Geary et al., 2015). Once ‘hit’ compounds are 

identified, they can be characterised further for their potency, efficacy and pharmacokinetic 

properties, with or without the knowledge of the target(s) (Pink et al., 2005, Geary et al., 2015). 

However, potential lead compounds with less favourable pharmacokinetic properties (e.g., poor cell 

permeability, absorption and/or highly metabolised) might sometimes not be detected in a screen 

(Zheng et al., 2013). Although this method seems to be less efficient than animal-based screening, it 

is less expensive and more time-efficient in the first instance. Several important anti-parasitic drugs, 

including benzimidazoles (identified based on larvicidal activity on gastrointestinal nematodes of 

domestic animals) and amino-acetonitrile derivatives (identified based on larvastatic activity on H. 

contortus), were discovered via phenotypic screening (Brown et al., 1961; Kaminsky et al., 2008b).       

Advances in molecular biology also led to target (mechanism)-based screening (Zheng et al., 2013; 

Geary et al., 2015). Target-based screening identifies hits directly based on their ability to bind and 

effect/affect a specific, defined target molecule (Zheng et al., 2013; Geary et al., 2015). The mode of 

action of a lead compound is known, and, thus, can facilitate the preclinical phase (Zheng et al., 

2013). However, as screening is performed against known targets, compounds with unknown modes 

of action or off-target effects cannot be detected (Geary et al., 1999). Such target-based screening 

assays can identify a direct interaction of a compound with the target; other factors, such as 

permeability and surrounding micro-environmental conditions, do not interfere with screening 

results. Therefore, the degree of false-positive screening results can be lower compared with 

phenotypic screening assays (Geary et al., 2015). However, such an approach can yield disappointing 

results when hits are subsequently tested on whole organisms, which are vastly more complex than 

just the target molecule. Since a compound needs to pass through multiple “barriers” (e.g., different 

organs, tissues and cell types) in the whole organism, the concentration of a compound may not be 

sufficiently high to achieve inhibition in a whole organism-phenotypic screen (Thompson et al., 1993; 

Geary et al., 2015). Additionally, other challenges, such as limited success in expressing functional 

parasite proteins and associated costs, can limit the development of target-based assays for anti-
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parasitic drug discovery (Geary et al., 2015). No major investments were made for target-based 

screening in the field of parasitology, and there is no report of an anti-parasitic drug being developed 

via this screening route (Geary, 2012, Geary et al., 2015).        

With the lack of success of target-based screening for anthelmintic drug discovery, most industry 

and academic experts are now revisiting the phenotypic screening technique (Eggert, 2013). In anti-

parasitic drug discovery, there have been efforts to improve phenotypic screening techniques to 

increase throughput and achieve reproducible/repeatable, quantitative scoring of phenotypic “read-

outs” (Paveley and Bickle, 2013). For instance, advances in high-resolution imaging, automation and 

analysis have led to the development of practical and efficient high throughput assays for a number 

of worm species (e.g., C. elegans, H. contortus, T. circumcincta, Trichuris muris, Cooperia 

oncophora and Ancylostoma ceylanicum) and their different developmental stages, in order to detect 

the changes in worm viability and behaviour (Smout et al., 2010; Preston et al., 2015, 2016; Partridge 

et al., 2018; Abriola et al., 2019; Cintra et al., 2019; Liu et al., 2019). In addition, advances in 

microfluidics have assisted in exploring the effects of compounds on individual organisms (e.g., 

Cornaglia et al., 2016; Preston et al., 2017). Such advanced tools bode well for the screening of natural 

extract and compound libraries, and natural product-inspired libraries in an efficient manner.  

 

1.5.6. Haemonchus contortus as a model for anthelmintic drug discovery 

Haemonchus contortus represents a range of strongylid nematodes, and is a very tractable and 

useful model for drug discovery (Laing et al., 2013; Geary, 2016). This parasite has a direct life cycle, 

and can be maintained in its natural host (e.g., sheep or goats) by experimental infection (see Fig. 

1.1). H. contortus has a direct life cycle and a short prepatent period (3-4 weeks), and can be 

maintained for weeks or months following a single infection with infective L3s. The females of H. 

contortus are prolific egg layers (one female can lays ~ 10,000 eggs per day) and can give rise to 

large numbers of free-living (L1, L2 and L3) larvae. Thus, L3s can be produced by incubating faeces 

at 27-28 °C in humid conditions for 1 week and collected using a Baermann funnel (Baermann, 1917). 

Infective L3s can be stored in water or physiological saline under suitable conditions (i.e. ≥ 10 °C 

constant) for months until used for experimentation or screening (Preston et al., 2015). Importantly, 

the ability to maintain adult worms in sheep for extended periods allows the production of large 

numbers (millions) of L3s for use in the laboratory.  

 For screening, L3s can be artificially exsheathed using balanced salt solutions in the presence of 

CO2 (Silverman and Podger, 1964; Preston et al., 2015). The resultant exsheathed L3s (xL3s) can 

then be used for immediate compound screening for 72 h (Preston et al., 2015) or incubated for 1 

week for subsequent screening of L4s (which have a well-developed mouth and pharynx; Preston et 
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al., 2015). These in vitro cultures allow compounds to be screen for their effect(s) on motility, 

migration and/or developmental of larvae (Rabel et al., 1994; Preston et al., 2015).  

H. contortus is within the order Strongylida (evolutionary clade V) and the superfamily 

Trichostrongyloidea, and is closely related to other socioeconomically important trichostrongyloid 

nematodes (including Teladorsagia, Trichostrogylus and Cooperia) (Blaxter et al., 1998). Thus, H. 

contortus serves as a suitable representative for this order. H. contortus is also evolutionarily related 

to the free-living “model” nematode C. elegans (also clade V) (Gilleard, 2013). Importantly, two 

genomes and transcriptomes are available for H. contortus from the UK (using MHco3 (ISE) strain; 

Laing et al., 2013) and from Australia (McMaster strain; see Schwarz et al., 2013; Gasser et al., 2016), 

which provide a foundation for  molecular investigations and could underpin anthelmintic target 

discovery. An example of the use of such molecular information was the elucidation of the target of 

monepantel, first identified in C. elegans (Ce-acr-23; a nicotinic acetylcholine receptor subunit 

(nAChR) of the DEG-3 family), and subsequently in H. contortus (see Gilleard, 2013). These 

genomic and transcriptomic resources for H. contortus will not only facilitate drug target discovery 

and modes of action studies, but will also enable research in areas including anthelmintic resistance, 

phylogenetic profiling and the identification of genes linked to parasitism (cf. Gasser et al., 2016).          

In summary, the ability to maintain H. contortus infection of a natural host in the laboratory; the 

ability to produce and maintain different larval stages in vitro and use them in a reliable in vitro assay 

to screen compounds on whole worms; the availability of extensive genome and transcriptome data 

sets; and the close relationship of H. contortus with other gastrointestinal strongylids and the free-

living nematode, C. elegans, provide a solid basis for anthelmintic drug and drug-target discovery.  

 

1.5.7. Challenges of natural product drug discovery 

Despite the discoveries of artemisinin and avermectin, the effective and efficient use of available 

natural resources requires overcoming some challenges (Shen, 2015). These challenges include those 

associated with obtaining natural product samples, ethics, policies and the compatibility of natural 

samples to HTS, limitations of traditional bioassay-guided fractionation approaches, and the time, 

cost and efforts required to take a ‘hit’ through to an effective drug.   

A major challenge in natural product drug discovery is the difficulty in accessing, collecting or 

recollecting samples from their natural environment (Harvey, 2000; Zhang et al., 2016). Once a ‘hit’ 

is identified from a plant or marine sample, a further sample collection is usually required to purify 

the active compound/s from a crude extract or to biosynthesise the compound (if a synthetic route is 

not yet established or possible). If the plant is endemic or the marine organism is uncommon, or 

cannot be cultured, recollection will usually be a challenge. On the other hand, the production of 

secondary metabolites representing a biological sample can be affected by factors including genotype, 
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sample location, season, differences related to organism (e.g., age), location in the organism, 

potentially introducing issues around reproducibility or repeatability, and limiting the progression of 

a ‘hit’ to the next phase (Verpoorte, 1998, Li and Vederas, 2009). However, the issues relating sample 

collection might potentially be circumvented via heterologous expression of key genes; culturing a 

plant species that may not be readily accessible in the future; isolating microorganisms from marine 

samples that produce bioactive compound/s; and/or total- or semi-synthesis of natural products (cf. 

Li and Vederas, 2009; Harvey et al., 2015).     

Natural product drug discovery programs can suffer from restrictions relating to the Convention 

on Biological Diversity (CBD), which creates uncertainties regarding the collection of biological 

samples (Koehn and Carter, 2005). According to this convention, the source-country has the 

sovereign rights over the biological resources within their boundaries, and is obligated to preserve 

and sustain these resources (Harvey, 2000). Furthermore, the source country should be involved in 

processing and/or studying samples and should benefit from any subsequent financial outcomes 

(Harvey, 2000). However, it appears that amendments are needed to the rules and regulations 

pertaining to some countries; for instance, most CBD-ratified countries have still not introduced 

appropriate laws to regulate access to biological materials (Harvey, 2000; Li and Vederas, 2009). 

However, some institutes, such as the U.S. Department of Agriculture for the National Cancer 

Institute (NCI), have been successful in collaborating with qualified scientists in number of source 

countries to cooperate and transfer technologies (Cragg and Newman, 2001).      

The concern that some natural products are not compatible with HTS platforms may be a reason 

for a decline in natural product drug discovery (Harvey et al., 2015). For example, crude extracts are 

not as amenable to screening as drug-like synthetic compounds due to their complexity. However, 

the establishment of libraries containing extracts or fractions with more drug-like properties, or pure, 

semi-synthetic or natural product-inspired compounds (Harvey, 2007; Quinn et al., 2008) can 

overcome this incompatibility issue.  

The limitations of traditional bioassay-guided fractionation, particularly relating to the collection 

of fractions, and isolation and structural elucidation of the bioactive compounds can represent another 

challenge. However, advances in chromatographic (e.g., HPLC) as well as spectrometric (e.g., MS) 

and spectroscopic (e.g., NMR) techniques can alleviate purification bottle-necks (Harvey et al., 2015) 

and can significantly improve bio-assay guided fractionation of complex extracts. In addition, the 

advances in chromatography, spectroscopy, HTS, ‘omics’ (e.g., genomics, transcriptomics, 

proteomics and metabolomics) and computational techniques as well as natural product databases, 

should accelerate the de-replication process (i.e. early identification of known compounds), and, thus, 

enable the identification of novel natural compounds and subsequent lead development efforts 

(Harvey, 2007, Harvey et al., 2015; Gaudencio and Pereira, 2015). 
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In summary, while working on natural products can have some inherent challenges that can slow 

the drug discovery process, collaborations between academia and industry, and among expert 

chemists, biochemists, biologists, molecular biologists and computational scientists, can overcome 

such issues, thereby accelerating the natural product drug discovery process.      

    

1.6. Conclusions and research aims 

This literature review has revealed that parasitic nematodes cause major economic losses in 

livestock animals worldwide, but that widespread resistance to currently-used anthelmintics 

represents a major obstacle to controlling these worms. Given the reliance on anthelmintics in current 

control regimens, there is a major need for the discovery and development of new nematocides. 

Enabling such a focus are: (i) the major chemical diversity of natural products; (ii) the availability of 

curated, drug-like extract, fraction and/or compound libraries from natural sources; (iii) the utility 

and practicality of well-established whole-worm bioassays for H. contortus (one of the most 

important parasitic nematodes of livestock) to screen such libraries; and (iv) the availability of 

advanced chromatographic (e.g., HPLC), spectroscopic (e.g., NMR) and spectrometric (e.g., MS) 

techniques for bioassay-guided fractionation and structural elucidation. This context provides a sound 

basis for the identification and characterisation of anthelmintic candidates from natural sources for 

subsequent evaluations as leads.  

The specific aims of this thesis were: 

• To undertake a screen of small libraries of natural product-inspired compounds, purified 

natural compounds, and synthetic compounds on H. contortus to establish all of the methods 

needed for large-scale screens, and to identify any hit compounds for further consideration 

and investigation (Chapters 2 and 3).  

• To screen a large library of extracts derived from plants on H. contortus to identify a spectrum 

of ‘hit’ extracts, to fractionate extracts with substantial and reproducible activity against H. 

contortus, to isolate and characterise the active constituents, and then evaluate them as 

potential anthelmintic candidates for translation (Chapter 4). 

• To screen a library of extracts derived from Australian marine species on H. contortus to 

identify active extracts, undertake bioassay-guided fractionation to purify the responsible 

compounds, and then evaluate these compounds as potential anthelmintic candidates for 

translation (Chapter 5).     

• To optimize selected anthelmintic natural compounds for their potency at inhibiting the 

parasite (H. contortus) and for cytotoxicity by evaluating chemically-synthesised analogues 

of the selected natural compounds identified in Chapters 2, 3, 4 and 5 (Chapter 6).   
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• To discuss the results in the context of drug discovery and translation as well as the 

implications of the research outcomes from this thesis, and to suggest areas of future work 

(Chapter 7).   
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Table 1.1. The representative drugs and targets of currently used anthelmintic drug classes 

(sources: Martin, 1997; Kaminsky et al., 2008b; Ruiz-Lancheros et al., 2011). 

 

  

Drug class Representative drugs Drug target (studied and understood)  

Benzimidazoles Albendazole, fenbendazole β- tubulin 

Imidazothiazoles Levamisole Nicotinic acetylcholine receptors on body 

wall      muscle 

Macrocyclic lactones Moxidectin, ivermectin, 

doramectin, eprinomectin 

Glutamate-gated chloride ion channels 

Aminoacetonitrile derivatives Monepantel Nematode specific nicotinic acetylcholine 

receptors  

Tetrahydropyrimidines Pyrantel, morantel Nicotinic acetylcholine receptors on muscle 

Salicylanilides Closantel, disophenol Act as proton ionophores and involves in 

uncoupling of oxidative phosphorylation 

Organophosphates  Haloxon, coumaphos, 

naphthalophos, crufomate 

Acetylcholinesterase 

Spiroindoles 

 

Derquantel B-subtype nicotinic acetylcholine receptor 
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Fig. 1.1. Developmental cycle of a gastrointestinal nematode (Strongylida). E - embryogenesis; G - 

rapid growth phase; F1 - bacterial-feeding phase; S - sexual differentiation; F2 - blood-feeding phase; 

R - reproduction. First-stage larvae (L1); second-stage larvae (L2); third-stage larvae (L3); 

exsheathed third-stage larvae (xL3); fourth-stage larvae (L4), * indicates the potential to undergo 

conditional arrested development.                                   

(source: Nikolaou and Gasser, 2006). 
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Fig. 1.2. Summary of the three principles of control against the gastrointestinal nematodes: targets 

for actions (plain arrow); possible consequences on the parasitic life cycle (dotted arrow).  

(source: Hoste and Torres-Acosta, 2011).  
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Fig. 1.3. The development of anthelmintic resistance for drug classes commonly used in the livestock 

industry to control gastrointestinal nematodes of small ruminants. The initial approval of a drug, and 

first reported resistance to a drug.  

(source: Kaplan, 2004). 
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Fig. 1.4. Generalised pipeline for drug development with main stages of discovery, preclinical 

development, clinical development, approval and final launch of the drug. Absorption, distribution, 

metabolism, excretion and toxicity studies (ADMET); pharmacokinetic studies (PK); investigational 

new drug (IND); new drug application (NDA); US Food and Drug Administration (FDA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

CHAPTER 2 

Arylpyrrole and fipronil analogues that inhibit the motility and/or 

development of Haemonchus contortus in vitro 

 
 

ABSTRACT 

 

Due to widespread drug resistance in parasitic nematodes, there is a need to develop new 

anthelmintics. Given the cost and time involved in developing a new drug, the repurposing of known 

chemicals can be a promising, alternative approach. In this context, we tested a library (n = 600) of 

synthetic and natural product-inspired pesticide analogues against exsheathed third-stage larvae 

(xL3s) of Haemonchus contortus (barber's pole worm) using a whole-organism, phenotypic screening 

technique that measures the inhibition of motility and development in treated larvae. In the primary 

screen, we identified 32 active analogues derived from chemical scaffolds of arylpyrrole or fipronil. 

The seven most promising compounds, selected based on their anthelmintic activity and/or limited 

cytotoxicity, are arylpyrroles that reduced the motility of fourth-stage larvae (L4s) with significant 

potency (IC50 values ranged from 0.04 ± 0.01 μM to 4.25 ± 0.82 μM, and selectivity indices ranged 

from 10.6 to 412.5). Since the parent structures of the active compounds are uncouplers of oxidative 

phosphorylation, we tested the effect of selected analogues on oxygen consumption in xL3s using the 

Seahorse XF24 flux analyser. Larvae treated with the test compounds showed a significant increase 

in oxygen consumption compared with the untreated control, demonstrating their uncoupling activity. 

Overall, the results of the present study have identified natural product-derived molecules that are 

worth considering for chemical optimisation as anthelmintic drug leads. 
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2.1. Introduction 

The control of gastrointestinal nematodes of livestock has relied largely on the use of a limited 

number of anti-parasitic drugs (Besier et al., 2016; Harder, 2016). However, drug resistance is now 

very widespread (Kaplan and Vidyashankar, 2012; Kotze and Prichard, 2016) and no vaccines are 

available for the vast majority of these worms, such that the development of new drugs is crucial to 

ensure effective and sustained nematode control into the future. Although the development of the 

compound monepantel (Kaminsky et al., 2008; Prichard and Geary, 2008) provided hope for the 

design of new classes of nematocides, there has been relatively little success in discovering new drugs 

using conventional and high throughput screening approaches (Geary et al., 2015). 

Given the massive cost and time required to develop and commercialise a new anthelmintic (Geary 

et al., 2015), the repurposing of known drugs or bioactive chemicals (Corsello et al., 2017) offers a 

pragmatic and sound option. The repurposing of chemicals with known safety profiles and modes of 

action has the potential to proceed to clinical trials more rapidly than newly discovered chemotypes 

(Oprea and Mestres, 2012; Andrews et al., 2014; Panic et al., 2014; Corsello et al., 2017).  

Recently, in partnership with philanthropic, academic and industry partners, we screened 

compound libraries of bioactive compounds for inhibitory activity against Haemonchus contortus 

(barber's pole worm), in an attempt to repurpose synthetic and natural compounds against parasitic 

nematodes (Preston et al., 2016, 2017; Herath et al., 2017). For instance, we have shown that 

pesticides such as tolfenpyrad (Preston et al., 2016) and other pyrazole-5-carboxamides (e.g., a-15 

and a-17; Jiao et al., 2017) have potent inhibitory activity on the motility and/or development of 

exsheathed third-stage (xL3s) and/or fourth-stage (L4s) larvae of H. contortus in vitro and that these 

chemicals are relatively selective for the parasite compared with a mammalian cell line (see Preston 

et al., 2016; Jiao et al., 2017). Using medicinal chemical methods, the potency and selectivity of some 

of these chemotypes have been significantly increased (unpublished findings). Taken together, this 

information indicates that there is merit in taking a repurposing route, provided that medicinal 

chemistry follows the screening effort, in order to optimise potency and safety in vitro and in vivo, 

pharmacokinetics and efficacy.  

Here, we extend previous studies (Preston et al., 2016; Jiao et al., 2017) to screen a library of 

compounds (n=600) obtained from the Research Institute of Elemento-Organic Chemistry, Nankai 

University, China. This library contains novel analogues of various pesticides, including antofine 

(Gao et al., 2012), arylpyrroles (Kuhn, 1997), diflubenzuron (Post and Vincent, 1973; Cohen and 

Casida, 1980), etoxazole (Nauen and Smagghe, 2006), fipronil (Cheng et al., 2009) and spirodiclofen 

(Van Pottelberge et al., 2009). Most of these analogues had been tested previously at Nankai 

University, and exhibited insecticidal and/or acaricidal properties (Li et al., 2012; Liu et al., 2014; 

Ma et al., 2014), suggesting that these compounds might act on other ecdysozoans, including 
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nematodes of veterinary importance. Therefore, we screened the library against larval stages of H. 

contortus - one of the most important parasitic nematodes of livestock animals (Gasser and von 

Samson-Himmelstjerna, 2016). We employed a semi-automated phenotypic screening technique 

(Preston et al., 2015) to identify active ('hit') compounds and to assess their potency against larval 

stages of H. contortus, followed by an evaluation of the cytotoxicity of these hits on a mammary 

epithelial cell line in vitro, with the aim of identifying candidate compounds. 

 

2.2. Materials and methods 

2.2.1. Parasite production and maintenance 

Haemonchus contortus (Haecon-5 strain) was maintained in experimental sheep as described 

previously (Schwarz et al., 2013; Preston et al., 2015), in accord with institutional animal ethics 

guidelines (permit no. 1413429; The University of Melbourne, Australia). Third-stage larvae (L3s) 

were cultured and exsheathed using established methods (Preston et al., 2015). In brief, L3s were 

exsheathed by incubation in 0.15% v/v sodium hypochlorite (NaClO) for 20 min at 37 °C and then 

washed five times in sterile physiological saline (pH 7.0, 37 °C). The exsheathed L3s (xL3s) were 

then suspended in Luria Bertani (LB) medium supplemented with 100 IU/ml of penicillin, 100 mg/ml 

of streptomycin and 2.5 mg/ml of amphotericin (Fungizone, antibiotic-antimycotic; cat. no. 15240-

062; Gibco, USA) (Preston et al., 2015). The supplemented LB was designated as LB*. L4s were 

produced by incubating xL3s in LB* at 10% v/v CO2 and 38 °C for 7 days (Preston et al., 2015). 

 

2.2.2. Screening for anthelmintic activity 

The library of chemicals from the Research Institute of Elemento-Organic Chemistry, Nankai 

University, China, contained pure chemicals derived from natural (120) and synthetic (480) products 

with known activities against arthropods (flies and/or mites) (Supplementary file 2.1). All 600 

compounds were individually screened (in triplicate) in 96-well plates using a previously described 

protocol (Preston et al., 2015; cf. Fig. 2.1). In brief, the chemicals were each dissolved in 100% 

DMSO to prepare 20 mM stocks, diluted into 40 μM in 50 μl of LB* (containing 1% DMSO) and 

arrayed in triplicate in flat-bottom 96-well microplates (cat. no. 3635; Corning 3650, Life Sciences, 

USA). The xL3s (∼300 in 50 μl per well) were added to wells and exposed to a final compound 

concentration of 20 μM (with 0.5% DMSO). The two commercially available drugs monepantel 

(Zolvix, Novartis Animal Health, Switzerland) and moxidectin (Cydectin, Virbac, France) were 

included as positive controls, and LB* + 0.5% DMSO as the negative control (six wells). Plates were 

placed in an incubator for 72 h (10% v/v CO2; 38 °C). For data acquisition, plates were agitated for 

20 min using an orbital shaker (126 rotations per min) (model KOM5, Ratek, Australia), and a 5 s 

video was recorded from each well. Digital recordings were processed using a customised script in 
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Image J (imageJ. nih.gov/ij/), and changes in light intensity transformed into a motility index (Mi; 

Preston et al., 2015). The raw data were normalised with respect to positive and negative controls, in 

order to remove plate-to-plate variation, and the percentage of motility reduction was calculated for 

each well using the program Prism (v.7.02 GraphPad software). A compound was recorded as being 

active if it reduced xL3 motility by ≥70% and/ or induced phenotypic alterations in comparison with 

the untreated wild-type control worms (at 72 h). 

 

2.2.3. Dose-response curves for active compounds (xL3 motility, L4 motility and L4 development) 

All active compounds were tested as a two-fold dilution series (18 points; starting at 100 μM) to 

assess a reduction in xL3 motility and an inhibition of L4 development (Preston et al., 2015, Fig. 2.1). 

To measure motility, video recordings of individual wells were taken at 24 h, 48 h and 72 h. To assess 

development, plates were incubated further under the same conditions for four more days; worms in 

each well were then fixed with 50 μl of 1% iodine and the development to L4 determined by 

examining 30 worms from each well under a microscope at 20x magnification. L4s were 

differentiated from xL3s based on the presence of well-developed mouth and pharynx. The half-

maximum inhibitory concentration (IC50) of each compound was determined by transforming the 

compound concentrations to log10, and fitting the data using a variable slope four-parameter equation 

(v.7.02 GraphPad software) (cf. Preston et al., 2015). IC50 values were obtained from results from 

two independent biological assays with three technical replicates for each compound. Compounds 

were ranked based on the level of xL3 motility reduction, L4 development inhibition and minimal 

cytotoxicity. A subset of compounds was tested for their ability to inhibit L4 motility, again using a 

two-fold dilution series and in two biological assays with three technical replicates. 

 

2.2.4. Cytotoxicity assay 

The cytotoxicity of individual compounds was tested as described previously (Kumarasingha et 

al., 2016; Fig. 2.1) at the Victorian Centre for Functional Genomics in Cancer, Melbourne, Australia, 

with minor modifications. In brief, normal breast epithelial (MCF10A) cells were cultured in 

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12; Thermofisher, USA) 

containing 5% v/v horse serum (Life Technologies, Australia), 100 ng/ml of cholera toxin (Sigma, 

Australia), 20 ng/ml of human epidermal growth factor (Life Technologies, Australia), 0.5 mg/ml 

hydrocortisone (Sigma, Australia) and 10 mg/ml of insulin (human; Novo Nordisk Pharmaceuticals 

Pty Ltd, Denmark) in black-walled, flat bottom 384-well plates (Corning, USA) at a density of 700 

cells per well in 40 μl. The cells were incubated at 37 °C and 5% v/v CO2 for 24 h. The growth 

medium was then aspirated, and the cells were treated with individual compounds (in quadruplicate) 
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or with control compounds, including negative controls in every run, and then incubated for 48 h. 

Compounds were tested as a 5-point series (50 μM, 25 μM, 12.5 μM, 6.25 μM and 3.125 μM) to 

obtain dose-response curves using an automated liquid handling robot (SciClone ALH3000 Lab 

Automation Liquid Handler, Caliper Lifesciences, USA), using four replicates for each compound. 

Doxorubicin (highest concentration of 10 μM) and monepantel (Zolvix, Novartis Animal Health, 

Switzerland; highest concentration of 50 μM) were used as positive (active) control compounds to 

assess cell toxicity or activity; medium without compound was used as the negative control. 

Following incubation, the cells in individual wells were fixed, stained with 4′,6-diamidino-2-

phenylindole (DAPI; 1:1000) and imaged at a fixed exposure time of 0.12 sec using a high content 

imager (Cellomics CellInsight Personal Cell Imager, ThermoFisher Scientific, USA) which captured 

∼90% of the well. Stained nuclei of the viable cells were counted using the Target Activation 

BioApplication within Cellomics Scan software (v.6.5.0, Thermo Scientific, USA). The cell density 

was normalised to the negative control, and IC50 values were determined using the same method as 

described in subsection 2.2.3. The selectivity index (SI) was calculated by dividing IC50 for MCF10A 

cells by IC50 for H. contortus (see Preston et al., 2015). 

 

2.2.5. Larval oxygen consumption assay 

Selected compounds with activity on H. contortus were tested for their effects on mitochondrial 

respiration of xL3s by measuring changes in oxygen consumption using the Seahorse XF24 flux 

analyser (Seahorse Biosciences, USA) essentially as described previously (McGee et al., 2011). In 

brief, 5000 xL3s in 500 μl of XF medium (Seahorse Biosciences, USA) supplemented with 4.5 g/l of 

glucose, 0.5 mM of sodium pyruvate and 2 mM of glutamine (Sigma-Adlrich, USA) were dispensed 

into XF24 cell culture microplates (Seahorse Biosciences, USA). The compounds dissolved in XF 

base medium (final concentration of 100 μM in 1% DMSO) were then loaded individually into the 

injection ports and automatically dispensed into the wells after recording six initial measurements of 

respiration at 6 min intervals. The oxygen consumption was measured (protocol: 2 min - mix, 2 min 

- pause and 4 min - measure) for 120 min more at 6 min intervals (cf. McGee et al., 2011). The XF 

medium plus 1% DMSO (500 μl) was dispensed into four wells as the negative control, and four 

wells containing 100 μM monepantel and carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 

(FCCP) were included as positive controls. FCCP is known as a mitochondrial uncoupler - such 

uncouplers are chemicals that inhibit the coupling between the electron transport chain and 

phosphorylation reaction, thus reducing ATP synthesis without affecting the electron transport chain 

and enhancing oxygen consumption through increased production of NADH (Terada, 1990). In these 

experiments, four technical and three biological replicates were performed. The data acquired were 
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normalised to the basal oxygen consumption, and the graphs of oxygen consumption rates (OCR) 

were produced using v.7.02 GraphPad software. The total oxygen consumption following each 

compound treatment was measured by calculating the ‘area under the curve’ (AUC) in these graphs. 

The statistical significance between treatments was calculated using the nonparametric (Kruskal-

Wallis) one-way ANOVA and a Dunnett's multiple comparison test in the same GraphPad software. 

 

2.3. Results 

The primary screen of the library (Fig. 2.1) identified 21 compounds that reduced the motility of 

H. contortus xL3s by ≥ 70% and induced a non-wildtype (“circular”) phenotype as well as 11 

compounds that induced a ‘circular’ phenotype but did not reduce the xL3 motility by ≥ 70% 

(Supplementary file 2.1). All of these 32 compounds were categorised as ‘hits’ (Fig. 2.1); 30 of them 

were pyrrole analogues (the Mqq and Zpx series) and two were fipronil analogues (Zqq series) 

(Supplementary file 2.1).  

In the dose response assays (cf. Fig. 2.1), 13 of the 32 hits induced a dose-dependent inhibition of 

xL3 motility, with an IC50 of ≤ 50 μM at 24 h (Supplementary file 2.2). The IC50 values of these 13 

compounds ranged from 8.63 ± 0.90 μM to 48.13 ± 2.71 μM (Supplementary file 2.2). Compound 

Zpx028, a pyrrole analogue, had the highest potency at 24 h, with an IC50 of 8.63 ± 0.90 μM. 

Compound Zpx027 had the second highest potency at inhibiting xL3 motility at 24 h (IC50 = 9.79 ± 

2.54 μM), and was most potent at inhibiting xL3 motility at 72 h (IC50 = 1.22 ± 0.09 μM) (Table 2.1; 

Supplementary file 2.2). All 32 hits, except Zpx021 and Zpx90, elicited a dose-dependent inhibition 

of L4 development; six compounds achieved an IC50 of ≤ 2 μM (Supplementary file 2.2). The two 

compounds, Zpx028 and Zpx027, with the highest potency at inhibiting xL3 motility, were also the 

most potent inhibitors of L4 development (Fig. 2.2; Table 2.1) - the IC50 values (0.57 ± 0.04 μM for 

Zpx028; 1.18 ± 0.10 μM for Zpx027) are comparable to those of the commercial anthelmintic 

monepantel in vitro (IC50 = 0.43 ± 0.01 μM) (Fig. 2.2; Table 2.1).  

All 32 hits were tested for toxicity to MCF10A breast epithelial cells in vitro. The IC50 values 

obtained ranged from 2.16 μM to 50 μM, and selectivity indices (at 24 h) varied from 0.04 to 1.91 

for xL3 motility, and from 0.26 to 28.95 for L4 development (at 7 days; Supplementary file 2.3). 

Eight compounds, Zpx028, Zpx030, Zpx023, Zpx026, Zpx024, Zpx040, Zpx090 (pyrrole analogues) 

and Zqq1341 (fipronil analogue), exhibited moderate toxicity (IC50 of 16.50 - 44.98 μM; 

Supplementary file 2.2). Four pyrrole analogues, Zpx019, Zpx020, Zpx021 and Zpx022, had limited 

toxicity to the cells, with IC50 values of ≥ 50 μM (Table 2.2; Supplementary file 2.2). 

On the basis of the dose-dependent inhibition of xL3 motility (at 24 h) and L4 development (7 

days) and/or the degree of cytotoxicity in vitro (Supplementary file 2.2), seven compounds (Zpx019, 
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Zpx020, Zpx022, Zpx027, Zpx024, Zpx028 and Zpx040; all pyrrole analogues) were assessed for 

their ability to inhibit the motility of L4s (Fig. 2.1). All of these seven compounds exhibited a dose-

dependent inhibition of L4 motility at 24 h, with IC50 values ranging from 17.68 ± 0.11 μM to 0.16 ± 

0.13 μM (Fig. 2.2; Table 2.1). Interestingly, compounds Zpx019, Zpx20, Zpx022 and Zpx040, which 

did not inhibit xL3 motility in a dose-dependent manner at 24 h, did inhibit L4 motility at the same 

time point (Fig. 2.2; Table 2.2). The two most potent inhibitors of both xL3 motility and L4 

development also exhibited the highest potency (IC50 = 0.16 ± 0.13 μM for Zpx028 and IC50 = 0.31 

± 0.29 μM for Zpx027) and selectivity (SI = 20.5 for Zpx027 and SI = 103.1 for Zpx028) for inhibiting 

L4 motility at 24 h (Fig. 2.2; Tables 2.1 and 2.2).  

As pyrroles act as insecticides via respiratory uncoupling (Black et al., 1994; Liu et al., 2014), we 

assessed compounds Zpx027 and Zpx028 for their effects on respiration in H. contortus. In response 

to each of these compounds, the oxygen consumption rate (OCR) of the xL3 stage increased (Fig. 

2.3). Neither the negative (no-compound) nor the positive (monepantel) control showed a significant 

difference from the basal OCR in xL3s throughout the experimental period (Fig. 2.3). The OCR 

patterns for compounds Zpx028 and Zpx027 were similar to that of FCCP, a standard mitochondrial 

uncoupler (Fig. 2.3), and there was a significant difference (P < 0.001 for Zpx028 and P < 0.01 for 

Zpx027) in total oxygen consumption (cf. Fig. 2.3) between larvae treated with each test compound 

and the untreated and monepantel-treated controls (Fig. 2.3).   

 

2.4. Discussion 

The screening of a series of pesticide analogues identified 32 compounds with activity against H. 

contortus xL3s. Seven compounds were chosen for further evaluation based on their potency against 

H. contortus larvae (motility and development) and mostly limited toxicity on a human cell line 

(MCF10A). Selected compounds (n = 7) were found to be rapid inhibitors of L4 motility, and the two 

most potent ones in all worm assays (Zpx027 and Zpx028) were shown to increase oxygen 

consumption in xL3s. This increase mirrored the behaviour of a recognised mitochondrial uncoupler, 

FCCP (cf. Fig. 2.3), inferring that heightened respiration rates stemmed from an increased electron 

flow through the mitochondrial electron transport chain, rather than from a non-specific removal of 

dissolved oxygen. Therefore, the compounds tested seem to have a mode of action that is the same 

or similar to that of the arylpyrrole parent structure representing 30 of the 32 compounds identified 

in the primary screen, with the other two being derivatives of fipronil (cf. Supplementary file 2.1).  

The founding member of insecticidal and acaricidal arylpyrroles was a natural product, 

dioxapyrrolomycin, first identified as a metabolite from Streptomyces fumanus (see Carter et al., 

1987). The structure of dioxapyrrolomycin was modified to yield the commercial product 

chlorfenapyr (Addor et al., 1992), a compound that is effective against a range of parasitic arthropods 
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of plants, including the southern armyworm (Persectania ewingii), tobacco budworm (Heliothis 

virescens-Fabricius), western potato leafhopper (Empoasca abrupta) and red spider mite 

(Tetranychus urticae) (Kuhn, 1997). Chlorfenapyr is a pro-drug that is metabolically converted to the 

active compound (CL303268) by N-dealkylation inside the pathogen (Black et al., 1994). The 

biological effects of CL303268 and dioxapyrrolomycin seem to be based on their activity as 

uncouplers of oxidative phosphorylation (Black et al., 1994), and it is reasonable to propose that this 

is also the mode of anthelmintic action of the present arylpyrrole hit compounds, given the uncoupling 

activity exhibited by the two members tested (i.e. Zpx027 and Zpx028). Once again, natural product-

inspired compounds have proven to be suitable starting points to identify potential anti-infective 

leads. 

The reason for the rapid and dose-dependent activity of arylpyrrole analogues Zpx019, Zpx020, 

Zpx022 and Zpx040 against L4s, with no apparent activity against xL3s at 24 h, is not yet clear. 

However, we propose that it relates to differences in oral drug uptake between the two larval stages 

of H. contortus. Uptake in L4s may be greater than in xL3s due to a well-developed pharynx in this 

stage. At this point, it cannot be excluded that this difference might be due to variation in target 

function and/or in drug metabolism between the two development stages; however, given the high 

structural similarities among the four test compounds, this latter explanation is considered less likely, 

as they are expected to share the same target/mode of action and degradation pathways.  

The two fipronil derivatives (Zqq-1726 and Zqq-1341) received limited experimental priority, 

because of their relatively low potency on H. contortus and higher cytotoxicities relative to the 

selected arylpyrrole analogues. Nonetheless, their structure-activity relationship could be explored in 

future work. The parent compound of these structures is a broad spectrum, highly selective synthetic 

phenypyrazole insecticide that exerts its biological activity by blocking GABA-gated chloride 

channels (Zhao et al., 2003) and glutamate-gated chloride (GluCl) channels (Gant et al., 1998; Zhao 

et al., 2004), so we presume that this will also be the mode of action for the analogues studied here, 

although we have not yet collected the evidence to support this proposal.  

In conclusion, some of the analogues with favourable activity and toxicity profiles identified in 

this study warrant critical evaluation as anthelmintic candidates. Medicinal chemical optimisation, 

supported by iterative structure-activity relationship, in vitro and in vivo toxicity and pharmacokinetic 

assessments, should allow the potential of lead candidates to be established. Overall, the findings of 

the present study encourage the screening of natural product-derived libraries for compounds with 

anthelmintic activity. 
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Table 2.1. The effects of seven active analogues on xL3 and L4 motility (24 h, 48 h and 72 h) and L4 development (7 days) of Haemonchus 

contortus in vitro. A comparison of half of the maximum inhibitory concentration (IC50) values of compounds with those of monepantel or 

moxidectin, expressed as mean IC50 ± standard error of mean or a range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

a IC50 values that could not be accurately determined using the log (inhibitor) vs. response-variable slope four parameters model are indicated as not determined (nd). 

b Estimated from the graphs in Fig. 2.2.  

 

 

 

 

 

 

 

 

Compound/ 

    Control 

 xL3 motility 

(IC50 in μM) a 

 L4 motility 

(IC50 in μM) 

 L4 development 

(IC50 in μM) 

  24 h 48 h 72 h  24 h 48 h 72 h  7 days 

Zpx019  nd 11.81 ± 0.19 7.40 ± 1.22  13.45 ± 3.66  3.13 to 6.25 3.7 b  4.28 ± 0.75 

Zpx020  nd nd 3.86 ± 0.28  3.47 ± 2.36 3.22 ± 1.64 2.28 ± 0.67   7.24 ± 1.57 

Zpx022  nd 10.62 ± 4.07 9.14 ± 3.32  17.68 ± 0.11 4.3 b 4.25 ± 0.82  13.98 ± 1.96 

Zpx024  25.26 ± 8.50 9.17 ± 2.60 3.2 b  2.45 ± 1.22  1.07 ± 0.15 1.30 ± 0.15  1.99 ± 0.04 

Zpx027  9.79 ± 2.54 3.10 ± 0.01 1.22 ± 0.09  0.31 ± 0.29 0.14 ± 0.12 0.09 ± 0.04  1.18 ± 0.30 

Zpx028  8.63 ± 0.90 2.9 b 1.25 ± 0.36  0.16 ± 0.13 0.10 ± 0.03 0.04 ± 0.01  0.57 ± 0.08 

Zpx040  nd 3.1 b 1.68 ± 0.66  12.92 ± 4.00 2.6 b 3.36 ± 0.86  1.58 ± 0.17 

    Monepantel  2.12 ± 0.55 0.76 ± 0.32 0.59 ± 0.01  6.52 ± 2.18 0.7 b 0.1 b  0.43 ± 0.03 

    Moxidectin  0.50 ± 0.42 0.19 ± 0.04 0.08 ± 0.02  0.92 ± 0.90 0.002 ± 0.04 0.003 ± 0.01  not applicable 
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Table 2.2. Toxicity assessment of seven arylpyrrole analogues on MCF10A cells. A comparison of half of the maximum inhibitory 

concentration (IC50) values of compounds with monepantel and doxorubicin; expressed as mean IC50 ± standard error of mean, and 

selectivity indices (SI) of the compounds on motility (xL3 and L4) and development (L4) of Haemonchus contortus at different time 

points compared with monepantel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a not applicable (na).   

b Estimated from the graphs of percentage MCF10A cell density vs. log (concentration). 

c IC50s could not be established, SI was not determined (nd).  

 

Compound/ 

   Control 

 IC50 (in μM) 

for MCF10A cells 

 Selectivity index (SI) for H. contortus 

  xL3 motility c  L4 motility 

 

 L4 development 

  24 h 48 h 72 h  24 h 48 h 72 h  7 days 

Zpx019   > 50  nd > 4.5 > 6.8  > 3.7 > 8.0 > 13.6  > 11.7 

Zpx020   > 50  nd nd > 12.9  > 14.4 > 15.7 > 21.9  > 7.0 

Zpx022  > 50  nd > 4.7 > 5.5  > 2.8 > 11.7 > 11.7  > 3.6 

Zpx024  26.11 ± 3.92  1.0 2.9 8.1  10.7 24.4 20.1  13.1 

Zpx027  6.36 ± 3.29  0.7 2.1 5.2  20.5 45.6 70.9  5.4 

Zpx028  16.50 ± 2.58  1.9 5.7 13.2  103.1 165 412.5  28.9 

Zpx040  35.7 b  nd 11.5 21.3  2.8 13.9 10.6  22.6 

   Monepantel  32.8 b     15.5 43.3 55.7  5.0 47.4 328.4  76.4 

   Doxorubicin a  2.17 ± 0.02  na na na  na na na  na  
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A            B 

           

Fig. 2.1. Workflow used in the current study. We screened 600 chemicals against third-stage larvae 

(xL3s) of H. contortus and identified 32 active compounds (hits), which were then tested in dose 

response assays for the inhibition of xL3 motility and L4 development as well as toxicity to a normal 

breast epithelial cell line (MCF10A); seven compounds (Zpx019, Zpx020, Zpx022, Zpx024, Zpx027, 

Zpx028 and Zpx040) were selected for subsequent testing for their ability to inhibit L4 motility (panel 

A). Representative images of xL3s and L4s treated with active compound showing the phenotypic 

alterations by comparison with untreated (negative) and monepantel and moxidectin (positive) 

controls; white scale bar = 100 μm; 20-times magnification (panel B).      
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Fig. 2.2. Dose response curves for seven compounds (Zpx019, Zpx020, Zpx022, Zpx024, 

Zpx027, Zpx028 and Zpx040) with activity against larval stages of Haemonchus contortus in 

vitro. Inhibition of motility of exsheathed third-stage larvae (xL3s) (panel A) and fourth-stage larvae 

(L4s) (panel B) following incubation with each compound (two-fold dilution series with 18 points; 

starting at 100 μM) for 24 h, 48 h and 72 h, and the inhibition of development of L4s following 

incubation with the same compounds for 7 days (panel C). Monepantel and moxidectin tested at 

matched concentrations were included as reference controls. 
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Fig. 2.3. The effect of selected compounds on oxygen consumption of exsheathed third-stage 

larvae (xL3s) of Haemonchus contortus in vitro. The oxygen consumption rates (OCRs) of 

exsheathed third-stage larvae (xL3s) before and following exposure to compound Zpx027 or Zpx028 

as well as the controls XF medium only, monepantel and carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) (panel A). The graphs show total oxygen consumption, 

calculated from area under the curve (AUC) and expressed as mean AUC ± standard error of mean 

(SEM). Asterisks indicate the values that are significantly different from one another (**P < 0.01, 

***P < 0.001) (panel B).  
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CHAPTER 3 

Screening of a small, well-curated natural product-based library identifies two 

rotenoids with potent nematocidal activity against Haemonchus contortus 

 
 

ABSTRACT 

 

The control of parasitic roundworms (nematodes) is heavily reliant on the use of a limited number of 

anthelmintic drugs. However, drug resistance is now very widespread and no vaccines are available, 

such that the discovery of new chemical entities is crucial. Within this context, we screened a library 

of pure natural products (n = 400) against exsheathed third-stage (xL3) larvae of the parasitic 

nematode Haemonchus contortus using a whole-organism screening method. We identified two 

plant-derived rotenoids, deguelin and rotenone, with inhibitory activity on xL3 motility. Rotenone 

was not investigated further, because of its toxicity to some vertebrates. The dose response and 

cytotoxicity studies showed potent and selective inhibitory activity of deguelin on motility of xL3 

larvae of H. contortus. Detailed future work needs to be conducted to explore the mode of action of 

this compound on H. contortus and related nematodes, and to assess its potential as an anthelmintic 

candidate. 
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3.1. Introduction 

Parasitic worms cause substantial mortality and morbidity in animals, and also major losses to 

animal and food production globally. Importantly, parasitic roundworms of the order Strongylida 

cause some of the most important diseases of livestock in Australia and worldwide, affecting 

hundreds of millions of food animals (including sheep, goats, cattle and pigs), with economic losses 

estimated at tens of billions of dollars per annum globally (cf. Roeber et al., 2013; Lane et al., 2015). 

These pathogens induce gastritis, enteritis, anaemia and/or associated complications, and death in 

severely affected animals. All of these parasites are transmitted orally from contaminated pasture to 

the host through a direct life cycle (cf. Veglia, 1915; Beveridge and Emery, 2014): eggs are excreted 

in host faeces; the first-stage larvae (L1s) develop inside the eggs to then hatch (within 1 day) and 

develop through to the second- and third-stage larval stages (L2s and L3s) in about a week; the 

infective L3s are then ingested by the host, exsheath (xL3) and develop through fourth-stage larvae 

to dioecious adults (within 3 weeks) in the gut of the animal.  

The control of livestock parasitic nematodes relies heavily on the use of a small number of 

anthelmintic drugs. However, resistance against one or more of these is now very widespread (e.g., 

Kaplan and Vidyashankar, 2012), and no vaccines are available for the vast majority of these worms, 

such that the discovery of new drugs is critical to ensure sustained and effective control into the future. 

Although the development of the compound monepantel (Kaminsky et al., 2008; Prichard and Geary, 

2008) has provided fresh hope for the design of new classes of nematocides, success in identifying 

new drugs and drug targets using conventional screening approaches has been limited. Recent 

investigations of the genomes, transcriptomes and biology of a number of strongylid nematodes, 

including the barber’s pole worm (Haemonchus contortus; see Laing et al., 2013; Schwarz et al., 

2013), hookworms (Necator americanus and Ancylostoma ceylanicum; see Tang et al., 2014; 

Schwarz et al., 2015) and a nodule worm (Oesophagostomum dentatum; see Tyagi et al., 2015), are 

revolutionizing the way we study these parasites, and can now support the discovery of new 

interventions. In collaboration with Compounds Australia (www.griffith. edu.au/science-

aviation/compounds-australia), in the present study, we screened compounds from a small, well-

curated natural product-based library for activity against parasitic stages of H. contortus (of 

ruminants), and assessed ‘hit’ compounds as nematocide candidates. 

 

3.2. Materials and methods 

Third-stage (L3s) larvae of H. contortus (Haecon-5 strain; Schwarz et al., 2013) were cultured 

from the faeces from mono-specifically infected sheep as described previously (Preston et al., 2015, 

2016a). Approval to infect sheep was given by The University of Melbourne (animal ethics permit 

no. 1413429).  
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The natural product library was purchased from Compounds Australia 

(www.griffith.edu.au/science-aviation/compounds-australia). This open-access library was 

established in 2010 by one of the authors (R.A.D.) and contained 400 distinct small molecules, the 

majority (∼55%) of which had been purified from plants (Levrier et al., 2013), fungi (Davis, 2005) 

and marine invertebrates (Davis et al., 2013). Approximately 30% of this library contained semi-

synthetic natural product analogues (Barnes et al., 2016), while ∼15% were known drugs or synthetic 

compounds inspired by natural products (specific details on individual compounds from this library 

are available from R.A.D.). All compounds (purity: > 95%) were supplied at a concentration of 5 mM 

in dimethyl sulfoxide (DMSO; cat no. 2225; Ajax Finechem, Australia) and each diluted to a 

concentration of 20 μM of compound and 0.5% of DMSO in Luria Bertani (LB) medium, 

supplemented with 1% antibiotics-antimycotic mix (100 IU/ml of penicillin, 100 mg/ml of 

streptomycin and 2.5 mg/ml of amphotericin cat. no. 15240-062; Gibco, USA); this supplemented 

medium was designated LB* (cf. Preston et al., 2015). Test compounds were transferred using a 

multi-channel pipette (Finnpipette, Thermo Scientific, USA) into 96-well flat bottomed microplates 

(cat no. 3635; Corning 3650, Life Sciences, USA) in a volume of 50 μl. Test and the positive control 

compounds monepantel (Zolvix®, Novartis Animal Health, Switzerland) and moxidectin 

(Cydectin®, Virbac, France) were tested in triplicate on exsheathed L3s (xL3s) using established 

published methods (Preston et al., 2015, 2016a). Negative controls, LB* and LB* + 0.5% DMSO 

were tested in replicates of six. A volume of 50 μl containing ∼ 300 exsheathed L3s (xL3s) was then 

transferred into each well using a multi-channel pipette (Finnpipette, Thermo Scientific). Plates were 

incubated for 72 h at 38 °C and 10% CO2, and monitored for movement as described previously 

(Preston et al., 2015, 2016a). A compound was recorded as having anti-xL3 activity if it reduced 

motility by ≥ 70% at 72 h. Compounds with anti-xL3 activity were screened twice at 20 μM to verify 

their inhibitory properties on motility.  

To determine the 50% inhibitory concentration (IC50) values of deguelin (catalogue code: LX-350-

118-M005, Enzo Life Sciences, Switzerland; purity: ≥ 95%) on larval motility, this chemical was 

serially diluted two-fold in LB*, starting at a concentration of 100 μM, as described previously 

(Preston et al., 2015, 2016a). The motility of xL3s was recorded 24 h, 48 h and 72 h following 

exposure to the chemical (Preston et al., 2015, 2016a). To establish IC50 values, compound 

concentrations were log10-transformed, and a variable slope four-parameter equation was used, 

constraining the top to 100% (Graphpad Prism, v7.01, USA). A two-way analysis of variance 

(ANOVA) and the Dunnett’s multiple comparison test were used to compare the effects of 

compounds on motility at different concentrations and time points. All experiments were performed 

in triplicate on three separate days.  
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Human cell toxicity was assessed as described by Fisher et al. (2014). In brief, neonatal (human) 

foreskin fibroblast (NFF) cells were cultured in RPMI-1640 medium (Life Technologies, Inc., 

Rockville, MD, USA) supplemented with 10% foetal calf serum (CSL Biosciences, Victoria, 

Australia) and 1% streptomycin (Life Technologies Inc., USA). The inhibition of growth (%) was 

compared with matched DMSO controls. IC50 values were calculated using linear interpolation of 

inhibition curves. The mean IC50 value (± standard deviation, SD) was recorded in three independent 

experiments, each carried out in triplicate wells. 

 

3.3. Results and discussion 

From the primary in vitro-screening of the 400 compounds against H. contortus, only rotenone 

and deguelin were found to reduce xL3 motility by ≥ 70%. Both compounds were re-screened at 20 

μM and shown to consistently inhibit xL3 motility. IC50 values for deguelin as well as those of 

monepantel and moxidectin (positive controls) on xL3 motility were determined at 24 h, 48 h and 72 

h and then compared. The monepantel- and moxidectin- control compounds were more effective, 

under the current conditions than deguelin, at inhibiting xL3s after 72 h, with IC50 values of 0.13 ± 

0.11 μM, 0.03 ± 0.01 μM and 14.79 ± 1.28 μM, respectively (Fig. 3.1; Table 3.1). In addition, 

deguelin was found to have a low toxicity against human NFF cells using a cell proliferation assay 

(IC50 > 50 μM). Although the potency of deguelin (in terms of IC50 in xL3 motility assay) is lower 

than another recently identified hit (3 μM at 72 h for tolfenpyrad; Preston et al., 2016b), deguelin (as 

a natural compound) would need to undergo chemical optimisation to achieve a potency consistent 

with a lead candidate (in the nM range). Degeulin does not violate any of the Lipinski rules (cf. Table 

3.1), whereas both monepantel and moxidectin violate at least one of them (verified using 

ChemSpider; Pence and Williams, 2010).  

Given the substantial problems linked to anthelmintic resistance in parasitic worms of livestock 

animals, a continued effort is needed to search for new and effective chemicals for development and 

commercialisation, particularly if they have new modes of action compared with existing drugs (Epe 

and Kaminsky, 2013). There has been a renewed interest in pursuing natural products for drug 

discovery (Shen, 2015) because of the biologically relevant chemical diversity of such products and 

because they are aligned with Nature’s need to develop a “chemical warfare” arsenal (Baell, 2016). 

Here, we screened a small set of natural compounds (n= 400) against Haemonchus contortus, the 

barber’s pole worm, and identified rotenone and deguelin to have an activity against this worm in 

vitro. These two rotenoids (isoflavonoids) originate from plants of the family Leguminosae (e.g., 

Wenjie et al., 2009; Chen et al., 2014; Vats and Kamal, 2014) and have been shown to possess drug-

like properties. For instance, deguelin has been reported to affect some cancers (of lung, stomach and 

prostate) (Gerhauser et al., 1997; Udeani et al., 1997; Lee et al., 2005; Arulampalam et al., 2011; 
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Boreddy and Srivastava, 2013; Farmer and Scheidt, 2013; Shang et al., 2014), and has anti-

inflammatory, anti-angiogenic and apoptotic effects (Lee, 2004; Paulus et al., 2012). In addition, 

rotenoids extracted from plants, such as Derris elliptica (Tuba plant), D. involuta (Jewel vine), 

Lonchocarpus utilis (Cub) or L. urucu (Barbasco), have been used as natural acaricides or insecticides 

(e.g., Ashack et al., 1980; Embeya et al., 2014). Although some isoflavonoids have antifungal and 

antibacterial properties (Hummelova et al., 2015; Xie et al., 2015; das Neves et al., 2016), no 

previous, published study had reported anthelmintic properties for this chemical group. As rotenone 

is lethal to fishes but not to mammals to the same extent (Isman, 2006), there would be considerable 

concerns about its use as a parasiticide. Due to toxicity concerns, we did not pursue this chemical 

further in the present study. As deguelin is chemically related to rotenone, there was some initial 

concern about its toxicity in vertebrates (Caboni et al., 2004). Although Parkinson’s disease-like 

symptoms appear to have been recorded in mice upon chronic administration of deguelin (6 

mg/kg/day) (Caboni etal.,2004), there is no evidence that deguelin exhibits toxic effects in mice or 

rats at 2-5 mg/kg (therapeutic doses; Udeani et al., 2001; Lee et al., 2005; Boreddy and Srivastava, 

2013; Mehta et al., 2013). Moreover, deguelin and various analogues thereof have been explored and 

assessed as anticancer drugs (Udeani et al., 1997; Murillo et al., 2002; Lee et al., 2016), but further 

work needs to be conducted to verify the toxicity of these analogues to mammalian cells.  

Evidence indicates that deguelin exerts its effect(s) on rapidly replicating cells (e.g., cancer cells) 

via extracellular signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)/AkT 

(Bortul et al., 2005; Mehta et al., 2013; Wu et al., 2016), insulin-like growth factor receptor (Kim et 

al., 2008; Suh et al., 2013; Lee et al., 2015) and/or the glycogen synthase kinase-3 β/β-catenin 

signaling pathways (Thamilselvan et al., 2011). Deguelin has been reported to decrease tumour 

growth and metastasis in rodents via the induction of apoptosis and the inhibition of epithelial-to-

mesenchymal transition by targeting the nuclear factor-kappa beta (NF-κB) and tumour growth 

factor-β1 (TGF-β1) pathways (Boreddy and Srivastava, 2013; Liu et al., 2016). Biochemically, 

deguelin has been shown to reduce oxygen consumption via a down-regulation of mitochondrial 

electron transport and/or phorbol ester-induced ornithine decarboxylase (Gerhauser et al., 1997; Fang 

and Casida, 1998; Garcia et al., 2012; Vrana et al., 2013). In contrast, nothing is known about how 

deguelin affects parasitic nematodes. Therefore, we plan to explore the molecular differences between 

deguelin-treated and-untreated H. contortus using transcriptomic and/or biochemical approaches, 

aimed at understanding how this chemical affects biological pathways in this parasitic nematode. The 

relative safety of deguelin in mammals at therapeutic doses (Udeani et al., 2001; Lee et al., 2005; 

Boreddy and Srivastava, 2013; Mehta et al., 2013), the amenability of its chemical scaffold to 

chemical synthesis, in order to generate new analogues and assess toxic properties (Kim et al., 2008; 
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Chang et al., 2012; Lee et al., 2016), and the potency of deguelin against H. contortus observed in 

the present study set the scene for future investigations of deguelin and its derivatives in nematodes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

3.4. References 

Arulampalam, V., Kolosenko, I., Hjortsberg, L., Bjorklund, A., Grander, D., Tamm, K.P., 2011. 

Activation of STAT1 is required for interferon-alpha-mediated cell death. Exp. Cell. Res. 317, 9-

19.  

Ashack, R.J., McCarty, L.P., Malek, R.S., Goodman, F.R., Norton, P.P., 1980. Evaluation of rotenone 

and related compounds as antagonists of slow-reacting substance of anaphylaxis. J. Med. Chem. 

23, 1022-1026.  

Baell, J.B., 2016. Feeling nature’s pains: natural products, natural product drugs, and pan assay 

interference compounds (PAINs). J. Nat. Prod. 79, 616-628.  

Barnes, E.C., Kumar, R., Davis, R.A., 2016. The use of isolated natural products as scaffolds for the 

generation of chemically diverse screening libraries for drug discovery. Nat. Prod. Rep. 33, 372-

381. 

Beveridge, I., Emery, D., 2014. Australian Animal Parasites-Inside and Out. The Australian Society 

for Parasitology Inc., Australia, pp. 8-19. ISBN-9780646935607.  

Boreddy, S.R., Srivastava, S.K., 2013. Deguelin suppresses pancreatic tumor growth and metastasis 

by inhibiting epithelial to mesenchymal transition in an orthotopic model. Oncogene 32, 3980-

3991.  

Bortul, R., Tazzari, P.L., Billi, A.M., Tabellini, G., Mantovani, I., Cappellini, A., Grafone, T., 

Martinelli, G., Conte, R., Martelli, A.M., 2005. Deguelin, a PI3K/AKT inhibitor, enhances 

chemosensitivity of leukaemia cells with an active PI3K/AKT pathway. Brit. J. Haematol. 129, 

677-686. 

Caboni, P., Sherer, T.B., Zhang, N., Taylor, G., Na, H.M., Greenamyre, J.T., Casida, J.E., 2004. 

Rotenone, deguelin, their metabolites, and the rat model of Parkinson’s disease. Chem. Res. 

Toxicol. 17, 1540-1548.  

Chang, D.J., An, H., Kim, K.S., Kim, H.H., Jung, J., Lee, J.M., Kim, N.J., Han, Y.T., Yun, H., Lee, 

S., Lee, G., Lee, S., Lee, J.S., Cha, J.H., Park, J.H., Park, J.W., Lee, S.C., Kim, S.G., Kim, J.H., 

Lee, H.Y., Kim, K.W., Suh, Y.G., 2012. Design, synthesis, and biological evaluation of novel 

deguelin-based heat shock protein 90 (HSP90) inhibitors targeting proliferation and angiogenesis. 

J. Med. Chem. 55, 10863-10884.  

Chen, C.S., Ho, D.R., Chen, F.Y., Chen, C.R., Ke, Y.D., Su, J.G.J., 2014. AKT mediates actinomycin 

D-induced p53 expression. Oncotarget 5, 693-703.  

Davis, R.A., Duffy, S., Fletcher, S., Avery, V.M., Quinn, R.J., 2013. Thiaplakortones A-D: 

Antimalarial thiazine alkaloids from the Australian marine sponge Plakortis lita. J. Org. Chem. 

78, 9608-9613.  



66 
 

Davis, R.A., 2005. Isolation and structure elucidation of the new fungal metabolite (−)-xylariamide 

A. J. Nat. Prod. 68, 769-772.  

Embeya, O.V., Simbi, J.B.L., Stevigny, C., Vandenput, S., Shongo, P.C., Duez, P., 2014. Traditional 

plant-based remedies to control gastrointestinal disorders in livestock in the regions of Kamina 

and Kaniama (Katanga province, Democratic Republic of Congo). J. Ethnopharmacol. 153, 686-

693.  

Epe, C., Kaminsky, R., 2013. New advancement in anthelmintic drugs in veterinary medicine. Trends 

Parasitol. 29, 129-134.  

Fang, N., Casida, J.E., 1998. Anticancer action of cube insecticide: correlation for rotenoid 

constituents between inhibition of NADH:ubiquinone oxidoreductase and induced ornithine 

decarboxylase activities. Proc. Natl. Acad. Sci. U. S. A. 95, 3380-3384.  

Farmer, R.L., Scheidt, K.A., 2013. A concise enantioselective synthesis and cytotoxic evaluation of 

the anticancer rotenoid deguelin enabled by a tandem knoevenagel/conjugate 

addition/decarboxylation sequence. Chem. Sci. 4, 3304-3309. 

Fisher, G.M., Tanpure, R.P., Douchez, A., Andrews, K.T., Poulsen, S.A., 2014. Synthesis and 

evaluation of antimalarial properties of novel 4-aminoquinoline hybrid compounds. Chem. Biol. 

Drug Des. 84, 462-472.  

Garcia, J., Barluenga, S., Gorska, K., Sasse, F., Winssinger, N., 2012. Synthesis of deguelin-biotin 

conjugates and investigation into deguelin’s interactions. Bioorg. Med. Chem. 20, 672-680.  

Gerhauser, C., Lee, S.K., Kosmeder, J.W., Moriarty, R.M., Hamel, E., Mehta, R.G., Moon, R.C., 

Pezzuto, J.M., 1997. Regulation of ornithine decarboxylase induction by deguelin, a natural 

product cancer chemopreventive agent. Cancer Res. 57, 3429-3435. 

Hummelova, J., Rondevaldova, J., Balastikova, A., Lapcik, O., Kokoska, L., 2015. The relationship 

between structure and in vitro antibacterial activity of selected isoflavones and their metabolites 

with special focus on antistaphylococcal effect of demethyltexasin. Lett. Appl. Microbiol. 60, 242-

247.  

Isman, M.B., 2006. Botanical insecticides, deterrents, and repellents in modern agriculture and an 

increasingly regulated world. Annu. Rev. Entomol. 51, 45-66.  

Kaminsky, R., Gauvry, N., Weber, S.S., Skripsky, T., Bouvier, J., Wenger, A., Schroeder, F., 

Desaules, Y., Hotz, R., Goebel, T., Hosking, B.C., Pautrat, F., Wieland-Berghausen, S., Ducray, 

P., 2008. Identification of the amino-acetonitrile derivative monepantel (AAD 1566) as a new 

anthelmintic drug development candidate. Parasitol. Res. 103, 931-939. 

Kaplan, R.M., Vidyashankar, A.N., 2012. An inconvenient truth: global worming and anthelmintic 

resistance. Vet. Parasitol. 186, 70-78.  



67 
 

Kim, W.Y., Chang, D.J., Hennessy, B., Kang, H.J., Yoo, J., Han, S.H., Kim, Y.S., Park, H.J., Seo, 

S.Y., Mills, G., Kim, K.W., Hong, W.K., Suh, Y.G., Lee, H.Y., 2008. A novel derivative of the 

natural agent deguelin for cancer chemoprevention and therapy. Cancer Prev. Res. (Phila.) 1, 577-

587. 

Laing, R., Kikuchi, T., Martinelli, A., Tsai, I.J., Beech, R.N., Redman, E., Holroyd, N., Bartley, D.J., 

Beasley, H., Britton, C., Curran, D., Devaney, E., Gilabert, A., Hunt, M., Jackson, F., Johnston, 

S.L., Kryukov, I., Li, K., Morrison, A.A., Reid, A.J., Sargison, N., Saunders, G.I., Wasmuth, J.D., 

Wolstenholme, A., Berriman, M., Gilleard, J.S., Cotton, J.A., 2013. The genome and transcriptome 

of Haemonchus contortus, a key model parasite for drug and vaccine discovery. Genome Biol. 14, 

R88.  

Lane, J., Jubb, T., Shepherd, R., Webb-Ware, J., Fordyce, G., 2015. Priority List of Endemic Diseases 

for the Red Meat Industries. Final Report (B.AHE.0010). Meat & Livestock Australia Ltd., North 

Sydney, New South Wales, Australia. ISBN-9781741918946.  

Lee, H.Y., 2004. Molecular mechanisms of deguelin-induced apoptosis in transformed human 

bronchial epithelial cells. Biochem. Pharmacol. 68, 119-1124.  

Lee, H.Y., Oh, S.H., Woo, J.K., Kim, W.Y., Van Pelt, C.S., Price, R.E., Cody, D., Tran, H., Pezzuto, 

J.M., Moriarty, R.M., Hong, W.K., 2005. Chemopreventive effects of deguelin, a novel Akt 

inhibitor, on tobacco-induced lung tumorigenesis. J. Natl. Cancer Inst. 97, 1695-1699. 

Lee, S.C., Min, H.Y., Choi, H., Kim, H.S., Kim, K.C., Park, S.J., Seong, M.A., Seo, J.H., Park, H.J., 

Suh, Y.G., Kim, K.W., Hong, H.S., Kim, H., Lee, M.Y., Lee, J., Lee, H.Y., 2015. Synthesis and 

evaluation of a novel deguelin derivative L80, which disrupts ATP binding to the C-terminal 

domain of heat shock protein 90. Mol. Pharmacol. 88, 245-255. 

Lee, S.C., Min, H.Y., Choi, H., Bae, S.Y., Park, K.H., Hyun, S.Y., Lee, H.J., Moon, J., Park, S.H., 

Kim, J.Y., An, H., Park, S.J., Seo, J.H., Lee, S., Kim, Y.M., Park, H.J., Lee, S.K., Lee, J., Lee, J., 

Kim, K.W., Suh, Y.G., Lee, H.Y., 2016. Deguelin analogue SH-1242 inhibits Hsp90 activity and 

exerts potent anticancer efficacy with limited neurotoxicity. Cancer Res. 76, 686-699.  

Levrier, C., Balastrier, M., Beattie, K.D., Carroll, A.R., Martin, F., Choomuenwai, V., Davis, R.A., 

2013. Pyridocoumarin, aristolactam and aporphine alkaloids from the Australian rainforest plant 

Goniothalamu australis. Phytochemistry 86, 121-126.  

Lipinski, C.A., 2004. Lead- and drug-like compounds: the rule-of-five revolution. Drug Discov. 

Today 1, 337-341.  

Liu, Y.P., Lee, J.J., Lai, T.C., Lee, C.H., Hsiao, Y.W., Chen, P.S., Liu, W.T., Hong, C.Y., Lin, S.K., 

Ping Kuo, M.Y., Lu, P.J., Hsiao, M., 2016. Suppressive function of low-dose deguelin on the 

invasion of oral cancer cells by downregulating tumor necrosis factor alpha-induced nuclear 

factor-kappa B signaling. Head Neck 38, E524-E534. 



68 
 

Mehta, R., Katta, H., Alimirah, F., Patel, R., Murillo, G., Peng, X., Muzzio, M., Mehta, R.G., 2013. 

Deguelin action involves c-Met and EGFR signaling pathways in triple negative breast cancer 

cells. PLoS One 8, e65113.  

Murillo, G., Salti, G.I., Kosmeder, J.W., Pezzuto, J.M., Mehta, R.G., 2002. Deguelin inhibits the 

growth of colon cancer cells through the induction of apoptosis and cell cycle arrest. Eur. J. Cancer 

38, 2446-2454.  

das Neves, M.V.M., da Silva, T.M.S., de Oliveira Lima, E., da Cunha, E.V.L., de Jesus Oliveira, E., 

2016. Isoflavone formononetin from red propolis acts as a fungicide against Candida sp. Braz. J. 

Microbiol. 47, 159-166. 

Paulus, P., Ockelmann, P., Tacke, S., Karnowski, N., Ellinghaus, P., Scheller, B., Holfeld, J., 

Urbschat, A., Zacharowski, K., 2012. Deguelin attenuates reperfusion injury and improves 

outcome after orthotopic lung transplantation in the rat. PLoS One 7, e39265.  

Pence, H.E., Williams, A., 2010. ChemSpider: an online chemical information resource. J. Chem. 

Educ. 87, 1123-1124.  

Preston, S., Jabbar, A., Nowell, C., Joachim, A., Ruttkowski, B., Baell, J., Cardno, T., Korhonen, 

P.K., Piedrafita, D., Ansell, B.R.E., Jex, A.R., Hofmann, A., Gasser, R.B., 2015. Low cost whole-

organism screening of compounds for anthelmintic activity. Int. J. Parasitol. 45, 333-343.  

Preston, S., Jabbar, A., Nowell, C., Joachim, A., Ruttkowski, B., Cardno, T., Hofmann, A., Gasser, 

R.B., 2016a. Practical and low cost whole-organism motility assay: a step-by step protocol. Mol. 

Cell. Probes 30, 13-17.  

Preston, S., Jiao, Y., Jabbar, A., McGee, S.L., Laleu, B., Willis, P., Wells, T.N., Gasser, R.B., 2016b. 

Screening of the ‘Pathogen Box’ identifies an approved pesticide with major anthelmintic activity 

against the barber's pole worm. Int. J. Parasitol.: Drugs Drug Resist. 6, 329-334.  

Prichard, R.K., Geary, T.G., 2008. Drug discovery: fresh hope to can the worms. Nature 452, 157-

158.  

Roeber, F., Jex, A.R., Gasser, R.B., 2013. Impact of gastrointestinal parasitic nematodes of sheep, 

and the role of advanced molecular tools for exploring epidemiology and drug resistance-an 

Australian perspective. Parasit. Vectors 6, 153.  

Schwarz, E.M., Korhonen, P.K., Campbell, B.E., Young, N.D., Jex, A.R., Jabbar, A., Hall, R.S., 

Mondal, A., Howe, A.C., Pell, J., Hofmann, A., Boag, P.R., Zhu, X.Q., Gregory, T.R., Loukas, A., 

Williams, B.A., Antoshechkin, I., Brown, C.T., Sternberg, P.W., Gasser, R.B., 2013. The genome 

and developmental transcriptome of the strongylid nematode Haemonchus contortus. Genome 

Biol. 14, R89.  



69 
 

Schwarz, E.M., Hu, Y., Antoshechkin, I., Miller, M.M., Sternberg, P.W., Aroian, R.V., et al., 2015. 

The genome and transcriptome of the zoonotic hookworm Ancylostoma ceylanicum identify 

infection-specific gene families. Nat. Genet. 47, 416-422.  

Shang, H.S., Chang, J.B., Lin, J.H., Lin, J.P., Hsu, S.C., Liu, C.M., Liu, J.Y., Wu, P.P., Lu, H.F., Au, 

M.K., Chung, J.G., 2014. Deguelin inhibits the migration and invasion of U-2 OS human 

osteosarcoma cells via the inhibition of matrix metalloproteinase-2/-9 in vitro. Molecules 19, 

16588-16608.  

Shen, B., 2015. A new golden age of natural products drug discovery. Cell 163, 1297-1300.  

Suh, Y.A., Kim, J.H., Sung, M.A., Boo, H.J., Yun, H.J., Lee, S.H., Lee, H.J., Min, H.Y., Suh, Y.G., 

Kim, K.W., Lee, H.Y., 2013. A novel antitumor activity of deguelin targeting the insulin-like 

growth factor (IGF) receptor pathway via up-regulation of IGF-binding protein-3 expression in 

breast cancer. Cancer Lett. 332, 102-109.  

Tang, Y.T., Gao, X., Rosa, B.A., Abubucker, S., Hallsworth-Pepin, K., Martin, J., Tyagi, R., Heizer, 

E., Zhang, X., Bhonagiri-Palsikar, V., 2014. Genome of the human hookworm Necator 

americanus. Nat. Genet. 46, 261-269.  

Thamilselvan, V., Menon, M., Thamilselvan, S., 2011. Anticancer efficacy of deguelin in human 

prostate cancer cells targeting glycogen synthase kinase-3 β/β-catenin pathway. Int. J. Cancer 129, 

2916-2927.  

Tyagi, R., Joachim, A., Ruttkowski, B., Rosa, B.A., Martin, J.C., Hallsworth-Pepin, K., Zhang, X., 

Ozersky, P., Wilson, R.K., Ranganathan, S., 2015. Cracking the nodule worm code advances 

knowledge of parasite biology and biotechnology to tackle major diseases of livestock. Biotechnol. 

Adv. 33, 980-991.  

Udeani, G.O., Gerhauser, C., Thomas, C.F., Moon, R.C., Kosmeder, J.W., Kinghorn, A.D., Moriarty, 

R.M., Pezzuto, J.M., 1997. Cancer chemopreventive activity mediated by deguelin, a naturally 

occurring rotenoid. Cancer Res. 57, 3424-3428.  

Udeani, G.O., Zhao, G.M., Shin, Y.G., Kosmeder, J.W.I.I., Beecher, C.W., Kinghorn, A.D., Moriarty, 

R.M., Moon, R.C., Pezzuto, J.M., 2001. Pharmacokinetics of deguelin, a cancer chemopreventive 

agent in rats. Chemother. Pharmacol. 47, 263-268.  

Vats, S., Kamal, R., 2014. Cassia occidentalis L. (a new source of rotenoids): its in vitro regulation 

by feeding precursors and larvicidal efficacy. Plant Cell Tissue Organ Cult. 116, 403-409.  

Veglia, F., 1915. The anatomy and life-history of the Haemonchus contortus (Rud.). Rep. Dir. Vet. 

Res. 3-4, 347e500.  

Vrana, J.A., Boggs, N., Currie, H.N., Boyd, J., 2013. Amelioration of an undesired action of deguelin. 

Toxicon 74, 83-91.  



70 
 

Wenjie, J., Yuchun, F., Chunji, G., Yunhui, W., Pang, J., 2009. Extraction and purification of deguelin 

from Derris trifoliata Lour root. Int. J. Agric. Biol. Eng. 2, 98-103. 

Wu, W., Hai, Y., Chen, L., Liu, R.J., Han, Y.X., Li, W.H., Li, S., Lin, S., Wu, X.R., 2016. Deguelin-

induced blockade of PI3K/protein kinase B/MAP kinase signaling in zebrafish and breast cancer 

cell lines is mediated by down-regulation of fibroblast growth factor receptor 4 activity. 

Pharmacol. Res. Perspect. 4, e00212. 

Xie, Y., Yang, W., Tang, F., Chen, X., Ren, L., 2015. Antibacterial activities of flavonoids: structure-

activity relationship and mechanism. Curr. Med. Chem. 22, 132-149. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

Table 3.1. In vitro inhibitory activity of deguelin compared with that of monepantel or moxidectin on xL3 motility following an incubation 

for 24 h, 48 h or 72 h with each compound. A comparison of ‘half of the maximum inhibitory concentration’ (IC50) values with monepantel 

or moxidectin; expressed as mean IC50 ± standard error of the mean (SEM). 

Compound                                   Lipinski rule-of-five a                  IC50 (μM) on xL3 motility  

    1   2   3 4 5 6       24 h    48 h     72 h 

Deguelin  394.1 5.0 63.0 6 0 0  14.98 ± 5.27 ~28.66 b 14.79 ± 1.28 

 

Monepantel 

 

 

  

473.1 

 

5.9 

 

111.0 

 

5 

 

1 

 

1 

  

0.33 ± 0.28 

 

0.21 ± 0.17 

 

0.13 ± 0.11 

 

Moxidectin 

 

 

 

 

 

 

  

639.4 

 

8.4 

 

116.0 

 

9 

 

2 

 

2 

  

0.17 ± 0.02 

 

0.10 ± 0.01 

 

0.03 ± 0.01 

 

a Lipinski rule-of-five (cf. Lipinski, 2004): 1 = molecular weight (g/mol); 2 = lipophilicity; 3 = polar surface area; 4 = H-bond acceptors; 5 = H-bond donors; 6 = number of rule-of-five 

violations. 
b Value estimated from the graph (48 h) in Fig. 3.1.  

 



72 
 

 

 

Fig. 3.1. Dose response curves showing the activity of deguelin (triangle; red) on the exsheathed 

third-stage larvae (xL3) of Haemonchus contortus compared with reference compounds monepantel 

(circle; blue) and moxidectin (square; green) following an incubation for 24 h, 48 h or 72 h with the 

compound. 
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CHAPTER 4 

Selected α-pyrones from the plants Cryptocarya novoguineensis (Lauraceae) 

and Piper methysticum (Piperaceae) with activity against Haemonchus contortus 

in vitro

 
 
ABSTRACT 

 

Due to the widespread occurrence and spread of anthelmintic resistance, there is a need to develop 

new drugs against resistant parasitic nematodes of livestock animals. The Nobel Prize-winning 

discovery and development of the anti-parasitic drugs avermectin and artemisinin has renewed the 

interest in exploring natural products as anthelmintics. In the present study, we screened 7,500 plant 

extracts for in vitro-activity against the barber's pole worm, Haemonchus contortus, a highly 

significant pathogen of ruminants. The anthelmintic extracts from two plants, Cryptocarya 

novoguineensis and Piper methysticum, were fractionated by high-performance liquid 

chromatography (HPLC). Subsequently, compounds were purified from fractions with significant 

biological activity. Four α-pyrones, namely goniothalamin (GNT), dihydrokavain (DHK), 

desmethoxyyangonin (DMY) and yangonin (YGN), were purified from fractions from the two plants, 

GNT from C. novoguineensis, and DHK, DMY and YGN (= kavalactones) from P. methysticum. The 

three kavalactones induced a lethal, eviscerated (Evi) phenotype in treated exsheathed third-stage 

larvae (xL3s), and DMY and YGN had moderate potencies (IC50 values of 31.7 ± 0.23 μM and 23.7 

± 2.05 μM, respectively) at inhibiting the development of xL3s to fourth-stage larvae (L4s). Although 

GNT had limited potency (IC50 of 200-300 μM) at inhibiting L4 development, it was the only 

compound that reduced L4 motility (IC50 of 6.25-12.50 μM). The compounds purified from each 

plant affected H. contortus in an irreversible manner. These findings suggest that structure-activity 

relationship studies of α- pyrones should be pursued to assess their potential as anthelmintics. 
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4.1. Introduction 

Natural products have an enormous chemical and structural diversity, which is unmatched by 

synthetic libraries of small molecules (Harvey et al., 2015) and, thus, inspire new discoveries in 

chemistry, biology and medicine (Shen, 2015; Newman and Cragg, 2016). There are numerous 

examples of natural products that have substantially advanced drug discovery and chemotherapy (cf. 

Strobel and Daisy, 2003; Shen, 2015). Key examples include the Nobel Prize-winning discoveries of 

penicillin by Alexander Fleming, Ernst Chain and Howard Florey (1945) and streptomycin by Selman 

A. Waksman (1952), representing the start of a ‘golden age’ of natural product-drug discovery in the 

1950s and 1960s, respectively.  

In subsequent years, major advances in combinatorial chemistry (Liu et al., 2017) underpinned the 

large-scale synthesis of compounds (Houghten et al., 1991) and the establishment and curation of 

synthetic libraries of small molecules for high throughput screening (Liu et al., 2017), somewhat 

marginalising natural product-based drug discovery (Harvey, 2008). However, this change led to a 

major reduction in novel lead compounds entering the drug development pipeline and in new drugs 

entering the market (Li and Vederas, 2009). Nonetheless, there has been an increased interest again 

in drugs from natural compounds since the 2015 Nobel Prize in Physiology or Medicine was awarded 

to William Campbell, Satoshi Omura and Youyou Tu for their discoveries of avermectin or 

artemisinin, which led to major success in the control of human filariases and malaria (Shen, 2015; 

Campbell, 2016). These advances were clearly major milestones in parasitology, providing new hope 

and aspirations for the discovery of new anti-parasitic compounds (Shen, 2015). 

The discovery of new chemotherapeutics is imperative in the veterinary area, given the widespread 

problems associated with drug resistance, particularly in populations of parasitic roundworms (nema- 

todes) of livestock animals (Geary, 2016; Kotze and Prichard, 2016). Even though new anthelmintics, 

such as monepantel (Kaminsky et al., 2008; Prichard and Geary, 2008) and derquantel (Little et al., 

2010), were introduced relatively recently, resistance to these compounds have been reported 

(Kaminsky et al., 2011; Scott et al., 2013). Thus, in order to reduce productivity losses and diseases 

linked to nematode infections (Lane et al., 2015), there is an urgent and continued need to discover 

and develop new compounds against nematodes of livestock. 

Over the last years, we have been working toward this goal, with an emphasis on the discovery of 

novel nematocidal or nematostatic compounds for medical chemistry optimisation and subsequent 

development (e.g., Preston et al., 2016, 2017a; Herath et al., 2017; Jiao et al., 2017). The Griffith 

Institute for Drug Discovery maintains multiple compound collections, including NatureBank which 

contains natural product extracts (n = 10,000) and fractions (n = 50,000) derived from plants, marine 

invertebrates and fungi as well as 30,000 archived biota samples linked to most of these samples 

(Camp et al., 2014). In the present study, we took advantage of these resources and screened 
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thousands of plant extracts for their anti-parasitic activity against the barber's pole worm, 

Haemonchus contortus, a highly significant pathogen of ruminants, and then characterised and 

assessed nematocidal fractions and pure compounds derived from the plants Cryptocarya 

novoguineensis (family Lauraceae) and Piper methysticum (family Piperaceae). 

 

4.2. Materials and methods 

4.2.1. NatureBank extract library 

The NatureBank library from the Griffith Institute for Drug Discovery contained extracts from 

plants (75%; 7,500), marine invertebrates (20%; 2,000) and fungi (5%; 500). The methods employed 

for the preparation of these extracts (defined as lead-like enhanced [LLE] extracts) have been 

described previously (Camp et al., 2011). In the present study, aliquots of 7,500 plant extracts in the 

NatureBank library were purchased and used; the dried extracts were individually solubilised in 

dimethyl sulfoxide (DMSO; Ajax Finechem, Australia) to achieve a stock concentration of 250 μg 

equivalents per μl (μge/μl).  

The concentration units, μge/μl, used for the NatureBank extract library relate to: (i) the amount 

of dry plant material that is weighed out for extraction, and (ii) the amount of DMSO that the dry 

plant extract is dissolved in to make the extract for subsequent screening. For example, 300 mg 

equivalents (mge) is the extract derived from 300 mg of plant material; when this extract is dissolved 

in 1.2 ml of solvent (i.e. DMSO), then the final stock solution concentration is 250 μge/μl. Further 

details on this methodology have been published previously (Camp et al., 2013). 

 

4.2.2. Fractionation of ‘hit’ extracts from plants, and assessment of purity 

First, air-dried and ground leaves (10.5 g) or roots (10.6 g) were extracted with n-hexane (250 ml, 

2 h), CH2Cl2 (250 ml, 2 h) and MeOH (250 ml, 2 h; 250 ml, 16 h). The n-hexane extract was discarded, 

while the CH2Cl2 and MeOH extracts were combined and dried under reduced pressure to yield a 

dark green gum (0.90-1.61 g). This material was resuspended in MeOH (150 ml), loaded on to a 

MeOH-conditioned polyamide gel (Machery Nagel Polyamide CC6 (0.05-0.016 mm, 30 g) in a 

sintered glass column, and washed with MeOH (300 ml); the resultant MeOH flush was dried to yield 

a green gum (LLE extracts; 0.66-1.36 g).             

A portion of this material (0.20 g) was pre-adsorbed on Alltech C18-bonded silica (35-75 μm, 150 

Å) and dry-packed into an Alltech stainless steel guard cartridge (10 × 30 mm), which was then 

attached to a Thermo Betasil C18-bonded silica 5 μm column (21.2 mm × 150 mm). Isocratic high-

performance liquid chromatography (HPLC) conditions of 90% H2O (0.1% TFA)/10% MeOH (0.1% 

TFA) were employed for the first 10 min; then, a linear gradient to MeOH (0.1% TFA) was run for 

40 min, followed by isocratic conditions of MeOH (0.1% TFA) for 10 min, all at a flow rate of 9 
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ml/min. A Waters 600 pump, fitted with a Waters 996 photodiode array detector and a Gilson 215 

liquid handler equipped with a Gilson 819 injector, was used for semi-preparative HPLC separations. 

Sixty fractions were collected by time (60 × 1 min) from the start of the HPLC run and prepared for 

screening in the bioassays (subsection 4.2.4). The MeOH (Honeywell, USA), n-hexane and CH2Cl2 

(ACI-Labscan, Thailand) used for extractions and chromatography were all HPLC grade. TFA was 

purchased from Sigma-Aldrich (USA). 

The fractions from plant extracts with significant biological activity against H. contortus (cf. 

subsection 4.2.4) were individually analysed by 1H nuclear magnetic resonance (NMR) spectroscopy 

and mass spectrometry (MS), and then purified further by HPLC using C18-bonded silica as a 

stationary phase. The purified compounds were identified by comparing NMR and MS data with 

those obtained from published literature (Jewers et al., 1972; Dharmaratne et al., 2002). Specific 

optical rotations were acquired on a JASCO P-1020 polarimeter, and NMR spectra were recorded on 

a Bruker AVANCE HDX 800 MHz NMR spectrometer, equipped with a TCI cryoprobe at 25 °C. 

NMR spectra were processed using MestReNova v.11.0 and the 1H and 13C NMR chemical shifts 

were referenced to the solvent peaks for CDCl3 at δH = 7.26 ppm and δC = 77.16 ppm, respectively. 

Low resolution ESI- MS data were recorded on a Thermo MSQ Plus mass spectrometer. The solvents 

used for specific rotation and MS were HPLC grade from B&J (USA). Subsequently, compounds 

that showed effects in H. contortus bioassays were purchased from the company PhytoLab (Germany) 

and confirmed to be > 95% pure by 1H-NMR spectroscopy. 

 

4.2.3. Parasite production and maintenance 

Haemonchus contortus (Haecon-5 strain) was produced in experimental sheep as described 

previously (Schwarz et al., 2013; Preston et al., 2015), in accord with institutional animal ethics 

guidelines (permit no. 1413429; The University of Melbourne, Australia). L3s were cultured, stored 

and exsheathed employing established protocols (Preston et al., 2015). In brief, L3s were exsheathed 

by incubation in 0.15% v/v sodium hypochlorite (NaClO) for 20 min at 37 °C and then washed five 

times in sterile, physiological saline (pH 7.0, 37 °C). Then, xL3s were cultured in Luria Bertani (LB) 

medium supplemented with 100 IU/ml of penicillin, 100 mg/ml of streptomycin and 2.5 mg/ml of 

amphotericin (supplemented medium was called LB*; Preston et al., 2015). L4s were produced by 

incubating xL3s in LB* at 10% v/v CO2 and 38 °C for 7 days (Preston et al., 2015). 

 

4.2.4. Bioassay for screening of plant extracts and chromatographic fractions on H. contortus 

Individual NatureBank plant extracts were screened in an established H. contortus bioassay 

(Preston et al., 2015) for a reduction in motility of xL3s; the compounds monepantel and moxidectin 

(20 μM) were included as positive controls, and LB* + 1.25% DMSO as a negative (untreated) 
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control. In brief, extracts were diluted to a final concentration of 3 μge/μl in LB*, and arrayed (50 μl 

per well) into 96-well plates using an automated multichannel pipette (Viaflo Assist/II, Integra 

Biosciences, Switzerland). Then, xL3s were dispensed (300 xL3s in 50 μl per well) into individual 

wells, and the plates were incubated (10% v/v CO2, 38 °C, model 311, Thermo Fisher Scientific, 

USA) for 72 h. A video recording (5 s) was made at 72 h, and the motility index (Mi) value was 

recorded in individual wells as described previously (Preston et al., 2015). The percentage of xL3 

motility reduction in each well was calculated using the program Prism (v.7.02 GraphPad software). 

An extract was recorded as a ‘hit’ (i.e. being active) if it reduced xL3 motility by ≥ 70% after 72 h. 

Fractions from active (‘hit’) extracts were then tested individually for inhibition of xL3 motility and 

of L4 development (cf. Preston et al., 2015). To assess the inhibition of L4 development, the xL3s 

were treated with the fractions and the number of L4s that developed in 7 days were counted. L4s 

were differentiated from xL3s by their well-developed mouth and pharynx (cf. Preston et al., 2015). 

The results were analysed using a non-parametric one-way ANOVA and Dunnett's multiple 

comparison tests, as implemented in GraphPad Prism v7.02. The fractions with a significant 

inhibition were selected for the characterisation and purification of compounds.  

 

4.2.5. Assessment of potency of extracts and compounds on motility, development and 

morphological phenotype of H. contortus 

Individual ‘hit’ extracts or purified compounds were tested for their potency at inhibiting the 

motility of H. contortus xL3s or L4s, and of L4 development, in a two-fold dilution series [18 points, 

commencing at 3 µge/µl (+1.25% DMSO) for extracts, and 100 µM (+0.25% DMSO) for purified 

test and control compounds - monepantel and moxidectin]. LB* plus matched percentages of DMSO 

were included as negative (untreated) controls. To assess motility, xL3s or L4s were treated with the 

individual extracts or compounds, and 5 s video recordings were made of individual wells at 24 h, 48 

h and 72 h (cf. Preston et al., 2015). The compounds were tested further for the inhibition of L4 

development and motility at concentrations of 500 µM, 400 µM, 300 µM and 200 µM, with matched 

concentrations of monepantel and moxidectin being included as positive controls, and of DMSO 

(commencing at 1.25% DMSO) as negative (untreated) controls. Both the development and motility 

assays were repeated three times, with three technical replicates in each assay. The concentration at 

half-maximum response (IC50) of each extract or compound was determined by transforming the 

concentration to log10 and fitting to a variable slope four-parameter model using GraphPad software. 

Subsequently, the irreversibility of the effects of individual compounds on xL3s following removal 

from the medium was evaluated. For this purpose, the percentages of larvae (xL3 and L4) were 

counted at different time points (from 24 h to 72 h at 6-h intervals and at 7 days) of compound 
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exposure, and at 7 days following compound removal at different time points (from 24 h to 72 h at 6-

h intervals) (Fig. 4.3). Two biological replicates (each with three technical replicates) were performed 

for representative compounds at concentrations that inhibited L4 development by ≥ 80% (7 days). 

The statistical analyses were conducted using one-way ANOVA (non-parametric) and Dunnett's 

multiple comparison tests, in order to compare of L4 development following the removal of 

compounds from xL3 cultures at well-defined time points (from 24 h to 72 h at 6-h intervals) to L4 

development with compound present throughout the 7 days of the assay.  

To study the effect of concentrations of active compounds on the morphological phenotype of H. 

contortus, they were tested in a dilution series (300 µM, 200 µM, 100 µM, 50 µM, 25 µM, 12.5 µM 

and 6.25 µM), and the percentages of affected xL3s were counted (at 7 days). In addition, the earliest 

time point of appearance of a phenotype was determined by scoring the percentage of affected xL3s 

at different time points (from 24 h to 72 h at 6-h intervals) of compound exposure (100 µM). 

 

4.2.6. Cytotoxicity and selectivity of compounds 

The toxicity of the compounds to a normal breast epithelial cell line (MCF10A) was assessed in 

vitro in two biological assays (duplicates in each assay) as described previously (Preston et al., 

2017b). In brief, MCF10A cells in Dulbecco's Modified Eagle Medium were cultured at a density of 

700 per well, and then treated with individual compounds or controls. Monepantel (activity on larvae) 

and doxorubicin (cell toxicity) were used as positive controls, and culture medium with matched 

DMSO concentration as a negative (untreated) control. Test and control compounds were tested in a 

10-point two-fold dilution series, commencing at the concentrations that inhibited L4 development 

by ≥ 80%, and at 50 µM and 10 µM for monepantel and doxorubicin, respectively. After 48 h of 

incubation, MCF10A cells were stained with 4′,6-diamidino-2-phenylindole (DAPI; 5 µg/ml), an 

image of each well was taken, and the numbers of nuclei in individual wells were counted using an 

established, automated protocol (see Preston et al., 2017b). IC50 values were calculated as described 

in subsection 4.2.5, and the selectivity index (SI) was calculated as per IC50 for MCF10A cells/IC50 

for H. contortus (see Preston et al., 2017b). 

 

4.3. Results 

4.3.1. Identification of active extracts and chromatographic fractions 

Through the screening of the 7,500 extracts, we identified three plant extracts (Cn-L, Cn-R and 

Pm-R) that consistently inhibited xL3 motility by 70%; Cn-L was a leaf extract from Cryptocarya 

novoguineensis, Cn-R was a root extract from the same plant species, and Pm-R was an extract from 

the roots of Piper methysticum (Table 4.1). Although the inhibition of xL3 motility was not dose-

dependent for these extracts (not shown), each of the three extracts elicited a dose-dependent 
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inhibition of L4 development (Fig. 4.1; Table 4.1), with Pm-R having the highest potency in the L4 

developmental assay (IC50 = 0.2 ± 0.06 µge/µl; see Fig. 4.1; Table 4.1). Subsequently, the three 

extracts (designated Cn-L, Cn-R and Pm-R), each with activity against H. contortus, were subjected 

to chromatographic separation, and 60 fractions from each extract were tested in the xL3 motility and 

L4 developmental assays. Given the lack of dose response effects of extracts, none of the fractions 

inhibited xL3 motility (not shown). Fraction 40 from each Cn-L and Cn-R elicited a significant (P < 

0.0001) inhibition of L4 development (Fig. 4.1), and fractions 41-42 and 44-45 from Pm-R displayed 

the most significant (P < 0.0001) developmental inhibition (Fig. 4.1). 

 

4.3.2. Chemical analyses of active fractions and identification of compounds 

The NMR and MS analyses of fraction 40 of each Cn-L and Cn-R revealed pure goniothalamin 

(GNT; 27.4-31.3 mg, 0.86-0.98% dry weight) (Supplementary file 4.1; cf. Jewers et al., 1972). 

Separate analyses of fractions 41 and 42 of Pm-R revealed dihydrokavain (DHK; 6.9 mg, 0.43% dry 

weight) (Supplementary file 4.1; cf. Dharmaratne et al., 2002) in both fractions. Analyses of fractions 

44 and 45 of Pm-R revealed desmethoxyyangonin (DMY; 2.8 mg, 0.172% dry weight) 

(Supplementary file 4.1; cf. Dharmaratne et al., 2002) and yangonin (YGN; 2.4 mg, 0.15% dry 

weight) (cf. Dharmaratne et al., 2002), respectively. Thus, we succeeded in purifying four known 

compounds (GNT, DHK, DMY and YGN; see Fig. 4.2), all belonging to the α-pyrone structural 

class (Drewes et al., 1995; Smith et al., 2004). 

 

4.3.3. Potency of α-pyrones at inhibiting L4 development and L4 motility 

All four α-pyrones (GNT, DHK, DMY and YGN) were individually tested for their inhibitory 

effects on L4 development and motility. Two analogues, DMY and YGN, inhibited L4 development 

with IC50 values of 31.7 ± 0.23 µM and 23.7 ± 2.05 µM, respectively (at 7 days), whereas GNT and 

DHK had higher IC50 values (Fig. 4.2; Table 4.1).  

Of the four α-pyrones tested, GNT elicited a dose-dependent inhibition of L4 motility and induced 

a ‘straight’ phenotype in treated L4s (Fig. 4.2). Inspection of the dose-response curve of this 

compound indicated that the IC50 was 6.25-12.50 µM at 72 h (Fig. 4.2; Table 4.1). The other 

compounds, DHK, DMY, YGN (from P. methysticum), did not inhibit L4 motility, even at the highest 

tested concentration of 500 µM.  

 

4.3.4. Evisceration (Evi) phenotype observed in xL3s treated with compounds from P. methysticum 

A lethal morphological phenotype was identified by light microscopy (100x magnification) in 

xL3s treated with individual compounds DHK, DMY and YGN purified from P. methysticum (Fig. 
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4.2), but not with GNT, even at 500 µM, the concentration at which the compound inhibited L4 

development by 100%. This phenotype has been described previously as an initial anterior protrusion 

followed by evisceration (Evi) (Jiao et al., 2019). For both DMY and YGN, the lowest concentration 

to induce the Evi phenotype was 12.5 µM (at 7 days), while it was 50 µM for compound DHK (Fig. 

4.2). For all three kavalactones, the potency at eliciting the Evi phenotype related to the potency to 

inhibit L4 development. For instance, the highest percentages of Evi xL3s were observed at 

concentrations that inhibited ≥ 80% of L4 development (300 µM for DHK, 100 µM for DMY and 50 

µM for YGN; see Fig. 4.2). In addition, a time-course experiment showed that 30 h of exposure to 

DMY was sufficient to induce the Evi phenotype (scored at 7 days), even though the first Evi larvae 

were not observed until 42 h (see subsection 4.3.5; Fig. 4.3). 

 

4.3.5. Irreversible effects of the compounds on larvae 

The irreversibility of the effects of compounds GNT and DMY on xL3s was evaluated. The latest 

recorded time points to allow significant (P < 0.05) larval recovery (i.e. L4 development) following 

the removal of GNT and DMY compared with continually-exposed, matched controls were 42 h and 

36 h, respectively (Fig. 4.3). Therefore, the shortest recorded times for GNT and DMY to exert 

irreversible effects similar to those of continually-exposed controls were 48 h and 42 h, respectively 

(Fig. 4.3). 

 

4.3.6. Cytotoxicity and selectivity of compounds 

All four α-pyrones (GNT, DHK, DMY and YGN) were individually tested for their toxicity on 

MCF10A cells. The three kavalactones (DHK, DMY and YGN) had relatively low toxicities (IC50 

values of > 300 µM, > 100 µM and 45.8 ± 2.74 µM, respectively) compared with those of GNT (IC50 

< 1 µM) and the controls, doxorubicin (0.002 ± 0.00 µM) and monepantel (26.0 ± 8.06 µM) (Table 

4.1). While GNT was not selective at inhibiting either development or motility of the larval stages of 

H. contortus tested, the SIs for three kavalactones for the inhibition of L4 development ranged from 

1.5 to 3.2 (Table 4.1). 

 

4.4. Discussion 

In vitro-screening of all 7,500 plant extracts from the NatureBank library identified three extracts 

from the Papua New Guinean plants Cryptocarya novoguineensis and Piper methysticum with 

significant anthelmintic activity against H. contortus. The bioassay-guided selection of anthelmintic 

fractions from these extracts and subsequent purification/analysis thereof identified four compounds 
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with an α-pyrone scaffold, namely GNT (goniothalamin) from C. novoguineensis as well as DHK 

(dihydrokavain), DMY (desmethoxyyangonin) and YGN (yangonin) from P. methysticum.  

Both C. novoguineensis and P. methysticum are reported to have numerous medicinal applications. 

For example, C. novoguineensis extracts have been used in South-East Asia to treat fever and 

diarrhoea (Kostermans, 1989; Allen et al., 2009), and GNT, the bioactive compound purified in this 

study, is known for its anti-cancer activity induced via apoptosis, genotoxicity and/or antiproliferative 

effects (Chien and Pihie, 2003; Chan et al., 2010; Al-Qubaisi et al., 2011; Souza et al., 2012; 

Semprebon et al., 2014). In addition, GNT has been reported to possess anti-bacterial (Mosaddik and 

Haque, 2003), antifungal (Mosaddik and Haque, 2003), anti-trypanosome (de Fatima et al., 2006a) 

and anti-malaria (Mohd Ridzuan et al., 2006) properties and, interestingly, anthelmintic activity 

against the root-knot nematode Meloidogyne (Campos et al., 2016). Similarly, P. methysticum (kava 

plant) has been used in the Western Pacific Islands, for thousands of years, to prepare a“social 

beverage with psychotropic (anxiolytic, sedative or hypnotic) effects (Singh, 1992). These 

characteristic effects facilitated the entry of kavalactone products into the commercial market; 

kavalactones can be found as ingredients of “over-the-counter” products in some countries 

including Australia (Sarris et al., 2011), although they are banned in some countries due to their 

reported, but rare hepatotoxicity (Teschke et al., 2003, 2008). Apart from their anxiolytic properties, 

kavalactones have been reported to also exert antiviral (Li et al., 2017) and anti-cancer (Li et al., 

2012) effects. Interestingly, the present study is the first report of activity of GNT and kavalactones 

against a parasitic nematode of animals.  

The pronounced inhibitory effects of unfractionated extracts on the motility of H. contortus xL3s, 

which were not observed for individual fractions or compounds, might be associated with synergistic 

effects among compounds present at relatively high concentrations in the extracts. However, the 

inhibition of L4 development was distinctive and consistent during the fractionation process, and was 

thus used to guide the selection of anthelmintic fractions and compounds. Here, we showed that all 

three kavalactones induced the Evi phenotype in treated xL3s and, thus, eliminated further 

development, but none of the three inhibited L4 motility. The absence or the non-essentiality of the 

target (present in xL3s) for the survival of developing L4s, or differences in pharmacological 

properties (e.g., permeability or metabolism) of the compounds between the two developmental 

stages of H. contortus might explain the lack of activity of kavalactones on the L4 stage. Despite the 

low potency of GNT at inhibiting L4 development, it was the only compound that suppressed L4 

motility at a relatively high potency. This differential activity of GNT might be associated with 

distinct levels of target expression, with variable pharmacokinetic properties of the compound 

between the two larval stages and/or with an efficient drug uptake by the L4 stage due to its well-
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developed mouth and pharynx. As GNT affected L4 motility but did not induce the Evi phenotype in 

xL3s, it seems reasonable to assume that this compound binds to, or modulates, one or more targets 

that is/are distinct from that/those of kavalactones. However, given the structural similarity of these 

compounds, we suggest that the presence of the methoxy group of the pyrone ring of kavalactones 

might be a determinant for the induction of Evi phenotype in xL3s, while its absence allowed GNT 

to affect L4 motility.  

As there was a marked reduction in L4 development (7 days) after removal of GNT at 48 h and of 

a representative kavalactone (DMY) at 42 h, we propose that these compounds either irreversibly 

bind to their respective targets or cause irreparable damage to larvae. However, this hypothesis needs 

to be tested via future molecular and/or biochemical investigations. In the current study, GNT was 

shown to be substantially more toxic in vitro to MCF10A cells than kavalactones. This finding 

contrasts the results of a previous study (Punganuru et al., 2018) showing that GNT was not toxic to 

the same cell-line using a resazurin reduction assay, which assessed metabolic activity rather than 

cell proliferation (as measured in the present study). Notably, the methoxy substituent on the phenyl 

ring is the only structural difference between the two equipotent, closely related analogues, DMY and 

YGN, which exerted different levels of toxicity to MCF10A cells. Thus, the substitution at this 

position should be considered in future medicinal chemistry optimisation of this scaffold. 

The molecular targets of both GNT and kavalactones in H. contortus are presently unknown. 

However, hypotheses regarding targets have been formulated for these compounds in mammals. For 

instance, GNT is predicted to act on targets including the proteases cascade (caspases 3 and 9), 

cytochrome c, protein kinase A and the mitochondrial permeability transition pore complex (de 

Fatima et al., 2006b), whereas the targets proposed for kavalactones include GABA (aminobutyric 

acid) and benzodiazepine receptors, voltage-gated ion channels, arachidonate cascade and 

monoamine oxidase (Ligresti et al., 2012). These proposals encourage future investigations to 

identify the targets of these α-pyrones and their modes of action in H. contortus and other nematodes. 

In conclusion, the bioassay-guided fractionation of the extracts of two plant species, C. 

novoguineensis and P. methysticum, and further purification yielded four known α-pyrones with 

anthelmintic activity against H. contortus. Given the ability of kavalactones to induce a lethal 

phenotype in xL3s and the relatively potent activity of GNT against the L4 stage, these compounds 

are considered as valid chemical starting points for the development of novel anthelmintics. Their 

simple drug-like structures should facilitate chemical development and their evaluation as potential 

drug leads, reinvigorating work on natural products as sources of anti-parasitic agents. 
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Table 4.1. Details and in vitro activity and/or cytotoxicity of three plant extracts and four purified compounds. Extracts were from 

leaves (Cn-L) or roots (Cn-R) of Cryptocarya novoguineensis, from roots (Pm-R) of Piper methysticum, and the four purified compounds 

were goniothalamin (GNT), dihydrokavain (DHK), desmethoxyyangonin (DMY) and yangonin (YGN). Comparison of the half-maximum 

inhibitory concentration (IC50) values for the inhibitory effects of these extracts or compounds on L4 development and/or L4 motility of 

Haemonchus contortus. IC50 values are expressed as a mean IC50 ± standard error of mean or a range compared with respective values for 

monepantel (MON) and moxidectin (MOX). IC50 values for toxicity on MCF10A cells and selectivity indices (SI) relating L4 development 

or L4 motility for purified compounds were compared with those values for MON.   

 

Not applicable = na. 
a Estimated from the graphs in Fig. 4.2.

                Details and in vitro activity of extracts and purified compounds on H. contortus 

Extract   

Plant family                 

       

      Plant species 

      

      Plant part 

  

L4 development  

(IC50 in μge/μl)  

(7 days) 

Cn-L  Lauraceae      Cryptocarya novoguineensis      Leaves  1.6 ± 0.017 

Cn-R  Lauraceae      Cryptocarya novoguineensis      Roots  1.6 ± 0.025 

Pm-R  Piperaceae      Piper methysticum      Roots  0.2 ± 0.056 

                                                    Potency and cytotoxicity of compounds 

Compound  L4 

development  

(IC50 in μM) 

(7 days) 

 L4 motility 

(IC50 in μM) 

(72 h) 

 Toxicity for 

MCF10A cells 

(IC50 in μM) 

 Selectivity index (SI)  

     L4 development  

(7 days) 

 L4 motility 

  
    (72 h) 

GNT   200 - 300 a  6.25 - 12.5 a  < 1  < 1  < 1 

DHK   207 ± 0.150  No dose-dependent activity  > 300  > 1.50  Not determined 

DMY   31.7 ± 0.225  No dose-dependent activity  > 100                                   > 3.15  Not determined 

YGN  23.7 ± 2.045  No dose-dependent activity  45.8 ± 2.735  1.93  Not determined 

Control           

MON  0.200 ± 0.006  0.1 a  26.0 ± 8.055  130  260 

MOX  0.080 ± 0.040  0.003 ± 0.010  na  na  na 
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Fig. 4.1.  Effects of extracts and fractions on inhibition of L4 development. Dose-response curves for extracts of leaves (Cn-L) and roots (Cn-R) 

from Cryptocarya novoguineensis and roots (Pm-R) from Piper methysticum on L4 development (panel A). Chromatograms and biological activity (L4 

development inhibition) of semi-preparative C18-HPLC fractions from three extracts, and of monepantel (MON) and moxidectin (MOX), were compared 

with untreated (U) controls (i.e. LB* medium + 1.25% DMSO). Fraction 40 was the most active in extracts Cn-L and Cn-R (panels B and C), and four 

fractions, 41-42 and 44-45 had the highest biological activity in extract, Pm-R (panel D). The three individual chromatograms in panels B-D display the 

ultraviolet (UV)-absorbance of the eluting fractions at 254 nm (green), 280 nm (red), 320 nm (blue), 350 nm (yellow) and 380 nm (pink). Fraction/s 

with the highest biological activity are indicated by red rectangles in panels B-D. Asterisks indicate significantly different L4 development compared 

with the untreated control (**** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05). 
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Fig. 4.2. Chemical structures and in vitro activity of purified compounds on larval stages of 

Haemonchus contortus. Chemical structures of four α-pyrones purified from two plant species, 

goniothalamin (GNT) from Cryptocarya novoguineensis, and dihydrokavain (DHK), 

desmethoxyyangonin (DMY) and yangonin (YGN) from Piper methysticum (panel A). Dose-

response curves for purified α-pyrones on L4 development (panel B), and for GNT on L4 motility at 

72 h (panel C). The percentages of xL3s with an evisceration (Evi) phenotype after incubation with 

each of three kavalactones (i.e. DHK, DMY and YGN) at different concentrations (0 - 300 µM) for 7 

days (panel D). Representative light microscopy images of xL3s treated with compounds, DHK, 

DMY and YGN showing the Evi phenotype of xL3s compared with unaffected larvae in the untreated 
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(U) control, and ‘coiled’, cuticular-damaged xL3s treated with the control compounds monepantel 

(MON) and moxidectin (MOX) (panel E). The ‘straight’, relatively thinner and cuticular-damaged 

L4s treated with GNT, MON or MOX controls by comparison with relatively thicker, undamaged 

L4s in the untreated (U) control (panel F); white scale bar: 100 µm; 20x magnification. The sub-

image (panel E) showing the protrusion at the anterior part of the xL3 is at 100x magnification. 
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Fig. 4.3. The irreversibility of compound action. Experimental design (panel A). Bar graph 

showing the percentages of xL3s and L4s at different time points during the 7-day incubation of 

untreated (U) larvae (panel B). Bar graphs showing the percentages of xL3s with and without an 

evisceration (Evi) phenotype, and L4s at different time points of incubation with the compound 

(before wash = b), and the larval percentages at 7 days after removal of the compound at different 

time points (after wash = a) for goniothalamin (GNT) (panel C) and desmethoxyyangonin (DMY) 

(panel D). Compounds, GNT and DMY were tested at concentrations of 400 μM and 100 μM, 

respectively. Asterisks indicate significantly different L4 development compared with the 

continually-exposed (i.e. unwashed) control (168 h, b) (** P < 0.01, * P < 0.05). 
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CHAPTER 5 

Identification of fromiamycalin and halaminol A from Australian marine 

sponge extracts with anthelmintic activity against Haemonchus contortus 

 
 

 

ABSTRACT 

 

There is an urgent need to discover and develop new anthelmintics for the treatment of parasitic 

nematodes of veterinary importance to circumvent challenges linked to drug resistant parasites. Being 

one of the most diverse natural ecosystems, the marine environment represents a rich resource of 

novel chemical entities. This study investigated 2,000 extracts from marine invertebrates, collected 

from Australian waters, for anthelmintic activity. Using a well-established in vitro bioassay, these 

extracts were screened for nematocidal activity against Haemonchus contortus - a socioeconomically 

important parasitic nematode of livestock animals. Extracts (designated Mu-1, Ha-1 and Ha-2) from 

two marine sponges (Monanchora unguiculata and Haliclona sp.) each significantly affected larvae 

of H. contortus. Individual extracts displayed a dose-dependent inhibition of both the motility of 

exsheathed third-stage larvae (xL3s) and the development of xL3s to fourth-stage larvae (L4s). Active 

fractions in each of the three extracts were identified using bioassay-guided fractionation. From the 

active fractions from Monanchora unguiculata, a known pentacyclic guanidine alkaloid, 

fromiamycalin (1), was purified. This alkaloid was shown to be a moderately potent inhibitor of L4 

development (half maximum inhibitory concentration (IC50) = 26.6 ± 0.74 µM) and L4 motility (IC50 

= 39.4 ± 4.83 µM), although it had a relatively low potency at inhibiting of xL3 motility (IC50 ≥ 100 

µM). Investigation of the active fractions from the two Haliclona collections led to identification of 

a mixture of amino alcohol lipids, and, subsequently, a known natural product, halaminol A (5). 

Anthelmintic profiling showed that 5 had limited potency at inhibiting larval development and 

motility. These data indicate that fromiamycalin, other related pentacyclic guanidine alkaloids and/or 

halaminols could have potential as anthelmintics following future medicinal chemistry efforts. 
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5.1. Introduction 

The ocean harbours a highly diverse array of fauna and flora, making them one of the most 

attractive systems for the exploration of novel chemical entities (Perdicaris et al., 2013; Blunt et al., 

2018; Carroll et al., 2019). Marine organisms produce secondary metabolites as chemical ‘defences’ 

against various types of pressures in the environment, such as predators, parasites and/or competitors 

in the habitat space (Proksch, 1994; Gomes et al., 2016). This evolutionary process has led to the 

production of numerous natural compounds with unique chemical structures and a range of biological 

activities that allow for therapeutic applications (Gomes et al., 2016), including vidarabine (ara-A; 

an anti-viral agent), ω-conotoxin MVIIA ziconotide (a pain control agent), ω-3 acid ethyl esters 

(serum triglyceride reducing agent) and anticancer agents, including cytarabine (ara-C), trabectedin 

(ecteinascidin 743), eribulin mesylate and brentuximab vedotin, which have been approved by the 

US-Food and Drug Administration (FDA) and commercialised (Jimenez, 2018). 

Although the marine ecosystem has a rich biodiversity, most of it has not yet been explored (Zhang 

et al., 2016). Therefore, compounds produced by known or unclassified marine species may not have 

been studied for biological activities. The main challenges of systematic investigations of marine 

samples include difficulties and costs associated with collecting materials, establishing, curating and 

maintaining large-scale collections; the culturing of marine organisms to produce large amounts of 

biologically-active compounds; and, in general, constraints with the supply of these precious 

resources for screening and subsequent testing in biological assays (Zhang et al., 2016). However, 

substantial efforts have been made to build and maintain collections of marine samples. For instance, 

institutes including PharmaMar, Madrid, Spain (https://www.pharmamar.com/), the Australian 

Institute for Marine Science (AIMS; https://www.aims.gov.au/), Griffith Institute for Drug Discovery 

(GRIDD) in Queensland, Australia (https://www.griffith.edu.au/institute-drug-discovery), and the 

National Cancer Institute of the National Institutes of Health, USA (Thornburg et al., 2018) have 

maintained and curated substantive collections of marine materials as well as extracts and fractions 

for a range of research purposes, including drug discovery. 

Given that Australia has the third largest marine jurisdiction in the world, and is recognised as a 

“hot spot” for marine biodiversity (Roberts et al., 2002; Renema et al., 2008), it serves as an excellent 

geographic region for the discovery of new chemical entities from Nature. In the last decade, 

Australian oceans have gifted a range of bioactive compounds, including some with activity against 

the parasitic nematode Haemonchus contortus (Mayer and Hamann, 2002; Mayer et al., 2007). These 

compounds include geodin A (Capon et al., 1999), onnamide F (Vuong et al., 2001), thiocyanatins 1-

4 (Capon et al., 2004) and echinobetains A and B (Capon et al., 2005a, 2005b). All of these 

compounds were purified from the marine specimens collected from the southern oceanic zone of 
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Australia. However, the frequency of regulatory approval of new anthelmintics is low, and there has 

been no new anthelmintic released for use in livestock animals since derquantel, which reached the 

market in 2010 (Little et al., 2010). Therefore, there is a need to explore and develop novel 

anthelmintic candidates to circumvent the widespread drug resistance problem that exists in 

populations of parasitic roundworms (nematodes) infecting livestock animals around the world 

(Kaplan and Vidyashankar, 2012; Geary, 2016; Kotze and Prichard, 2016). 

As an initial step in exploring and developing anthelmintic compounds from the Australian marine 

environment, we sourced a marine extract collection from NatureBank at GRIDD, which maintains 

extract libraries from a range of marine organisms, primarily invertebrates, collected from waters of 

the coasts of Queensland (including the Great Barrier Reef) and Tasmania. We screened a subset of 

2,000 extracts from this library for anthelmintic activity and undertook bioassay-guided fractionation 

to purify the compounds with activity against H. contortus.    

 

5.2. Materials and methods 

5.2.1. Marine sponge material: extraction, fractionation and compound characterisation 

The marine invertebrate extract library (n = 2,000) was sourced from NatureBank from GRIDD. 

The freeze-dried materials were processed at GRIDD to yield lead-like enhanced (LLE) extracts, as 

described previously (Camp et al., 2011), and solubilised in dimethyl sulfoxide (DMSO; Sigma 

Aldrich, St. Louis, MO, USA) to prepare a stock of 250 µge/µl for each extract. The concentration 

units µge/µl, used for the NatureBank extract library relate to: (i) the amount of dry marine material 

that is weighed out for extraction and (ii) the amount of DMSO that the dry marine extract is dissolved 

in to make the extract for subsequent screening. For example, 300 mg equivalents (mge) is the extract 

derived from 300 mg of dry marine material; when this extract is dissolved in 1.2 ml of solvent (i.e. 

DMSO), the final stock solution concentration is 250 µge/µl. A detailed description of the method 

has been published previously (Camp et al., 2011).   

To undertake bioassay-guided fractionation of the extracts with biological activity against H. 

contortus (see subsection 5.2.2), large-scale extracts were prepared, as described previously (Davis 

et al., 2013). Briefly, the individual freeze-dried and ground marine invertebrate samples (~10 g) 

were sequentially extracted with n-hexane (250 ml, 2 h), CH2Cl2 (250 ml, 2 h) and MeOH (250 ml, 

2 h; 250 ml, 16 h) on an orbital shaker (200 rpm; Bio-line, Edwards Instrument Company, Narellan, 

Australia). The n-hexane extracts were discarded, while the resultant MeOH and CH2Cl2 extracts 

were combined and dried under reduced pressure (MeOH/ CH2Cl2 extracts: 3.1 g- 3.2 g). 

A portion (400 mg) of each of the resultant extracts was separately pre-adsorbed to C18-bonded 

silica (Alltech C18, 35-75 µm, 150 Å), packed into a stainless-steel guard cartridge (Alltech, 10 × 30 
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mm), and the assembled column coupled to a Betasil C18 column (5 µm, 143 Å, 21.2 × 150 mm, 

Thermo Fisher, Waltham, MA, USA). The fractionation was performed using a mobile phase 

consisting of isocratic conditions of H2O/MeOH/TFA (90:10:0.1) for the first 10 min, followed by a 

linear gradient to MeOH/TFA (100:0.1) over 40 min, then isocratic conditions of MeOH/TFA 

(100:0.1) for a further 10 min, all at a flow rate of 9 ml/min. From each of the active extracts (see 

subsection 5.2.2), 60 fractions were collected over time (60 × 1 min). A Waters 600 pump, 996 

photodiode array detector and a Gilson 215 liquid handler were used for the HPLC experiments 

(Gilson, Middleton, WI, USA). 

The active fractions of the extract from Monanchora unguiculata were analysed by 1H NMR 

spectroscopy and UPLC-MS to evaluate their chemical composition and purity. Spectroscopic and 

spectrometric analyses and comparison of data with the published literature identified one major 

compound in all bioactive fractions.  

Attempts to acetylate the active fractions of extracts from Haliclona sp. resulted in a complex 

mixtures and low yields of key derivatives. Therefore, one of the remaining extracts (~ 2.2 g) was 

fractionated by repeated semi-preparative HPLC, as outlined above to obtain an enriched fraction of 

amino alcohols (173 mg) by combining fractions eluting in the range of 65-78% MeOH/H2O. This 

mixture of amino alcohols was further fractionated using isocratic conditions of H2O/MeOH/TFA 

(70:30:0.1) for the first 1 min, followed by a linear gradient of H2O/MeOH/TFA (50:50:0.1) over 9 

min, a linear gradient of H20/MeOH/TFA (25:75:0.1) over 70 min, then a linear gradient of 

H2O/MeOH/TFA (5:95:0.1) over 5 min, and lastly, isocratic conditions of H2O/MeOH/TFA 

(5:95:0.1) for a further 5 min, all at a flow rate of 9 ml/min. Fractions 40 to 60 were analysed by 1H 

NMR, and repeated chromatographic separation of the leading and tailing fractions of this region was 

undertaken to obtain a minor mixture of (unidentified) lipids and one major compound in sufficient 

quantities and purity to proceed with the bioassay and structural confirmation. 

Specific optical rotations were recorded using a JASCO P-1020 polarimeter (Easton, MD, USA), 

and NMR spectra were recorded on a Bruker AVANCE HDX 800 MHz NMR spectrometer 

(Fallanden, Zurich, Switzerland). MestReNova v.11.0 software (Santiago de Compostela, Galicia, 

Spain) was used to process the NMR spectra, and the 1H and 13C NMR chemical shifts were 

referenced to the solvent peaks for CDCl3 at δH 7.26 and δC 77.16, and CD3OD at δH 3.31 and δC 

49.00. A Thermo Scientific Ultimate 3000 UPLC-MS spectrometer fitted with an Aquity CSH C18 

column (1.7 µm 130 Å, 2.1 × 150 mm, Waters, Milford, MA, USA) was used for low resolution 

electrospray UPLC-MS analyses. All of the solvents used for extraction and chromatography, and 

NMR and MS analyses were HPLC grade and purchased from Honeywell Burdick & Jackson 

(Muskegon, MI, USA), except for trifluoroacetic acid (TFA, Sigma-Aldrich, Louis, MO, USA). 
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5.2.2. Procurement of H. contortus, and bioassays to identify active extracts and chromatographic 

fractions 

H. contortus (Haecon-5 strain) was maintained in experimental sheep, as described previously 

(Preston et al., 2015). In brief, individual sheep were infected with 7,000 third-stage larvae (L3s) of 

H. contortus, in accordance with strict animal ethics guidelines (permit no. 1413429; The University 

of Melbourne). Faeces were collected and incubated for 7 days at 27 °C, to allow first-stage larvae 

(L1s) to emerge and develop to L3s, which were then collected and stored at 11 °C until used. The 

xL3s were produced by incubating L3s in 0.15% sodium hypochlorite (NaClO) for 20 min at 37 °C, 

and L4s were produced in culture by incubating xL3s at 10% v/v CO2 at 38 °C for 7 days (Preston et 

al., 2015).  

Individual LLE extracts were screened for their inhibitory effects on xL3 motility using an 

established protocol (Preston et al., 2015). The extracts were diluted to a final concentration of 3 

µge/µl (+1.25% DMSO) in Luria Bertani (LB) medium supplemented with antibiotic-antimycotic 

agent (Gibco, Gaithersburg, MD, USA) (LB*) and dispensed into 96-well flat-bottom plates. Then, 

xL3s were dispensed into individual wells at a density of 300 larvae per well in 50 µl of LB*. 

Monepantel (Zolvix, Elanco Animal Health, Sydney, Australia) and moxidectin (Cydectin, Virbac, 

Carros, France) (20 µM) were used as positive-control compounds, and LB* + 1.25% DMSO as the 

negative (untreated) -controls. The plates were incubated at 38 °C in a CO2 (10% v/v) incubator for 

72 h, and a 5 s-video recording was acquired from each well and processed using a video-graphic 

image analysis approach (Preston et al., 2015). A motility index (Mi) was obtained for each well, as 

described previously (Preston et al., 2015). Extracts that reduced xL3 motility by ≥ 70% (calculated 

using the program GraphPad Prism v.7.02 software) were considered as active (i.e. a ‘hit’) and used 

to direct fractionation efforts. 

HPLC fractions (n = 60) collected from each active extract were individually tested (at 3 µge/µl + 

1.25% DMSO) for inhibitory effects on the motility of xL3s (as explained above in this subsection) 

and the development of xL3s into L4s (i.e. L4 development) (Preston et al., 2015). To assess L4 

development, xL3s were treated with fractions, and the number/percentage of xL3s that developed 

into L4s (identified based on their well-developed mouth and pharynx; Sommerville, 1966) was 

counted/calculated following an incubation for 7 days (Preston et al., 2015). The data were analysed 

using non-parametric one-way ANOVA and Dunnett’s multiple comparison tests (GraphPad Prism 

v.7.02 software). The fractions with significant inhibitory effects on xL3 motility and/or L4 

development were selected for compound purification. 

 



98 
 

5.2.3. Assessment of the potency of extracts and purified compounds 

The potencies of active LLE extracts to inhibit xL3 motility and L4 development were assessed 

by testing them in an 18-point two-fold dilution series, commencing at 3 µge/µl (+ 1.25% DMSO). 

Similarly, the purified compounds were tested in a two-fold dilution series, starting at 100 µM (+ 

0.5% DMSO), for their inhibitory effect on xL3 or L4 motility at 24 h, 48 h and 72 h and on L4 

development at day seven (cf. subsection 5.2.2). Compound 5 was further tested at 500 µM, 400 µM, 

300 µM and 200 µM for its inhibitory effect on L4 development. For all experiments, matched 

concentrations of monepantel and moxidectin, and LB* with matched percentages of DMSO were 

used as test-positive and -negative (untreated) controls, respectively. The maximum concentration of 

DMSO that the larvae were exposed to was 1.25% (for extracts) or 0.5% (for purified compounds) 

(Preston et al., 2015). All motility and development assays, with three technical replicates in each 

assay, were repeated three times. The half maximum inhibitory concentration (IC50) of each extract 

or compound was determined by transforming the concentration to log10 and fitting to a variable slope 

four-parameter model using GraphPad software (Preston et al., 2015). 

 

5.2.4. Assessment of cytotoxicity of purified compounds 

The purified compounds were tested in a two-fold dilution series (nine points, commencing at a 

concentration that achieved 100% inhibition of L4 development) for their toxicities to Fao rat 

hepatoma cells, as described previously (Sliwka et al., 2016). In brief, Fao cells in RPMI-1640 

medium (Gibco, Gaithersburg, MD, USA) supplemented with 10% foetal bovine serum (AusGenex, 

Molendinar, Australia) were seeded in 96-well flat-bottom well plates (50,000 cells per well), and 

treated with individual compounds or controls. Monepantel and moxidectin (larval activity; 

commencing at 100 µM) and camptothecin (cell toxicity; 5 µM) were used as positive-controls, and 

the matched DMSO concentrations were used as negative (untreated) controls. The treated cells were 

then incubated for 48 h at 37 °C with 5% v/v CO2. At 48 h, the cells were washed once with 100 µl 

of phosphate-buffered saline (PBS). The cells were then stained with 40 µl of 0.5 % crystal violet 

staining solution (Sigma-Aldrich, St. Louis, MO, USA) in 30% ethanol for 10 min at room 

temperature. Subsequently, the cells were washed three times with 200 µl of PBS, and lysed with 200 

µl of 1% sodium dodecyl sulfate (SDS). The optical density of the suspension in each well was 

measured at 595 nm using a plate reader. The CC50 values were calculated using the same method as 

used for the calculation of IC50 values (see subsection 5.2.3). The selectivity index (SI) for H. 

contortus was calculated by dividing the CC50 value for Fao cells by the IC50 value for H. contortus 

(Preston et al., 2015). 
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5.3. Results and discussion 

5.3.1. Three extracts from marine sponges exhibited anthelmintic activity against larval stages of 

H. contortus  

The screening of 2,000 lead-like enhanced (LLE) marine extracts (Camp et al., 2011) identified 

three extracts from marine sponges that reduced exsheathed third-stage larvae (xL3) motility by ≥ 

70%. Mu-1 was an extract from Monanchora unguiculata (family Crambeidae), collected from a 

coral wall on the Gibson Reef, Queensland, at a depth of 22.4 m on 26 November 2004 (voucher 

specimen QM G321891, Queensland Museum, Brisbane, Australia). Ha-1 was an extract from the 

sponge Haliclona sp. (family Chalinidae), collected from Wistari Point, Heron Island Coral Reef, 

Queensland, Australia, at a depth of 17.6 m on 4 November 2009 (voucher specimen QMG321606). 

Ha-2 was also an extract from Haliclona sp., sourced from the North-West Ledge, Heron Island Reef, 

Queensland, at a depth of 30.2 m on 4 November 2010 (voucher specimen QMG321667). The 

sponges were collected, identified, prepared, issued voucher specimen (QM) codes and curated by 

colleagues from the Queensland Museum, Brisbane, Australia. 

Each of these three extracts (i.e. Mu-1, Ha-1 and Ha-2) exhibited a dose-dependent inhibition of 

xL3 motility (half maximum inhibitory concentration (IC50) values ranging from 0.7 ± 0.01 µge/µl to 

~ 3.0 µge/µl; see subsection 5.2.1 for explanation of “µge/µl”) and of L4 development (IC50 values 

of ~ 0.6 µge/µl for each extract) of H. contortus (Fig. 5.1; Table 5.1). The Mu-1-treated xL3s 

exhibited a ‘circular’ phenotype, whereas xL3s treated separately with extracts Ha-1 and Ha-2 

showed a ‘straight’ phenotype (Fig. 5.1). 

Interestingly, all three active extracts investigated here originated from demosponges (i.e. species 

of Monanchora and Haliclona). Sponges/demosponges and/or their associated micro-organisms 

account for most of the marine-derived natural compounds isolated thus far (Jimenez, 2018). The 

extracts and compounds purified from Monanchora and Haliclona have previously been reported to 

possess a range of biological activities. For instance, bioactive compounds from the genus 

Monanchora include crambescidins and unguiculin A-C (anti-cancer) (El-Demerdash et al., 2016, 

2018; Shrestha et al., 2018), ptilomycalin F (anti-malarial) (Campos et al., 2017), batzelladines (anti-

protistan) (Santos et al., 2015), dehydrocrambine (anti-viral) (Chang et al., 2003) and 

merobatzelladines A and B (anti-bacterial) (Takishima et al., 2009). Extracts from Haliclona have 

been reported to exhibit anti-bacterial (Nazemi et al., 2014), anti-fungal (Nazemi et al., 2014), anti-

filarial (Lakshmi et al., 2009; Gupta et al., 2012) and anti-Leishmania (Dube et al., 2007) activities. 

Moreover, compounds with anti-cancer activity (e.g., brominated acetylenic hydrocarbons and 

halilectin-3) (Alarif et al., 2013; do Nascimento-Neto et al., 2018) as well as anti-infective candidates, 

including haliclocyclamines A-C (anti-mycobacterial) (Maarisit et al., 2017) and steroid compounds 
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(anti-Trypanosoma) (Viegelmann et al., 2014), have been purified from the genus Haliclona. 

However, activity against animal-parasitic nematodes has not been reported previously for extracts 

from either of these two marine sponge species.  

 

5.3.2. Bioassay screening identified active chromatographic fractions from three marine sponge 

extracts 

The chromatographic fractions (n = 60) from each active LLE extract (i.e. Mu-1, Ha-1 and Ha-2) 

were tested for inhibitory effects on xL3 motility and L4 development. None of the fractions (from 

any LLE extract) inhibited xL3 motility by ≥ 70%. These observed differences in xL3 motility 

inhibition between extracts and their respective fractions might be due to the relatively high 

concentrations of active compounds present in the extracts and/or the synergistic effects of the 

compounds. However, for Mu-1, three consecutive fractions (44-46), which corresponded to a 

singular UV-absorbance peak in the HPLC chromatogram, elicited a pronounced inhibition of L4 

development (Fig. 5.2). In addition, fraction-43 elicited the most significant (P < 0.0001) reduction 

in L4 development of both extracts Ha-1 and Ha-2 (Fig. 5.2). The observed differences in the degree 

of reduction of L4 development by the active fractions of these two extracts (see Fig. 5.2) might be 

associated with differences in the mixture of active compound present (see subsection 5.3.5), resulting 

from the variations in location or time of collection and/or genetic variability of the sponge and/or its 

associated micro-organisms. 

 

5.3.3. NMR, MS and chiro-optical data analyses identified fromiamycalin in active fractions from 

extract Mu-1 

Due to the significant reduction in L4 development by each of the three sequential fractions from 

the extract (Mu-1) of M. unguiculata, coupled to the availability of material from this taxon for further 

extraction and purification, extract Mu-1 was prioritised for the isolation of a chemically defined 

active compound. The tris-trifluoroacetate salt of the known guanidine alkaloid, fromiamycalin (1, 

23.0 mg, 1.85% dry weight) (Fig. 5.3), was identified in all active fractions of Mu-1 following 

comparison of NMR, MS and chiro-optical data with published values (Palagiano et al., 1995) 

(Supplementary file 5.1).  

Fromiamycalin belongs to a unique family of complex pentacyclic guanidine alkaloids (PGAs) 

(Palagiano et al., 1995). The hydrochloride salt of fromiamycalin (1), the compound purified in this 

study, was originally isolated from an acetone extract from the New Caledonian starfish, Fromia 

monilis, along with the related pentacyclic guanidine derivatives, crambescidin 800 (2), 

celeromycalin (3) and a hydroxyspermidine-hydroxyacid derivative (4) (Palagiano et al., 1995) (Fig. 
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5.3); subsequently, 1 was also purified from Monanchora arbuscula (Laville et al., 2009). Apart from 

fromiamycalin, several other PGAs, including ptilomycalins (Gallimore et al., 2005; Bensemhoun et 

al., 2007), monanchocidins (Guzii et al., 2010; Makarieva et al., 2012), monanchomycalins 

(Makarieva et al., 2012; Tabakmakher et al., 2013), crambescidins 826, 359 and 431 (Braekman  et 

al., 2000; Chang et al., 2003) as well as normonanchocidins (Tabakmakher et al., 2015), have been 

purified from members of the genus Monanchora. 

 

5.3.4. Fromiamycalin inhibited the motility and development of larvae of H. contortus, and had 

moderate toxicity on Fao rat hepatoma cells 

Fromiamycalin was shown to be a moderately potent inhibitor of L4 development (IC50 = 26.6 ± 

0.74 µM, 7 days) and L4 motility (IC50 = 39.4 ± 4.83 µM, 72 h), although it was not potent at inhibiting 

xL3 motility (IC50 ≥ 100 µM, 72 h) of H. contortus (Table 5.2; Fig. 5.4). In previous studies, 

fromiamycalin exhibited anti-human immunodeficiency virus (HIV) activity (IC50 = 1-3 μM) (Chang 

et al., 2003) as well as activity against the malaria parasite, Plasmodium falciparum, with an IC50 of 

0.24 μM (Campos et al., 2017). Other compounds of the PGA family were reported also to have anti-

malarial (ptilomycalin A and crambescidin 800) (Lazaro  et al., 2006; Laville et al., 2009), anti-viral 

(ptilomycalin A) (Kashman et al., 1989) as well as anti-fungal (ptilomycalin A) (Kashman et al., 

1989) and/or anti-cancer (crambescidin 800 and celeromycalin) (Palagiano et al., 1995; Shrestha et 

al., 2018) activities. However, to the best of our knowledge, this is the first report of the activity of a 

member of this structural family on a socioeconomically important parasitic nematode (H. contortus) 

of animals.  

Fromiamycalin was tested for its toxicity on Fao rat hepatoma cells, and had a low CC50 (50% 

cytotoxic concentration; this compound concentration reduces cell viability by 50%) value (5.7 ± 

0.73 µM); it thus had limited selectivity (< 1) for H. contortus. These results were consistent with a 

previous study (Palagiano et al., 1995), in which fromiamycalin (1) and crambescidin 800 (2) were 

reported to be moderately toxic to human peripheral blood CD4+ T lymphoblast (called CEM 4) cells 

infected by HIV-1, with a CC50 value of 0.11 g/ml, whereas celeromycalin (3) was less cytotoxic, 

with a CC50 of 0.32 g/ml. No cytoprotective effects were observed for any of these compounds (1-

3) at a dose of < 0.1 g/ml. Of note, the hydroxyspermidine derivative (4) exhibited weaker 

cytotoxicity with a CC50 value of 2.7 g/ml, suggesting that the pentacyclic guanidine moiety is a 

significant contributor to cell toxicity (Palagiano et al., 1995). 
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5.3.5. NMR, MS and chiro-optical analyses identified halaminol A in the active fractions from 

extracts Ha-1 and Ha-2 

Separate 1H NMR and UPLC-MS analyses of the active fractions (fraction 43) of both Ha-1 and 

Ha-2, indicated that their chemical compositions were the same, but they comprised a mixture of 

more than three amino alcohols, eluting from the column when the mobile phase reached 77% 

MeOH/H2O. These amino alcohols exhibited a lack of ultraviolet (UV) absorbance, and poor 

chromatographic resolution due to significant tailing (~12 min on C18 stationary phase), despite the 

inclusion of mobile phase modifiers. Chromatographic purification was hindered by a significant 

overlap of 1H NMR characteristics (chemical shifts, couplings and multiplicities) among individual 

amino alcohols. Published data indicate that these compounds, particularly the less saturated 

analogues, are more amenable to separation as acetyl derivatives (Clark et al., 2001). In our hands, 

attempts to acetylate (pyridine/Ac2O, 1:1, rt, 16 h) the active fractions (fraction 43) of Ha-1 and Ha-

2 for chromatography resulted in a complex mixture with insufficient quantities of the expected 

reaction products to pursue structure elucidation and biological testing. The limited availability of 

Haliclona material precluded repeating the acetylation reaction on a larger scale.      

To ascertain the compound(s) responsible for the anthelmintic activity, a larger quantity of the 

amino alcohol mixture was obtained (173 mg, composed of fractions eluting between 65% and 78% 

MeOH/H2O) and further fractionated using reversed phased HPLC. 1H NMR analysis of the new 

fractions 40-60 indicated that the three major compounds of interest co-eluted across 14 fractions. 

The leading-fractions 47 and 48 contained small quantities of an inactive mixture of distinct 

halaminol derivatives (not identified), whilst the tailing-fractions 51-58 predominantly contained 

halaminol A (5). Using the same chromatographic conditions, the fraction enriched in halaminol A 

was subjected to two additional chromatography runs in order to obtain alkaloid 5 in high purity. The 

trifluoroacetate salt of the known compound, halaminol A (5, 3.8 mg, 99% purity) (Fig. 5.3), was 

identified following comparison of NMR, MS and chiro-optical data with published values (Clark et 

al., 2001) (Supplementary file 5.1). 

 

5.3.6. Halaminol A inhibited the motility and/or development of larvae of H. contortus, and had 

limited toxicity on Fao rat hepatoma cells 

Halaminol A (5) was tested for its potency at inhibiting xL3 and L4 motility as well as L4 

development. This compound was not a potent inhibitor of either motility or development of larvae, 

and did not produce reliable dose-response curves when tested in two-fold dilution series, 

commencing at 100 µM. However, 5 exhibited a complete inhibition of L4 development at the highest 

tested concentration of 500 µM, and induced the same (i.e. ‘straight’) phenotype in xL3s as was 
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observed for the extracts (Ha-1 and Ha-2) and active fractions (fraction 43), confirming that the 

purified compound is a significant, if not the main contributor, to the bioactivity of the source 

material. Moreover, ~ 50% inhibition of L4 motility (72 h) was observed at the highest tested 

concentration of 100 µM, and the treated L4s showed a ‘straight’ phenotype. Compound 5 had limited 

toxicity to Fao cells, with a CC50 value of 42.9 ± 2.56 µM. While halaminol A has known anti-fungal 

activity against Trichophyton mentagrophytes and Cladosporium resinae (Clark et al., 2001), and 

anti-fouling properties (Roper et al., 2009), there was no previous report of activity against any 

animal-parasitic nematode. Although the potency of compound 5 on H. contortus was relatively 

limited, extensive structure activity relationship (SAR) studies of the halaminol A scaffold are 

required to assess the whether selectivity, activity and potency can be promised.  

 

5.4. Conclusion 

Here, a collection of 2,000 extracts from Australian marine invertebrates was screened for 

biological activity against the economically important parasitic nematode H. contortus. The primary 

screen identified three extracts with anthelmintic activity, namely Mu-1 from M. unguiculata, and 

Ha-1 and Ha-2 from Haliclona sp. Each of the extracts inhibited both motility and development of 

larvae of H. contortus. Bioassay-guided fractionation of each extract revealed that activity against H. 

contortus was limited to one to three chromatographic fractions, and led to subsequent identification 

of fromiamycalin, a previously reported PGA, from the extract Mu-1. Fromiamycalin was moderately 

potent at inhibiting L4 motility and L4 development of H. contortus. Halaminol A was identified as 

the major compound in the active fractions of extracts Ha-1 and Ha-2, and it had limited potency at 

inhibiting xL3 and L4 motility, and L4 development. In conclusion, this is the first report of the 

activity of both fromiamycalin (and, indeed, any PGA representative) and halaminol A against an 

animal-parasitic nematode. The results of this study encourage future medicinal/natural product 

chemistry studies to develop fromiamycalin, related PGA compounds and halaminols as potential 

anthelmintic candidates. 
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Table 5.1. In vitro activity of three marine sponge extracts. Comparison of the half-

maximum inhibitory concentration (IC50) values for the inhibitory effects of the marine 

sponge extracts on exsheathed third-stage larvae (xL3) motility or fourth-stage larvae (L4) 

development of Haemonchus contortus. IC50 values are expressed as a mean IC50 ± 

standard error of mean. Corresponding values for monepantel and moxidectin (controls) 

are included for comparison.  

Extract 

   Control compound 

xL3 motility  

(IC50 in µge/µl) 

L4 development  

(IC50 in µge/µl) 

72 h 7 days 

Monanchora unguiculata (Mu-1) 0.7 ± 0.01 0.6 ± 0.17 

Haliclona sp. (Ha-1)  ~ 3.0 a 0.6 ± 0.18 

Haliclona sp. (Ha-2) ~ 3.0 a 0.6 ± 0.15 

   Monepantel b 6.6 x 10-5 ± 0.06  1.4 x 10-5 ± 0.00  

   Moxidectin b 1.9 x 10-5 ± 0.06   2.6 x 10-6 ± 0.00  
 

a IC50 values estimated from graphs in Fig. 5.1. 
b IC50 values given as μg/μl. 
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Table 5.2. In vitro activity of fromiamycalin. Half-maximum inhibitory concentration (IC50) 

values for the inhibitory effects of fromiamycalin on the xL3 and L4 motility, and on L4 

development of Haemonchus contortus. IC50 values are expressed as a mean IC50 ± standard error 

of mean or a range of values when a defined curve could not be fitted to the data. Corresponding 

values for monepantel and moxidectin (controls) are included for comparison.  

Test compound 

   Control compound 

 

xL3 motility  

(IC50 in µM) 

 

L4 motility 

(IC50 in µM) 

 

L4 development  

(IC50 in µM) 

72 h 24 h 48 h 72 h 7 days 

Fromiamycalin > 100 52.4 ± 3.34  31.9 ± 3.74 39.4 ± 4.83 26.6 ± 0.74 

   Monepantel 0.1 ± 0.06 1.6 ± 0.73 0.2 ± 0.00 0.1-0.2 a 0.03 ± 0.00 

   Moxidectin 0.03 ± 0.06 0.06 ± 0.05 0.04 ± 0.02 0.008 a  0.004 ± 0.00 

 

a IC50 values estimated from graphs in Fig. 5.4.   
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Fig. 5.1. In vitro activity of extracts on the inhibition of xL3 motility and/or L4 development of Haemonchus contortus. Dose-response curves for 

the extract (Mu-1) from Monanchora unguiculata, and two extracts (Ha-1 and Ha-2) from Haliclona sp. from two geographic locations, for the inhibition 

of xL3 motility (panel A) and of L4 development (panel B). Representative light microscopy images of xL3s treated with extract Mu-1 showing a 

‘circular’ phenotype, and ‘straight’ phenotype of xL3s treated separately with Ha-1 and Ha-2, compared with unaffected larvae in the untreated (U) 

control, and ‘coiled’ and ‘circular’ xL3s treated with monepantel (MON) and moxidectin (MOX), respectively. White scale bar: 100 µm; 20 magnification 

(panel C). 
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Fig. 5.2. The chromatograms and L4 development (%) for C18 semi-preparative fractions of the 

three active extracts compared with that of controls; untreated (U, LB* + 1.25% DMSO) and 

positive controls MON and MOX. For extract Mu-1, fractions 44-46 elicited the most significant 

inhibition (panel A), whereas fraction 43 elicited the highest and significant inhibition for extracts 

Ha-1 and Ha-2 (panels B and C). The five individual chromatograms in panels A-C display the 
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ultraviolet (UV)-absorbance of the eluting fractions at 254 nm (green), 280 nm (red), 320 nm (blue), 

350 nm (yellow) and 380 nm (pink). Fraction/s with the highest L4 developmental inhibition are 

indicated by red rectangles in panels D-F. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.     
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Fig. 5.3. Chemical structures of compounds purified in this study and other related alkaloids. 

Chemical strutures of fromiamycalin (1) purified from the extract of  Monanchora unguiculata and 

other related pentacyclic guanidine alkaloids, crambescidin 800 (2), celeromycalin (3) as well as the 

hydroxyspermidine derivative (4) isolated in the original study of fromiamycalin purification [38], 

and halaminol A (5) purified from the extract of Haliclona sp. 
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Fig. 5.4. In vitro activity of fromiamycalin (1) on larval stages of Haemonchus  contortus. Dose-

response curves for fromiamycalin (1) on xL3 motility (panel A), L4 motility (panels B-D) and L4 

development (panel E). 
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CHAPTER 6 

Synthetic kavalactone analogues with improved potency and 

selective anthelmintic activity against larvae of Haemonchus contortus 

in vitro 
 

 

ABSTRACT 

 
Kava extract, an aqueous rhizome extract of the plant Piper methysticum, has been used for centuries 

by Pacific islanders as a ceremonial beverage, and has been sold as an anxiolytic agent for some 

decades. Kavalactones are a major constituent of kava extracts. In a previous study, we identified 

three kavalactones that inhibit larval development of Haemonchus contortus in an in vitro bioassay. 

In the present study, we synthesised two kavalactones, desmethoxyyangonin and yangonin, as well 

as 12 analogues thereof, and evaluated their anthelmintic activities using the same bioassay as 

employed previously. Three of these analogues, designated W-408 (IC50 of 1.9 ± 0.09 µM), W-415 

(IC50 of 6.4 ± 0.24 µM) and W-417 (IC50 of 17.1 ± 4.14 µM), had anthelmintic activities that were 

similar to, or greater than their synthetic, parent prototypes, desmethoxyyangonin (IC50 of  37.1 ± 

3.10 µM) or yangonin (IC50 of  15.0 ± 3.03 µM), with the most potent analogue, W-408, having ~ 7-

fold increase in the potency compared with yangonin. The synthesised analogues did not exhibit 

toxicity on HepG2 human liver cancer cells in vitro at concentrations of up to 40 µM. Taken together, 

these results confirm the previously-identified kavalactone scaffold as a promising chemotype for 

new anthelmintics and provide a foundation for a detailed structure-activity relationship (SAR) 

investigation focused on developing an anthelmintic ‘lead’ candidate.       
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6.1. Introduction 

Kava extract, the aqueous rhizome extract of the plant Piper methysticum, has been used for 

centuries by Pacific islanders as an inebriant beverage in ritual and cultural ceremonies (Norton and 

Ruze, 1994; Stevinson et al., 2002). Since the 1990s, the commercial extract has been ‘popularised’ 

as an anxiolytic agent in countries including the United States, Australia, New Zealand and Germany, 

although its use has been restricted in some countries due to concerns regarding possible rare 

hepatotoxicity associated with consumption (Sarris et al., 2011). Kavalactones, also called 

kavapyrones, are lipophilic pyrones which usually concentrate in the roots of the plant, and are 

responsible for the anxiolytic activity of the kava extract (Amorim et al., 2007). To date, 18 such 

kavalactones have been identified, and six of them (i.e. kavain, dihydrokavain, methysticin, 

dihydromethysticin, desmethoxyyangonin and yangonin) have been reported to be responsible for ~ 

96% of the pharmacological activity of this extract (Lebot and Levesque, 1989; Dharmaratne et al., 

2002).                            

In a recent effort to discover anthelmintic candidates from natural sources, we identified, for the 

first time, an enriched root extract from Piper methysticum, collected from Papua New Guinea, with 

activity against one of the most important parasitic nematodes of livestock animals, Haemonchus 

contortus (see Herath et al., 2019). Subsequent bioassay-guided fractionation of this extract yielded 

three kavalactones (i.e. dihydrokavain, desmethoxyyangonin and yangonin), which inhibited the 

development of exsheathed third-stage larvae (xL3s) to fourth-stage larvae (L4 development) (Herath 

et al., 2019). While dihydrokavain had a limited potency at inhibiting L4 development (IC50 of 207.6 

± 0.15 µM), both desmethoxyyangonin (IC50 of 31.7 ± 0.23 µM) and yangonin (IC50 of 23.7 ± 2.05 

µM) were moderately potent inhibitors of L4 development. Interestingly, these compounds induced 

a lethal ‘evisceration’ phenotype in treated xL3s, and blocked the development of xL3s to the next 

larval stage (Herath et al., 2019). Using one representative from the identified kavalactone panel, 

desmethoxyyangonin, we also showed that exposure to the compound for 30 h was sufficient to 

induce the ‘evisceration’ phenotype (Herath et al., 2019). Moreover, desmethoxyyangonin was shown 

to exert an irreversible effect on xL3s within 42 h of exposure to the compound (Herath et al., 2019). 

All three kavalactones had limited toxicity on MCF10A, non-tumourigenic breast epithelial cells in 

an in vitro-cell proliferation assay (Herath et al., 2019). Together with knowledge of the drug-like 

features of kavalactones, these findings suggest that these kavalactones (α-pyrones) have potential 

for chemical optimisation and ‘lead’ identification. Therefore, we initiated a structure-activity 

relationship (SAR) investigation of this natural product scaffold, with the aim of synthesising 

analogues with improved efficacy and pharmacokinetic profiles, and with a view toward identifying 

potential ‘lead’ candidates for future anthelmintic drug development.             
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6.2. Materials and methods 

6.2.1. Chemical synthesis of kavalactones and analogues 

A total of 14 compounds were synthesised (Supplementary file 6.1). In brief, all the 4-

methoxypyrone derivatives, including desmethoxyyangonin (IUPAC name: (E)-4-methoxy-6-(2-

phenylethenyl)-2H-pyran-2-one) and yangonin (IUPAC name: (E)-4-methoxy-6-[2-(4-

methoxyphenyl)ethenyl]-2H-pyran-2-one), were synthesised by condensation of the appropriate 

aldehyde with 4-methoxy-6-methyl-2H-pyran-2-one under basic conditions following the previously 

published method (Li et al., 2018).   

  

6.2.2. Procurement of H. contortus 

The Haecon-5 strain of H. contortus was produced in experimental sheep (Schwarz et al., 2013; 

Preston et al., 2015), according to animal ethics guidelines of University of Melbourne, Australia 

(permit no.1413429). The faeces were collected from the infected sheep and incubated at 27 °C for 1 

week, allowing first-stage larvae (L1s) to emerge, and develop into third-stage larvae (L3s) via the 

second larval stage (Preston et al., 2015). The L3s were collected and stored at 10 °C until used for 

the experiments. The xL3s were prepared by treating L3s with 0.15% v/v sodium hypochlorite 

(NaClO) and incubated for 20 min at 37 °C, and subsequently washed for five times with sterile 

physiological saline (pH 7.0). The prepared xL3s were cultured immediately in sterile Luria Bertani 

(LB) medium supplemented with 1% antibiotic-antimycotic agent containing 100 IU/ml of penicillin, 

100 mg/ml of streptomycin and 2.5 mg/ml of amphotericin (Fungizone, antibiotic - antimycotic; cat. 

no. 15240-062; Gibco, USA); the supplemented medium was designated as LB*.          

 

6.2.3. Assessment of potency of synthesised compounds at inhibiting larval development of H. 

contortus 

In our previous study, the L4 development inhibition results guided the bioassay-guided 

fractionation of the active extract from Piper methysticum, and the findings were consistent with 

subsequent potency assessments of the purified kavalactones (cf. Herath et al., 2019). Therefore, the 

L4 developmental inhibition assay was used to determine the activity/potency of the kavalactones 

and analogues synthesised in the present study. In brief, all synthesised compounds as well as 

monepantel (Zolvix, Elanco Animal Health, Australia) and moxidectin (Cydectin, Virbac, France) 

(positive controls) were individually tested for inhibition of L4 development of H. contortus, in an 

18 point, two-fold dilution series commencing at 100 µM. Compound solutions (in dimethyl sulfoxide 

[DMSO] plus LB*) were prepared and added to 96-well flat bottom well plates to achieve the desired 

final concentrations in a final volume of 100 µl, and the prepared xL3s (as described in subsection 
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6.2.2) were dispensed into individual wells at a density of 300 worms per well (in 50 µl of LB*). 

Matched concentrations of DMSO (in LB*) were used as negative (untreated) controls. The plates 

were incubated (10% v/v CO2) at 38 °C for 7 days (Preston et al., 2015). Larvae in each well were 

fixed with 50 µl of 1% iodine at 7 days, and the number of xL3s developed into L4s in each well was 

counted by light microscopic observation (20x magnification; Preston et al., 2015). L4s were 

differentiated from xL3s by their well-developed mouth and pharynx characteristics (Sommerville et 

al., 1966). The assay was repeated three times in different days with three replicates in each assay. 

The half-maximum inhibitory concentration (IC50) of each compound was determined by fitting the 

log 10-transformed concentration to a variable slope four-parameter model using the Graph Pad Prism 

(v. 8.1.0) software.     

             

6.2.4. Assessment of cytotoxicity and selectivity of synthesised compounds  

Synthesised compounds were tested for their toxicity on HepG2 human liver carcinoma cells, as 

described previously (Gilson et al., 2017). In brief, compounds were tested in a 10-point, two-fold 

dilution series commencing at 40 µM. The cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% foetal bovine serum (FBS) and incubated at 37 °C with 

5% v/v CO2. The cells were seeded into 384-well plates at a density of 1x 103 per well and exposed 

to compounds for 48 h. The toxicity was determined by CellTiter-Glo cell viability assay (Promega, 

USA), which assessed the number of viable cells based on the quantity of ATP present. Matched 

percentages of etoposide and DMSO were used as positive and negative (untreated) controls, 

respectively. The IC50 values were determined as described in subsection 6.2.3, and the selectivity 

index was calculated by dividing the IC50 value for HepG2 cells by the IC50 value for H. contortus.           

 

6.3. Results and discussion 

Initially, desmethoxyyangonin and yangonin were synthesised in 98% purity, and were then 

evaluated for their anthelmintic activity. These kavalactones had IC50 values (for L4 development 

inhibition) in a similar range to those purchased and evaluated in our previous study (Herath et al., 

2019), confirming the activity of the synthesised compounds. The IC50 values obtained with 

desmethoxyyangonin were 31.7 ± 0.23 µM (purchased) and 37.1 ± 3.10 µM (synthesised) for L4 

development-inhibition, and the values for yangonin were 23.7 ± 2.05 µM (purchased) and 15.0 ± 

3.03 µM (synthesised).   

Of the 12 analogues synthesised, three had IC50 values of < 20 µM for L4 development-inhibition 

(Fig. 6.1, Supplementary file 6.1). Specifically, the potencies achieved by three analogues (i.e. W-

408, W-415 and W-417) were similar to, or greater than, their parent kavalactones, 
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desmethoxyyangonin and yangonin; the IC50 values were 1.9 ± 0.09 µM (W-408), 6.4 ± 0.24 µM (W-

415) and 17.1 ± 4.14 µM (W-417). The methoxy-substitution at the 4-position of the phenyl ring is 

the only difference between desmethoxyyangonin and yangonin, which might be the reason for the 

observed differences in the IC50 values (Fig. 6.1, Table 6.1). However, it is notable that the analogues 

with 2- or 3-methoxy substitution on the phenyl ring did not show significant anthelmintic effects 

(IC50 values for W-407 and W-406 were 61.9 ± 7.27 µM and >100 µM, respectively). Interestingly, 

the 4-(trifluoromethoxy) substitution of the phenyl ring (in W-408) increased anthelmintic activity 

by 7-fold compared with yangonin, the parent compound with 4-methoxy group at the same position 

(Fig. 6.1, Table 6.1). Moreover, the analogues with 2-OMe, 4-NMe2, 4-CN, 4-CO2Me, 4-piperazine, 

3-CN and 3-CO2Me substitutions on the phenyl ring were not potent inhibitors of L4 development-

inhibition (Supplementary file 6.1). However, the analogue W-415 with a 4-morpholine substitution 

on the phenyl ring (instead of 4-methoxy group in yangonin) had approximately twice the IC50 (6.4 ± 

0.24 µM) of yangonin, whereas analogue W-417 with a cyclohexyl moiety in place of the phenyl ring 

had an IC50 value (17.1 ± 4.14 µM) similar to that of yangonin, and achieved an ~ 2-fold increase in 

IC50 compared with desmethoxyyangonin (Fig. 6.1, Table 6.1). Notably, the anthelmintic activity of 

the parent kavalactones was significantly increased by minor substitutions in the phenyl-ring, without 

modifying the -pyrone scaffold (Fig. 6.1). Importantly, all the analogues with a significant inhibitory 

effect induced an ‘evisceration’ phenotype (cf. Herath et al., 2019) in treated xL3s, suggesting that 

these analogues might have a mode of action that is the same or similar to their respective parent 

kavalactone.                                                 

Four analogues (i.e. W-407, W-408, W-415 and W-417) that had inhibitory effects on H. contortus 

as well as desmethoxyyangonin and yangonin (controls) were tested for their toxicity on HepG2 cells 

in vitro (Supplementary file 6.1). None of these six compounds was toxic (IC50 of > 40 µM for all 

compounds) to this cell line in the present assay (Supplementary file 6.1). The selectivity indices for 

the analogues tested ranged from > 0.6 to > 20.6 (Supplementary file 6.1), with the analogue W-408 

having the highest selectivity against H. contortus (i.e. > 20.6). Therefore, this initial round of SAR 

investigation showed that three (i.e. W-408, W-415 and W-417) of 12 analogues had enhanced 

potency and selectivity for H. contortus, without evidence of significant in vitro-toxicity on hepatic 

cells.    

Given that the development of new anthelmintics is critical to circumvent widespread resistance 

problems in parasites of livestock animals, the current investigation - enabled by our previous study 

of kavalactones (Herath et al., 2019), offers some potential to develop this natural product scaffold 

(i.e. pyrone) into an anthelmintic. Despite previous reports on different synthetic kavalactones and 

analogues (Israili and Smissman, 1976; Amaral et al., 2008; Pollastri et al., 2009; Kormann et al., 
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2012), none of them has been tested against a parasitic nematode of animals. Even though the target/s 

of kavalactones or synthetic analogues has/have not yet been identified in nematodes, some targets, 

including GABA receptors, voltage-gated ion channels, monoamine oxidase and the arachidonate 

cascade, have been proposed for mammals (Magura et al., 1997; Baum et al., 1998; Boonen and 

Haberlein, 1998; Uebelhack et al., 1998; Martin et al., 2000; Yuan et al., 2002; Sarris et al., 2011; 

Ligresti et al., 2012). The increased anthelmintic activity and no apparent in vitro-toxicity of 

analogues W-408, W-415 and W-417, with minor structural modifications, suggests prospects for 

future work on pyrone scaffold. We believe that this study provides a sound starting point for a 

comprehensive SAR investigation of an expanded range of kavalactone analogues in the search for 

novel anthelmintic leads.         
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Table 6.1. The in vitro-inhibitory activity of three potent kavalactone analogues (W-408, W-

415 and W-417) on L4 development and their cytotoxicity on HepG2 human liver carcinoma 

cells. A comparison of half maximum inhibitory concentration (IC50) values of the synthesised 

compounds with those of monepantel and moxidectin, expressed as mean IC50 ± standard error of 

mean.  

Name of analogue 

   Name of control 

 L4 development 

(IC50 in µM) 

 Toxicity on HepG2 cells  

(IC50 in µM) 

 Selectivity index 

(SI) 

W-404 (Desmethoxyyangonin)  37.1 ± 3.10  > 40.0  > 1.1 

W-405 (Yangonin)  15.0 ± 3.03  > 40.0  > 2.7 

W-408  1.9 ± 0.09  > 40.0  > 20.6 

W-415  6.4 ± 0.24  > 40.0  > 6.3 

W-417  17.1 ± 4.14  > 40.0  > 2.3 

   Monepantel  0.07 ± 0.01  nd  nd 

   Moxidectin  0.02 ± 0.00  nd  nd 
 

nd = not determined 
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Fig. 6.1. chemical structures and in vitro anthelmintic activity of desmethoxyyangonin (W-404), 

yangonin (W-405) and the three most potent analogues (W-408, W-415 and W-417) synthesised 

and tested for L4 developmental inhibition of Haemonchus contortus. Chemical structures of 

desmethoxyyangonin, yangonin, and analogues W-408, W-415 and W-417 (panel A). Dose response 

curves of the two parent kavalactones and three analogues for L4 development inhibition in 

comparison to monepantel or moxidectin (panel B). Refer to Supplementary file 6.1 for chemical 

structures of individual compounds.  
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CHAPTER 7 

General discussion 
 

 

Widespread anthelmintic resistance significantly compromises the treatment and control of 

parasitic nematodes of livestock animals worldwide (Kaplan, 2004; Kaplan and Vidyashankar, 2012). 

Thus, the discovery and development of novel anthelmintics is paramount for the sustainable control 

of such nematodes. The exploration of highly diverse natural sources represents an exciting and 

promising starting point for the discovery and subsequent development of anthelmintic drugs 

(Harvey, 2000; Harvey et al., 2015; Li and Lou, 2018).   This thesis aimed (i) to screen well-defined 

compound libraries to establish the methods needed for large-scale screening of natural extract 

libraries; (ii) to discover plant and marine extracts with nematocidal or nematostatic activity, and to 

purify bioactive compounds and assess their potential for further development; and (iii) to synthesise 

analogues of selected purified natural compounds for the identification of possible ‘lead’ candidates.             

This chapter (i) summarises key research achievements of the present thesis; (ii) discusses lessons 

learned from anthelmintic drug discovery from natural sources; (iii) discusses future areas of focus 

for drug discovery; and (iv) makes some final conclusions.  

 

7.1. Key research achievements  

The present thesis focused on exploring anthelmintic candidates using compound/extract libraries 

containing synthetic and natural product-inspired compounds (library 1); purified, semi-synthetic and 

natural product-inspired compounds (library 2), and extracts from plants and marine invertebrates 

(libraries 3 and 4, respectively). The initial screening of these libraries against larvae of H. contortus 

identified two to thirty-two ‘hits’ (compounds or extracts active against H. contortus) from each of 

the libraries.      

Library 1 (containing 600 compounds) was kindly provided by Professor Qingmin Wang at State 

Key Laboratory of Elemento-Organic Chemistry, Research Institute of Elemento-Organic Chemistry, 

Nankai University, China. The primary and confirmatory screens of this library identified 32 ‘hits’ 

(‘hit’ rate: 5.3%). The majority of the ‘hits’ (30 of 32) identified from this library were analogous of 

a pesticide (chlorfenapyr), synthesised based on a natural product scaffold (i.e. arylpyrrole). The 

identified ‘hits’ showed effects on the motility of exsheathed third-stage larvae (xL3s), with IC50 

values ranging from 1.2 µM to 31.6 µM, and on the development of xL3s to fourth-stage larvae (L4 

development), with IC50 values ranging from 0.5 µM to 22.8 µM. The in vitro toxicity effects on 

MCF10A cells (IC50s) by these compounds ranged from 2.1 µM to > 50 µM. Some of the identified 

arylpyrrole analogues (e.g., Zpx027 and Zpx028) showed in vitro larvacidal or larvastatic activity 
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comparable with the commercial anthelmintics monepantel and moxidectin (Chapter 2). Most of 

these active compounds were tested previously for their insecticidal activity (Li et al., 2012; Liu et 

al., 2014; Ma et al., 2014). Therefore, collectively, these findings suggest a relatively broad spectrum 

of activity for these compounds against endo- and ecto-parasites. Interestingly, the bioenergetic study 

performed using the Seahorse Flux Analyser (Chapter 2) provided some evidence for the activity of 

arylpyrroles as uncouplers of oxidative phosphorylation in H. contortus, thus suggesting avenues for 

possible development of these compounds as anthelmintics to specifically target oxidative 

phosphorylation in parasitic nematodes. The results also showed the potential of utilising synthetic 

means for chemical optimisation of such natural product-based scaffolds.    

Library 2 (containing 400 compounds) was established at Griffith Institute for Drug Discovery 

(GRIDD), and was purchased from Compounds Australia (www.griffith.edu.au/science-

aviation/compounds-australia). The primary and confirmatory screens of this small, well-curated 

compound library identified two rotenoids (i.e., rotenone and deguelin) originating from plants of the 

family Leguminosae (Chen et al., 2014; Vats and Kamal, 2014) with inhibitory activity on xL3 

motility of H. contortus (‘hit’ rate: 0.5%). These two compounds were not studied extensively in the 

present thesis, but Preston et al. (2017a) had evaluated deguelin for its nematocidal and nematostatic 

activities as well as its potential mode of action as a modulator of oxidative phosphorylation in 

nematodes. Given that most of the ‘hits’ identified from libraries 1 and 2 were either natural product-

based compounds or purified natural compounds, it is reasonable to assume that the biologically 

relevant ‘chemical space’ of such natural products might play a vital role in improving ‘hit’ rates in 

screening programs (Harvey et al., 2015; Wright, 2019). Therefore, these findings appear to provide 

a starting point for chemical optimisation of identified ‘hits’ and encourage investigating large natural 

product compound- and/or extract-libraries for anthelmintic candidates.    

Extract libraries 3 and 4 of plant and marine invertebrates, respectively, were obtained from the 

NatureBank library from GRIDD. All three ‘hit’ plant extracts (i.e. leaf and root extracts from 

Cryptocarya novoguineensis, and a root extract from Piper methysticum) identified were derived 

from two plant species, both collected from Papua New Guinea (Chapter 4). The findings indicate 

the importance of exploring natural products from small geographical areas with high terrestrial 

biodiversity for drug candidates (Hoover et al., 2017). The three ‘hits’ from marine sponge extracts 

were all from Australia (Chapter 5), suggesting the potential for discovering novel drug candidates 

from the Australian ocean. It is notable that the ‘hit’ rates of the screened extract libraries (0.04% and 

0.15% for plant and marine invertebrate panels, respectively) were relatively low compared with 

those of compound libraries 1 and 2 (5.3% and 0.5%, respectively). These results were in accord with 

the explanation that the libraries of single small molecules or less complex fractions generate higher 
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‘hit’ rates compared with libraries containing complex extracts (Bindseil et al., 2001; Harvey et al., 

2015). Furthermore, the relatively high ‘hit’ rate for the marine extract library can be explained by a 

high biodiversity of the marine system, a high incidence of bioactivity in compounds derived from 

marine organisms as well as the chemical novelty of marine natural products compared with extract 

libraries assembled from terrestrial plants (Munro et al., 1999; Kong et al., 2010; Montaser and 

Luesch, 2011).     

The bioassay-guided fractionation of the plant extract ‘hits’ yielded four known α-pyrones, 

namely, goniothalamin from Cryptocarya novogueneesis, and three kavalactones (i.e. dihydrokavain, 

desmethoxyyangonin and yangonin) from Piper methysticum (see Chapter 4). One pentacyclic 

guanidine alkaloid (i.e. fromiamycalin from Monanchora unguiculata) as well as halaminol A and 

an inseparable mixture of halaminols (from Haliclona sp.) were purified from the active fractions of 

the marine sponge extracts (Chapter 5). The halaminols in this mixture require further purification 

and characterisation. Importantly, this is the first report of activity of purified plant and marine 

compounds against any animal parasitic nematode.          

Kavalactones, the compounds purified from Piper methysticum, were considered for the initiation 

of an initial structure-activity relationship (SAR) study (Chapter 6). The moderately potent activity 

on the L4 development in H. contortus, induction of a lethal evisceration phenotype in treated xL3s, 

the low in vitro toxicity and/or simple chemical structures (see Chapter 4) make kavalactones worthy 

of pursuit for chemical optimisation (Chapter 6). The SAR investigation of this natural product 

scaffold (i.e. α-pyrone) was initiated through a collaboration with Dr Brad Sleebs from the Walter 

and Eliza Hall Institute of Medical Research, Melbourne, Australia, who synthesised 12 distinct 

analogues (Chapter 6). This initial SAR study achieved an increase in the potency of up to 7-fold, 

while retaining the low mammalian cell toxicity (Chapter 6). For instance, three of these analogues 

had IC50 values of < 20 µM for L4 developmental inhibition, and IC50 values of > 40 µM for toxicity 

on HepG2 cells; the most potent analogue was W-408, which had an IC50 of 1.9 µM for L4 

developmental inhibition (cf. Chapter 6).      

In summary, the screening of the four libraries and/or subsequent bioassay-guided fractionation 

identified/purified 40 compounds with nematocidal or nematostatic activity (Chapters 2-5), and the 

initial SAR investigation identified three kavalactone analogues with potency similar to, or greater 

than their parent compounds (Chapter 6).     
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7.2. Lessons learned from the current discovery of anthelmintic compounds from natural 

sources  

Natural product drug discovery has some inherent challenges, such as restrictions and difficulties 

relating to sample collection, high throughput screening and bioassay-guided fractionation (Koehn 

and Carter, 2005; Harvey et al., 2015; Zhang et al., 2016). However, the present study benefited from 

the access to “screening-friendly”, lead-like compound- and extract-libraries and advanced analytical 

techniques (Chapters 2-5); thus, some of these main challenges in discovery could be overcome. 

However, as this was the first time that relatively large natural extract libraries were screened using 

the current whole-organism phenotypic method, the present effort identified some areas of strengths 

as well as areas that need to be improved to enhance the success of identifying anthelmintic candidates 

from libraries of natural compounds, extracts or fractions using this screening platform. Therefore, 

the discussion of lessons learned from the present anthelmintic drug discovery effort, with respect to 

library selection and analytical and screening techniques, should provide a perspective for the future 

discovery of anthelmintics from natural sources.               

      

7.2.1. Library selection and advanced analytical facilities 

Compound and extract libraries from different natural sources: The selection of a library is one 

of the most critical factors for the success of any drug discovery program. Given the particular interest 

to explore nature for anthelmintic candidates, the current study focused on screening natural product 

and extract libraries (Chapters 2-5). The screening of libraries 1 and 2, each consisting of a 

combination of both natural products and synthetic chemicals, provided a foundation for the screening 

of larger natural product/extract libraries using the current whole-organism phenotypic screening 

approach (Preston et al., 2015). In addition, most (from compound library 1) or all (from library 2) 

of the compounds identified as ‘hits’ from two compound libraries were either natural product-

inspired compounds (Chapter 2) or purified natural products (Chapter 3); these results provided 

inspiration for the screening of large natural product/extract libraries in Chapters 4 and 5, and for 

future discovery. The compounds and the extracts screened in the present study were derived from a 

range of terrestrial plant, fungus and marine species, collected from different parts (of the organism), 

in distinct seasons and/or geographical locations. Thus, it is reasonable to assume that these libraries 

possess high chemical diversity. The active compounds identified in each of the libraries represent 

distinct chemical classes (i.e. isoflavones, arylpyrroles, α-pyrones, pentacyclic guanidine alkaloids 

and halaminols); these findings provide some evidence of a high chemical diversity in these libraries. 

Therefore, the exploration of natural sources which represent high biological and chemical diversities 

should open up avenues to discover new or known compounds with anthelmintic activities. In 
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addition, in the present study, the libraries were obtained mainly via academic collaborations between 

chemists and biologists, which provide a strong foundation for the natural product drug discovery 

efforts initiated in an academic environment (Roy, 2019).    

              

Enriched extract libraries: One of the reasons for the declining interest in natural product drug 

discovery over past decades has been the limited compatibility of such libraries with advanced high 

throughput screening platforms (Harvey et al., 2015). In addition, “artefactual components” present 

in libraries of crude extracts result in increased “false positive” screening rates, thus affecting the 

screening effort (Harvey et al., 2015). The use of “screening-friendly”, enriched extract libraries 

appears to have overcome limitations associated with the screening of complex, crude extracts and 

has facilitated natural product drug discovery programs. The NatureBank library, which consists of 

lead-like enhanced (LLE) extracts from plants, marine organisms and microorganisms, is an example 

of the major effort made by GRIDD to maintain a lead-like enriched library of extracts (Quinn et al., 

2008; Camp et al., 2012). Both plant and marine invertebrate extracts screened in the present project 

represented part of this library (cf. Chapters 4 and 5). These extracts were enriched by removing high 

logP compounds and common artefacts, such as polyphenols from plants and salts from marine 

species (Camp et al., 2012). This type of enrichment enhances ‘hit’ rates and reduces the number of 

“false positive” ‘hits’ in screening programs, and enables fractionation, in order to isolate bioactive 

compounds (Camp et al., 2012, 2014; Thornburg et al., 2018).              

 

Advanced analytical techniques assisted bioassay-guided fractionation: After the identification of 

‘hits’ pertaining to plant and marine invertebrate extracts, the fractionation steps were performed with 

the assistance of advanced analytical facilities and expertise available at GRIDD (Chapters 4 and 5). 

For instance, the C-18 high performance liquid chromatography (HPLC) technique was used to obtain 

60 chromatographic fractions for each ‘hit’ extract, and the advanced in-house mass spectrometry 

(MS) and nuclear magnetic resonance (NMR) facilities greatly assisted the rapid purification and 

identification of bioactive compounds in fractions. Therefore, these analytical chemistry facilities and 

expertise significantly assisted to overcome limitations of traditional bioassay-guided fractionation 

methods (Harvey et al., 2015; Xie et al., 2018).              

        

Challenges associated with using natural samples and bioassay-guided fractionation: Despite the 

benefits of using enriched extract libraries and advanced analytical techniques, this study faced some 

challenges that are inherent to most natural product drug discovery programs (Harvey, 2000; Li and 

Vederas, 2009; Harvey et al., 2015; Zhang et al., 2016). For instance, in Chapter 5, the difficulties 
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and costs associated with re-collecting marine samples, and the expenses of analyses limited further 

purification of halaminols from a compound mixture (see Chapter 5). However, initial qualitative 

and/or quantitative chemical analyses of mixtures can predict the components present, allowing 

decisions to be made on further purification based on the bioactivity and toxicity profiles of these 

mixtures. 

 

7.2.2.  Whole-organism phenotypic screening using parasitic stages of H. contortus 

Whole-organism versus target-based screening: The present study used a whole-organism 

screening approach to identify the nematocidal or nematostatic candidates (Preston et al., 2015) 

compared with target-based screening, in which the compounds are screened against a well-defined 

target molecule (Geary et al., 2015). As the present technique used parasitic stages of larvae of H. 

contortus to obtain real-time measurements of motility or development (Preston et al., 2015), some 

limitations that exist for target-based screening were overcome. For instance, unlike target-based 

screening, in which compounds/extracts that bind to a defined target are identified, the whole-

organism approach allows the identification of compounds that bind to one or more targets in the 

organism (Geary et al., 1999). In addition, prior knowledge of the target(s) is not required to identify 

the ‘hits’ using the whole-organism screening approach (Geary et al., 2015). However, the availability 

of molecular data for the parasite (H. contortus, in the present case) can enable the subsequent 

investigation of the target and/or mode of action of the identified ‘hits’ (Gilleard, 2013). The 

discovery of initial prototypes of some currently-used anthelmintics, such as benzimidazoles and 

amino-acetonitrile derivatives, using whole-organism phenotypic screens shows significant relevance 

of this approach for anthelmintic discovery (Brown et al., 1961; Kaminsky et al., 2008).         

    

Need of combining morphological (phenotype) measurements with results obtained using the xL3 

motility inhibition assay: The established semi-automated, image-based technique, which assesses 

the motility reduction of larvae of H. contortus, was used to determine the nematocidal activity. This 

motility reduction assay allowed the testing of hundreds of compounds/extracts in a day, thus 

facilitating the screening of relatively large libraries in a relatively efficient manner (Preston et al., 

2015). However, it is important to note that some ‘hit’ compounds (i.e. arylpyrrole analogues 

identified in Chapter 2) were identified based on alterations observed in morphological phenotype 

(i.e. ‘curved’) of the treated xL3s rather than a motility reduction. Despite the use of the motility 

reduction assay to identify the ‘hit’ extracts from the concentrated extract libraries (Chapters 4 and 

5), xL3 motility inhibition levels were not entirely consistent in the bioassay, and could not always 

precisely inform the bioassay-guided fractionation process (Chapters 4 and 5). Moreover, the active 
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compounds purified in Chapters 4 and 5 (i.e. goniothalamin, three kavalactones, fromiamycalin and 

halaminol A) exhibited a low to moderate potency at inhibiting xL3 motility compared with 

previously identified synthetic chemical ‘hits’ (e.g., tolfenpyrad and SN00797439) using the same 

motility inhibition assay (Preston et al., 2016, 2017b). These findings suggest that consistent data 

could be obtained for xL3 motility inhibition if compounds are highly potent, but the current 

technique has limited sensitivity to detect compounds with a low to moderate potency. In this case, 

the implementation of a technique to obtain quantitative measurements for changes in morphological 

phenotype, combined with the motility reduction measurements, would better capture 

compounds/extracts that are moderately potent, in the first instance. Such morphology-based 

detection systems have been developed for some helminth species including Caenorhabditis elegans 

(see Geng et al., 2004) and Schistosoma mansoni (see Singh et al., 2018), but no highly robust 

technique is yet available for the parasitic nematode H. contortus. However, as the current (Chapters 

2, 4 and 5) and previous studies (Preston et al., 2017a, 2017b; Jiao et al., 2019) identified a number 

of different morphological phenotypes (i.e. ‘straight’, ‘coiled’, ‘curved’ and ‘anterior protrusion’) in 

compound-treated parasitic stages of H. contortus by visual observation of video recordings and/or 

light microscopic observations, such information should be useful to guide the development of an 

automated technique that can quantify the morphological changes in larvae of H. contortus.                                                               

            

Sensitivity and avenues for automation of the L4 developmental inhibition assay: The whole-

organism technique used to assess nematostatic effects of the compounds/extracts was the L4 

developmental inhibition assay. Unlike the xL3 motility inhibition assay, L4 developmental 

inhibition assessment was relatively sensitive and produced dose-response curves of L4 

developmental inhibition, even for compounds/extracts that had only limited to moderate potency at 

inhibiting xL3 motility (Chapters 2, 4 and 5). Furthermore, the bioassay-guided fractionation of active 

plant and marine invertebrate extracts were guided by the L4 developmental inhibition assay 

(Chapters 4 and 5). However, this assay is currently performed in a manual format, in which the 

number of xL3s developing to L4s following treatment are counted (Preston et al., 2015). Being a 

manual technique, the current L4 developmental inhibition assay requires a longer time and more 

effort compared with the semi-automated xL3 motility reduction assay. Therefore, automation of this 

technique to enhance the efficiency, and possibly, combining with morphological phenotypic 

measurements would provide an efficient and sensitive technique to identify the candidates with 

limited/moderate potency in the first instance. Such a technique would also assist bioassay-guided 

fractionation of natural extracts and subsequent structure-activity relationship (SAR) investigations 

of identified/purified compounds. One aspect to consider for future automation is the development of 



133 
 

an algorithm to measure the ratio of the number of cuticles (i.e. number of L4s developed) over the 

total number of larvae (i.e. number of xL3s + L4s) present in individual wells following 

compound/extract treatment, with respect to relevant control wells.   

Need to extend to adult worms: Given that the use of experimental animals is less feasible than it 

was in the past (Geary et al., 2015), the whole-organism phenotypic screening approach used in the 

present study is highly suited for the initial screening of large libraries. Unlike most traditional 

anthelmintic screening approaches, which use techniques such as the egg hatch assay (Dobson et al., 

1986), larval development assay (Gill et al., 1995) and larval migration assay (Kotze et al., 2006) for 

free-living larval stages, the current technique was improved to use parasitic stages of H. contortus 

in vitro (Preston et al., 2015). Therefore, the compounds identified in the present study show some 

promise based on their activity on parasitic stages. However, given that the adult worm stage is the 

ultimate target for an anthelmintic drug, it will be important to include adult H. contortus in future 

evaluations. This can be undertaken by testing the compounds against adult worms isolated from 

experimentally infected hosts (e.g., sheep) in well-controlled in vitro experiments (O’Grady and 

Kotze, 2004). Such assays would assist in making decisions as to whether compounds should proceed 

to further chemical optimisation. Furthermore, the information obtained through such in vitro adult 

worm screens would ‘drive’ subsequent absorption, distribution, metabolism, excretion and toxicity 

(ADME/T) experiments and then in vivo experiments of the selected candidates in animals.   

                

7.3. Future focus in the context of drug discovery 

Based on in vitro larvicidal and/or larvastatic activity and/or toxicity profiles, some natural product 

scaffolds (e.g., arylpyrroles, isoflavones, α-pyrones, alkaloids and halaminols) discovered in the 

present study show some promise as potential ‘lead’ candidates. Therefore, the present thesis 

accomplished the first step of the drug discovery phase (i.e. ‘hit’ identification). However, it is 

important to understand that the drug development is a very involved, long term process, which 

consists of four main phases; drug discovery, pre-clinical phase, clinical phase, and drug 

approval/release to the market (Lombardino and Lowe, 2004; Pink et al., 2005; Hughes et al., 2011). 

After the initial ‘hit’ identification in the discovery phase, ‘hit’ compounds should undergo series of 

optimisations to generate the ‘lead’ candidate. The selected lead should then enter the pre-clinical 

phase to assess in vivo efficacy and safety, and then to the clinical phase for the large-scale assessment 

of the efficacy and safety (Lombardino and Lowe, 2004; Pink et al., 2005; Hughes et al., 2011). The 

approval needs to be given by the relevant authority (e.g., US Food and Drug Administration) before 

a drug is released to the market (Lombardino and Lowe, 2004; Hughes et al., 2011).  



134 
 

The anthelmintic compounds identified in the present thesis should proceed to the next steps of 

the drug discovery phase to work toward developing them as ‘lead’ candidates (cf. Pink et al., 2005). 

The main steps to be accomplished in future, in the context of drug discovery, are: 

 

Chemical optimisation: The SAR investigations to improve the potency, selectivity and 

pharmacokinetic properties of any identified ‘hit’ series is essential for a ‘hit’ to ‘lead’ transition 

(Lombardino and Lowe, 2004; Hughes et al., 2011). The SAR study is usually initiated in 

collaboration with medicinal chemists, and with the investment by an industry partner (Lombardino 

and Lowe, 2004). Discussions between medicinal chemists and biologists facilitate decisions 

regarding the analogues to be synthesised and evaluated, based on the chemistry of the parent 

compounds as well as biological data generated by the biologists (Lombardino and Lowe, 2004). In 

the current thesis, the initial SAR performed for the selected kavalactone compounds, in collaboration 

with Dr Brad Sleebs, relied largely on in vitro activity and toxicity data (Chapter 6). However, the 

further synthesis of analogues and the testing of their efficacy, selectivity and pharmacokinetic 

profiles are required to select potential ‘lead’ candidates for further testing in in vivo models (Hughes 

et al., 2011).     

     

Efficacy, toxicology and pharmacokinetic assessment: The assessment of efficacy and ADME/T 

profiles of a drug candidate using precise analytical techniques in an early phase is essential to 

minimise ‘chemical death’ at a later stage of drug development (Waring et al., 2015). For instance, 

an analysis of the attrition of drug candidates by four pharmaceutical companies between 2000 to 

2010 revealed that the non-clinical toxicology contributed most (59%) to ‘compound termination’ in 

the pre-clinical phase, while a lack of clinical safety (25%) and efficacy (35%) was most prominent 

in clinical phases I and II, respectively (Waring et al., 2015). Initially, the potential ‘lead’ candidates 

could be tested for their ADME/T properties using in vitro assays, in which ‘non-animal’ models, 

including organs, tissues, cell lines or subcellular fractions (e.g., microsomes and mitochondria) are 

used (Allen et al., 2005; Shukla et al., 2010; Kelm et al., 2019). The in vitro assays are not only 

convenient, in terms of time, effort, costs as well as ethical concerns, but can also provide useful 

information to drive subsequent in vivo toxicology and pharmacokinetics testing (Xia et al., 2008; 

Shukla et al., 2010). The compounds identified in the present project were assessed for their in vitro 

toxicity on either MCF10A, Fao or HepG2 cell lines. However, analogues of the identified ‘hits’, 

obtained from future SAR studies, will need to be tested for their ADME and both in vitro and in 

vivo toxicity profiles. The ADME/T properties as well as in vivo efficacy could then be tested in 

animal (e.g., rodent) models, and then studies could be expanded to assess effects of the selected 
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compounds in their natural hosts (e.g., sheep and goats for H. contortus) (cf. Hughes et al., 2011). 

With respect to anthelmintic drug discovery, the in vivo efficacy, toxicology and pharmacokinetic 

properties of the selected candidate compounds in the natural host animal can be assessed using 

infected sheep; the compound efficacy can be determined by a reduction in faecal egg counts and/or 

total worm counts, using relevant controls. However, important decisions will need to be taken at this 

point, including dosage, frequency and route of administration, based on the initial efficacy and 

pharmacokinetic data sets. Initial in vitro and in vivo efficacy and safety profiles provide valuable 

inputs for the later preclinical and clinical phases of drug development (cf. Hughes et al., 2011).                

                 

Broad-spectrum activity: Candidates with broad-spectrum activity against a range of parasites 

attract the greatest commercial interest. In the present project, compounds were tested for their 

activity against one of the most socio-economically important parasitic nematodes, H. contortus. 

However, it is important to extend this study to critically assess the activity of selected compounds 

against other important helminth species of both human and other animals, including hookworms, 

filarioids, whipworms and ascaridoids, and possibly cestodes and trematodes as well as arthropods 

(ectoparasites). However, despite the importance of developing drugs against neglected parasites and 

parasitic diseases of humans in underprivileged communities, there is a lack of interest by industry 

to invest in these “less lucrative drugs” because of limited commercial gains following translation 

(Geary et al., 2015), such that academic collaborations or public-private partnerships would appear 

to gain most traction in the early stages.   

    

Target identification and mode-of-action studies: Even though information on the mode of action 

is not essential for a compound to progress through the drug development pipeline, information on 

the target/mode of action would be beneficial for ‘lead’ optimisation and subsequent clinical phases 

(Katsuno et al., 2015). The activity of arylpyrrole analogues as uncouplers of oxidative 

phosphorylation and of deguelin as a modulator of oxidative phosphorylation were revealed from 

bioenergetic and/or molecular studies (cf. Preston et al., 2017a). Salicylanilide is the only 

anthelmintic class developed to target oxidative phosphorylation in parasitic nematodes (Martin, 

1997); thus, there is an avenue to develop these arylpyrroles or deguelin as anthelmintics that target 

the mitochondrial oxidative phosphorylation process. In addition, kava extract and/or individual 

kavalactones were studied and have been reported to have different targets, including gamma-

aminobutyric acid (GABA) receptors, voltage-gated ion channels, arachidonate cascade and 

monoamine oxidase (Magura et al., 1997; Baum et al., 1998; Uebelhack et al., 1998; Boonen and 

Haberlein, 1998; Martin et al., 2000; Yuan et al., 2002; Sarris et al., 2011; Ligresti et al., 2012). 
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However, a detailed investigation needs to be conducted to identify the target(s) and the mode(s) of 

action of kavalactones and their analogues in nematodes and/or other parasites. One feasible approach 

to identify the target would be to first study the mode of action in the model organism, C. elegans, in 

a manner similar to that utilised to identify the target of the anthelmintic monepantel (Gilleard, 2013). 

Target identification could then be extended to H. contortus and other parasites. The availability of 

genomic, transcriptomic and proteomic data for H. contortus (Laing et al., 2013; Schwarz et al., 2013; 

Gasser et al., 2016; Wang et al., 2019) would provide a foundation for such future extensions.            

            

7.4. Concluding remarks 

The present thesis identified, for the first time, some natural product scaffolds with anthelmintic 

activity against an animal-parasitic nematode, thus contributing to anthelmintic drug discovery and 

opening up avenues for future development of selected candidates as anthelmintics. The present 

chapter has emphasised the significance of considering natural products in anthelmintic drug 

discovery, and discussed the strengths, challenges and key areas deserving of improvement to enable 

anti-parasite drug discovery. The prospects of developing anthelmintic ‘lead’ candidates from 

identified natural product scaffolds via future chemical optimisation, efficacy and safety assessments, 

activity spectrum assessments, and target identification have also been identified. Thus, the future 

optimisation of a ‘lead’, and subsequent pre-clinical and clinical assessments should enable the 

development of anthelmintic drugs from natural products. 
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