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Summary

Cyathostomins are common intestinal parasites of horses worldwide. Control of these
parasites relies largely on the use of synthetic anthelmintic pastes or drenches, however,
anthelmintic resistance is increasing in prevalence. Hence, there is a need to investigate
new methods of control. The overall objective of this research was to identify
Australian plants with potential to control cyathostomin parasites. The main hypothesis
tested in this thesis was that there are Australian plants with anthelmintic activity
against cyathostomins, and the activity is due to plant secondary compounds. This
hypothesis was addressed in three experiments.

In the first experiment (Chapter 4), a number of Australian plants were screened in vitro
to identify species with anthelmintic activity against cyathostomin larvae. Twenty-nine
out of the 37 crude plant extracts tested had significant inhibitory effects on larval
development. Seven plants, including Alectryon oleifolius and Acacia melanoxylon,
completely inhibited larval development and had IC50 values ranging from 30.9 - 196
µg of extractable solids/mL. This first experiment therefore confirmed that anthelmintic
activity exists amongst Australian plants and that there was potential for them to be
used as novel control methods for cyathostomins in horses.

In the second experiment (Chapter 5), the plant A. oleifolius was investigated further.
Procyanidin A2, a condensed tannin, was isolated from the plant through a process of
bioassay guided fractionation and demonstrated a significant anthelmintic activity in
larval development assays, completely inhibiting development at concentrations as low
as 50 µg/mL and having an IC50 value of 12.57 µg/mL. Procyanidin A2 also
significantly inhibited larval migration at concentrations of 25 µg/mL. The anthelmintic
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activity demonstrated by procyanidin A2 in the in vitro assays suggests that it could
play a useful role in controlling cyathostomins in the future.

In the third experiment (Chapter 6), the compound(s) responsible for the anthelmintic
properties of A. melanoxylon was investigated further. A specific structure of an active
compound was unable to be obtained via bioassay-guided fractionation, however,
spectroscopic evidence suggested the compounds were similar to hydroxycinnamic acid
esters known to be present in A. melanoxylon. Analogous compounds were synthesised
or purchased from a commercial source and tested in vitro. Four hydroxycinnamic ethyl
esters had significant anthelmintic activity in the larval development assays. Ethyl
caffeate and ethyl ferulate completely inhibited development at 200 µg/mL, while ethyl
p-coumarate and ethyl isoferulate completely inhibited development at 100 µg/ml.
Additionally, ethyl p-coumarate significantly inhibited larval migration at 800 µg/mL,
and other compounds also showed some activity at higher doses.

The work presented in this thesis demonstrates that Australian plants have anthelmintic
activity against cyathostomin parasites of horses. This is also the first time that
compounds such as procyanidin A2 and hydroxycinnamic ethyl esters have been
demonstrated to have anthelmintic properties. Further investigation, particularly in
vivo, is needed in order to develop appropriate applications. However, the results
indicate that either through using whole plant preparations or purified compounds,
Australian plants could be a useful part of cyathostomin control programs in the future.
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Chapter 1: General Introduction
The majority of grazing horses around the world are infected with cyathostomin
parasites. When present in large numbers, these parasites can lead to a potentially fatal
condition known as larval cyathostomiasis, when larvae emerge synchronously from the
gut lumen, causing acute or chronic diarrhea, significant weight loss, edema and colic
(Lyons et al., 2000). Cyathostomins are currently considered the principal parasitic
pathogens of mature horses (Kaplan and Nielsen, 2010).

Effective and sustainable control of cyathostomins is one of the biggest challenges for
the horse industry worldwide. For example, in Australia, a recent survey conducted of
106 Pony Club horses predominantly infected with cyathostomins found that worming
practices for these horses were often inadequate (Flanagan et al., 2013). More than 25%
of the horses surveyed had faecal egg counts greater than 500 eggs per gram (epg).
Shedding of 0-200 epg is generally considered low, 200-500 epg is moderate and over
500 epg is high (Kaplan and Nielsen, 2010). Of greater concern was the finding that, out
of 25 horses treated with an anthelmintic between 5 to 8 weeks prior to the survey, 16%
had a faecal egg count greater 500 epg (Flanagan et al., 2013). This ineffectiveness may
have been due to management factors such as incorrect dosing or bad pasture
management, or due to anthelmintic resistance.

Anthelmintic resistance amongst cyathostomins is increasing. There are three main
classes of anthelmintic drugs used in horses, and resistance exists in two classes and is
emerging in the third (Molento et al., 2012). Additionally, there are no new
anthelmintics for use in horses expected to be developed in the near future (Kaplan and
Nielsen, 2010; Stratford et al., 2011). The existing dependence on anthelmintic drugs is
1

therefore not sustainable, and there is a need to develop and implement new methods of
controlling these parasites.

Anthelmintic plants could provide an alternative to synthetic anthelmintic drugs, or at
least form part of integrated parasite management programs. There are numerous studies
reporting effectiveness of plants and plant extracts against gastrointestinal parasites both
in vitro and in vivo, mainly focussing on parasites of sheep and goats (Sandoval-Castro
et al., 2012). Anthelmintic action of bioactive plants has been attributed to secondary
compounds including flavonoids, tannins and sesquiterpene lactones (Molan et al.,
2003a; Barrau et al., 2005). Australian plants in particular are rich in bioactive
secondary compounds and have been shown to have anthelmintic properties against
Haemonchus contortus of sheep (Kotze et al., 2009) and H. contortus and T.
colubriformis of goats (Moreno et al., 2012), however there is no work reported on their
effect on parasites of horses.

Given the background of this issue, two main objectives were developed for this
research project. The first objective was to identify Australian plants that have
anthelmintic properties against cyathostomins in vitro, and therefore have potential to
be incorporated into integrated parasite management programs for horses. The second
objective was to identify the secondary compounds within the most promising plants
that are responsible for the anthelmintic action and quantify their anthelmintic activity.
To achieve these objectives, in vitro screening of crude extracts to identify the most
promising plants was conducted, followed by bioassay-guided fractionation to identify
the active compounds. The general hypothesis tested in this thesis was that Australian
plants have anthelmintic activity against cyathostomins in vitro, and this activity can be
attributed to their bioactive secondary compounds.
2

Chapter 2: Literature Review

2.1 Introduction
Cyathostomins are the most prevalent of the equine gastrointestinal parasites, found in
horse populations worldwide. At present, one of the biggest challenges facing horse
owners and breeders is the control of these parasites. This issue is exacerbated by the
ability of these parasites to develop resistance to anthelmintic drugs. The increase in
resistance to anthelmintic drugs means there is an urgent need for the discovery of new
methods of parasite control that can form part of sustainable integrated parasite
management systems. This would reduce the reliance on anthelmintic drugs, and slow
the spread of resistance. Bioactive plants could provide a novel way of controlling
equine intestinal parasites. Although there has been a substantial amount of research
done in recent years on the anthelmintic activity of plants, most studies have focussed
on parasites in ruminants. In the following literature review, I will develop a case for the
need to investigate the anthelmintic properties of Australian plants and their potential to
control cyathostomins in horses.

2.2 Cyathostomin parasites of horses

2.2.1 Biology and clinical significance
First reports on cyathostomins (Nematoda, Strongylida), also known as ‘small
strongyles’, date to the 1800s when several species were described and named.
Originally known as Trichonema, they were moved to other genera in the 1970s
(Lichtenfels 1975, in (Lyons et al., 1999)). Presently, there are approximately 50
3

reported species of cyathostomins, although only about 10 of these species are present
at significant levels in horses (Lyons et al., 1999). The most common include
Cyathostomum catinatum, Cylicocyclus nassatus, Cylicostephanus longibursatus and
Cylicostephanus goldi (Lyons et al., 1999; Boxell et al., 2004).

Cyathostomins have a direct life cycle, in which larvae hatch from eggs passed out in
the manure of the host horse (Figure 2.1). They develop to third stage larvae (L3) and
become encased in a protective cuticle, allowing them to survive on the pasture for
extended periods of time before being ingested by the horse. Once inside the horse, the
L3 exsheath and encyst in the mucosa of the large intestine, where they can remain
inhibited as L3 for anywhere from four months to two years (Corning, 2009). The most
damaging stage of the cyathostomin life cycle occurs when large numbers of fourth
stage larvae (L4) emerge from the cysts in the intestinal mucosa to develop to the adult
stage in the lumen. This can cause ‘larval cyathostomiasis’, a potentially fatal condition
characterised by hypoalbuminemia, acute or chronic diarrhea, significant weight loss,
oedema and colic (Lyons et al., 2000). Cyathostomins are currently considered to be the
principal parasitic pathogens of mature horses (Kaplan and Nielsen, 2010).

4

If encysted, internal
phase can last from
2 months to 4 years
“Fast” internal
phase typically 5‐6
weeks

External phase
dependent on
temperature, can be
from 3 days to several
months

Figure 2.1 Life cycle of cyathostomins. Adapted from Corning (2009).

2.2.2 Prevalence
Cyathostomins are the most prevalent equine gastrointestinal nematode worldwide
(Corning, 2009). They were not considered to be an important parasite in horses until
the early 1980s (Kaplan and Nielsen, 2010), when it was realised they were practically
ubiquitous amongst grazing horses. Historically, the large strongyles, particularly
Strongylus vulgaris, were considered to be of most concern to horse health. In the 1960s
the interval treatment program was proposed by Drudge and Lyons (1966) for the
control of large strongyles, which entailed dosing horses with an anthelmintic every 6-8
weeks. It was effective at controlling S. vulgaris, and mortality due to this parasite
decreased (Lyons et al., 1999). However, it soon became apparent that the
cyathostomins were becoming a problem, and in the early 1980s it was accepted that
cyathostomins were responsible for the majority of strongyle egg output in horses
(Kaplan and Nielsen, 2010). A study conducted between 1979 and 1982 in Perth,
Western Australia, illustrates the situation at the time. Out of approximately 150 horses
5

examined, 22.5 % were infected with S. vulgaris. The authors state that this was the
lowest prevalence rate ever recorded for this parasite, most likely due to “recent and
widespread use of palatable and highly effective anthelmintic paste”. Cyathostomins
were more prevalent, being found in 49.3% of horses, although this is likely to be an
underestimation due to encysted larvae not being assessed (Dunsmore and Jue Sue,
1985).

In Australia, there have been two studies in recent decades that have confirmed the high
prevalence of cyathostomins. In a post mortem study of 150 horses in Victoria in 1993,
it was found that 95% of these were infected with encysted cyathostomin larvae and
93% had adult cyathostomin worms (Bucknell et al., 1995). Similarly, in 2000, Boxell
et al. (2004) conducted a survey in the Perth metropolitan area and found that 28 out of
the 29 horses examined were infected with cyathostomins, with numbers exceeding
200,000 parasites in some animals. The prevalence of cyathostomins has been found to
be similarly high around the world (Collobert-Laugier et al., 2000; Güiris et al., 2010;
Hinney et al., 2011).

2.3 Anthelmintic control of parasites

2.3.1 Anthelmintics
There are three main classes of anthelmintics used for the control of parasites in horses:
benzimidazoles, imidothiazoles-tetrahydropyrimidines and macrocyclic lactones.
Benzimidazoles (eg thiabendazole) act by binding to -tubulin and inhibiting
microtubule formation in nematodes, ultimately ending in cell lysis (Martin, 1997;
McKellar and Jackson, 2004). Tetrahydropyrimidines (eg. levamisole, pyrantel) are
6

nicotinic agonists, acting selectively at nicotinic acetylcholine receptors on nematode
muscle cells, causing spastic paralysis (Martin, 1997). The macrocyclic lactones (eg
ivermectin, moxidectin) act on glutamate-gated chloride channels in muscle cells of the
pharynx and some somatic muscles, increasing chloride currents and paralysing the
muscles in the worm (Sangster, 1999b).

2.3.2 Anthelmintic resistance is a growing problem
Anthelmintic resistance occurs when some parasites are no longer affected by the drug.
It develops following regular treatment of worm populations with an anthelmintic.
Initially, a small number of resistant worms may survive a drench treatment, and then
these survivors reproduce and pass the resistance genes to the next generation (Sangster,
1999a). It is thought that resistance genes are directly inherited through Mendelian
genetics (vertical transfer), but horizontal/combined resistance also occurs, where
parasites resistant to one class of anthelmintic drug are also resistant to others in the
same class (Sangster, 1999a). The most effective means of preventing, or delaying, the
development of resistance is to reduce selection pressure by decreasing the frequency of
anthelmintic drug treatments (Sangster, 1999a). In addition, it is important to use drugs
in a way that maintains refugia (the proportion of parasites not selected by drug
treatment). Refugia can be worms that escape treatment because they are in the
environment, in an untreated member of the herd, or are an inhibited stage, such as
encysted cyathostomin larvae (Wolstenholme et al., 2004). Refugia 'dilute' the
frequency of resistant genes within the helminth population, therefore a higher
proportion of refugia will result in a slower spread of resistance (Kaplan and Nielsen,
2010).
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As reviewed by Kaplan (2004), anthelmintic resistance has been reported in every
livestock host, and for every anthelmintic class. Resistance in nematodes of small
ruminants is seen to be the most serious problem, with multiple-drug resistant
nematodes Haemonchus contortus, Teladorsagia (Ostertagia) circumcincta and
Trichostrongylus colubriformis reported throughout the world. Until recently, resistance
in nematodes of cattle and horses was thought to be less widespread, however it is now
recognised as a serious problem. A recent local study in the south-west of Western
Australia found that resistance was common across 19 cattle farms and involved several
different nematode species (Cotter et al., 2015).

2.3.3 Anthelmintic resistance in cyathostomins
The first reports of anthelmintic resistance in cyathostomins were in the early 1960s to
benzimidazoles, particularly to the broad spectrum thiabendazole. By the mid-1970s,
benzimidazole resistance in cyathostomins was considered widespread (Kaplan, 2004).
In 2008 the largest survey on the effectiveness of anthelmintics against equine
cyathostomins was carried out by Traversa et al. (2009) across the United Kingdom,
Germany and Italy. Resistance (determined as a faecal egg count reduction test of <
90%) to fenbendazole (a benzimidazole) was present in more than 80% of horse yards
tested in the UK and Germany, and in 38% of yards in Italy. Many other studies have
reported benzimidazole resistance in countries around the world, including the United
States, Canada, Denmark and France (Brady and Nichols, 2009; Traversa et al., 2012;
Garcia et al., 2013).

Tetrahydropyrimidine resistance was first documented in the 1990s in the United States,
the United Kingdom and Denmark, and is now widespread, although not to the extent of
benzimidazole resistance (Chapman et al., 1996; Craven et al., 1998; Traversa et al.,
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2007; Brady and Nichols, 2009). In the European survey by Traversa et al. (2009),
resistance to pyrantel was found in an average of 25% of yards tested across Italy, the
UK and Germany.

Resistance to macrocyclic lactones has only been reported recently, despite this class of
anthelmintics being the most widely used for the past three decades. Traversa et al.
(2009) found resistance to ivermectin in less than 10% of yards tested in a survey of
European horses. A study conducted in 2006 and 2007 found that the reappearance
times for strongyle eggs after treatment with ivermectin on a farm in central Kentucky
were twice as quick compared to the reappearance time when the drug was first
introduced in the 1980s (Lyons et al., 2008). Such short egg reappearance times were
also found in Germany around the same time (von Samson-Himmelstjerna et al., 2007).

The macrocyclic lactone moxidectin remains the most effective anthelmintic for the
treatment of cyathostomins. Traversa et al. (2009) found no resistance to moxidectin
across all horse yards they tested in Italy, the UK and Germany. However, a recent
survey of horse farms in France found that the efficacy of ivermectin was reduced on
one farm and moxidectin was reduced on another (Traversa et al., 2012), perhaps an
indication that resistance to macrocyclic lactones is increasing in Europe. In South
America this problem was reported several years earlier, when Molento et al. (2008)
found that, amongst thoroughbred horses at a yard in Brazil, the faecal egg count
reduction four weeks after treatment with ivermectin was only 5% and 65% (for
ivermectin 1.8% and 2% concentrations respectively) and 16% after treatment with
moxidectin. They also found in the same study that none of the anthelmintics tested
(including benzimidazoles, tetrahydropyrimidines and macrocyclic lactones) adequately
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controlled cyathostomins up to 28 days after treatment, the first time a multi-resistant
cyathostomin population had been reported.

Resistance in cyathostomins has not yet been reported in Australia, however this may be
due more to the lack of studies measuring drug sensitivity in Australian cyathostomins,
than an actual absence of resistance. An indication of the likelihood of cyathostomin
resistance developing in Australia is the recent reporting of resistance to macrocyclic
lactones, imidothiazoles-tetrahydropyrimidines and benzimidazoles in another parasitic
worm infecting horses in Australia, Parascaris equorum (Armstrong et al., 2014).
Given the widespread use of the interval treatment program for the control of large
strongyles in the past in Australia, it is likely that drug selection pressure has been
imposed on cyathostomin populations over the years, leading to the development of
resistance.

Anthelmintic resistance in cyathostomins has primarily arisen because anthelmintics are
cheap, easy to administer, relatively effective, and safe to horses, resulting in their
overuse. Detailed scientific information and warnings on resistance are often slow to
reach the horse owners, and it is difficult to get them to understand that there is not a
single anthelmintic that can simply be ‘relied’ upon anymore (Nielsen, 2012). Even
now, despite anthelmintic resistance in horse parasites having been recognised as a
growing problem for years, many horse owners still administer drugs frequently as a
'preventative' measure several times a year, regardless of whether there are signs of
nematode infestations.
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2.3.4 A changing approach to equine parasite control
To combat the increasing problem of resistance, there is an urgent need for new
methods of nematode control to be developed (Kaplan, 2004). Unfortunately, new
anthelmintics for use in horses are not expected to be available in the near future
(Kaplan and Nielsen, 2010; Stratford et al., 2011), so care must be taken to preserve the
efficacy of the existing anthelmintics. The interval treatment program method of
controlling parasites is out-dated, and many recent papers have outlined the reasons for
change and the way forward (Reinemeyer, 2009; Kaplan and Nielsen, 2010; Stratford et
al., 2011). The reasons why the interval treatment method of parasite control is no
longer easily justifiable are outlined in Table 2.1.

Table 2.1 Historical versus current status of justifications for interval deworming
(Reinemeyer, 2009).
Justification
Large strongyles (L.S.)
are the major targets

1966
2009
L.S. were the most important L.S. practically eradicated
cause of colic
from most wellmanaged herds

Rotation of drug class
with each treatment

All anthelmintic classes
were effective against
strongyles

Only one class remains
consistently effective

Treat perennially at
bimonthly intervals

Interval treatment
suppressed environmental
contamination

Perennial treatment is
unnecessary; frequent
treatment selects for
resistance

All horses in the herd
treated identically

Contamination by the entire
herd was supressed

Members of a herd should
be dewormed as
individuals
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It is now apparent that control of parasites, particularly cyathostomins, needs to be
based on the biology of the target parasite, the efficacy of drugs available, and to have
each horse viewed as an individual. Integral to cyathostomin control is allowing
adequate refugia to exist, enabling an anthelmintic-susceptible pool of genes to dilute
the frequency of resistant genes. This can be achieved by practising selective therapy,
based on the results of faecal egg counts of the herd. The faecal egg counts indicate how
much each individual horse is contributing to pasture contamination, and is an
indication of the severity of worm infestation (Kaplan and Nielsen, 2010). By only
treating those horses in a herd that have returned a faecal egg count above a certain
threshold, pasture contamination is reduced, but the untreated horses with low egg
counts provide refugia. Horses with low levels of nematode infestations will rarely have
any health problems as a result of this infestation; in fact, low numbers of worms can
help to stimulate immunity that protects the horse from the establishment of a more
serious burden (Kaplan and Nielsen, 2010; Nielsen, 2012).

Novel nematode control methods, such as anthelmintic plants, may also provide a useful
component of new parasite management programs for horses. While the purpose of
synthetic anthelmintic drugs is to eliminate > 90% of parasites within the animal, novel
nematode control measures generally aim to maintain infestations at a manageable level
that is not detrimental to the health of the animal (Ketzis et al., 2006). Anthelmintic
plants would satisfy that criterion, as they could potentially reduce worm burdens and/or
egg shedding into the environment, allowing some susceptible worms to survive, thus
reducing the frequency with which anthelmintic drugs need to be used and therefore
slowing the spread of resistance.
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2.4 Bioactive plants as novel nematode control agents

Interest in novel methods of nematode control has grown in recent years due to the
problem of anthelmintic resistance in livestock industries. Novel control methods may
work by i) acting directly on ingested larval life stages or adult parasites in the host, ii)
through indirect action by improving the hosts immunity to the parasite, or iii)
decreasing exposure to infective larvae on pasture (Ketzis et al., 2006).

The use of medicinal plants to treat parasitism in animals has been known for hundreds
of years (Waller et al., 2001), although the majority of evidence on the anthelmintic
activity of these plants has been largely anecdotal. Recently, there has been a lot of
research attention given to anthelmintic plants, with both in vivo and in vitro studies
measuring plant anthelmintic activity and evaluating their potential to be a part of
integrated parasite control. This research is discussed in the following section.

2.4.1 Experimental evaluation of anthelmintic plants and plant compounds
(i) In vitro
Primary screening of anthelmintic plants is usually done via in vitro bioassays, as they
are relatively inexpensive, simple and reproducible (Hoste et al., 2008). The bioassays
focus on different biological stages of nematodes and assess the ability of a plant extract
to interfere with worm physiology. For example, egg hatch assays, larval development
assays, larval migration assays and adult worm motility assays are all widely used to
assess anthelmintic activity and are often the first step in investigating anthelmintic
activity. Using in vitro assays, Kotze et al. (2009) was able to screen a large number of
Australian plants and identify those that had potential to be used for worm control in
livestock grazing systems. In vitro assays have also been used successfully to confirm
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the anthelmintic activity of traditional medicinal plants of Africa, India and Pakistan
(Ademola et al., 2004; Iqbal et al., 2004; Ademola and Eloff, 2010; Kamaraj and
Rahuman, 2011). In vitro evaluation of anthelmintic plants has mainly targeted
ruminant parasites, and to my knowledge, there have been no studies concerning
anthelmintic plants and horse parasites1.

It is apparent that the anthelmintic activity of plant extracts in vitro can differ depending
on the parasitic life stage it is tested on. A study by Hounzangbe-Adote et al. (2005)
assessed the effect of four tropical plants on the egg hatching, larval migration and adult
motility of Haemonchus contortus. Alcoholic extracts of the plants Newbouldia laevis
and Carica papaya had toxic effects toward all three life stages, whereas Morinda
lucida had greatest effects against egg hatching and larval migration and Zanthoxylum
zanthoxyloides was most active against egg hatching. In addition, all four plants
inhibited egg hatching in a dose-dependent manner, but not larval migration and adult
motility. Differences in plant anthelmintic action depending on the life stage of the
parasite has also been reported by Maciel et al. (2006) and Kotze et al. (2009).
Therefore, testing plant extracts on different life stages is necessary to give the best
representation of the anthelmintic potential of the plant and how it may best be used in a
parasite control program.

Anthelmintic activity of a plant can also vary due to the type of extract tested, as
different solvents will extract different bioactive compounds. Kotze et al. (2009) found
that in some species of plants, ethanol was more effective at extracting tannins
compared to water, shown by pre-treament with the tannin-binding polymer
polyvinylpolypyrrolidine (PVPP) having less effect with water extracts than ethanol
1

I acknowledge that there has been a recent publication, Peachey et al. (2015), which investigates the
anthelmintic effects of UK and Ethiopian plant extracts against cyathostomins.
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extracts. Additionally, the authors found that in some plant species anthelmintic activity
was only present in water extracts and not in ethanol extracts. Maciel et al. (2006)
investigated the anthelmintic activity of Melia azedarach, a traditionally used
anthelmintic plant, testing different organic solvents in egg hatching and larval
development assays, and found that activity differed between extracts used and between
parasitic life stage. In egg hatching assays, ethanol extracts of seeds and leaves were
more toxic than chloroform extracts of seed and hexane extracts of leaves. However, in
larval development assays, ethanol extracts of leaves and chloroform extracts of seeds
were more toxic than hexane extracts of leaves and ethanol extracts of seeds. Studies
such as these illustrate the fact that the bioactivity of a plant can vary greatly depending
on the solvent used for the extraction process. Therefore, when screening a plant for
anthelmintic activity, using a wide range of solvents would be beneficial.

(ii) In vivo
In vivo studies of plant anthelmintic activity generally fall into two categories: first,
studies in which animals are dosed/drenched with plant extracts, and second, studies in
which the animals graze on anthelmintic plants, or are offered foliage in addition to a
basal diet. In vivo studies using drenching treatments have validated the anthelmintic
activity of several traditionally used de-worming plants, for example, Artemesia
brevifolia, a plant traditionally used to treat livestock parasitism in Pakistan, where
Iqbal et al. (2004) found that drenching sheep once with an aqueous extract at a dose of
300 mg dried extract per kg body weight (BW) reduced the faecal egg count by up to
67.2%. Further, a study by Hordegen et al. (2003) found that the in vivo activity of an
ethanolic extract of the plant Fumaria parviflora was comparable to pyrantel.
Drenching sheep once with an ethanolic extract of F. parviflora (183 mg/kg BW)
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resulted in a complete reduction in faecal egg count, and a 78.2% and 88.8% reduction
in adult H. contortus and T. colubriformis.

The efficacy of a plant extract can also depend on the nematode species it is being tested
against (Hordegen et al., 2003; Ademola et al., 2004; Molan et al., 2004; Ademola et al.,
2005). For example, when sheep were drenched with ethanolic extract of Kaya
senegalensis, the faecal egg count of Oesophagostomum sp., Strongyloides sp. and
Trichuris sp. was reduced by 100%, while Haemonchus sp. and Trichostrongylus sp.
was reduced by only approximately 72% (Ademola et al., 2004). These differences may
be due to the susceptibility of the nematode species itself, or due to host
pharmacokinetics affecting the availability of active compounds reaching the
nematodes, as these species are found in different locations in the sheep; Haemonchus
sp. and Trichostrongylus sp. reside in the abomasum and upper small intestine, while
the other three species are found primarily in the lower intestinal tract (Hungerford,
1990). This highlights the fact that it is vital that any anthelmintic action found in vitro
is subsequently tested in vivo, as there are multiple factors that can affect the activity of
the plant and which nematode species it will be effective against.

Less consistent results have been seen in studies where animals have grazed
anthelmintic plants, or are offered foliage in addition to a basal diet. Sheep consuming a
basal diet of oaten hay and barley concentrate, supplemented with Acacia cyanophylla
Lindl. foliage ad libitum showed a reduced total number of nematode eggs shed per day
by 82% (Akkari et al., 2008a). However, when lambs grazed the same plant for six
hours per day for four weeks in addition to a basal diet of oaten hay and barley
concentrate, the mean faecal egg count was not significantly different to those grazing
grass (Akkari et al., 2008b). Another example is the forage birdsfoot trefoil (Lotus
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corniculatus), which was found to have anthelmintic activity in a grazing trial by
Marley et al. (2003), but not in a grazing trial by Niezen et al. (1998). The inconsistent
results of feeding trials can be attributed to a wider range of variables involved such as
level of intake in individual animals and chemical variation amongst plants ultimately
making the level of intake of secondary compounds difficult to control. Palatability is
an important factor when selecting anthelmintic plants for grazing, and understanding
the chemical composition of the plants and how this varies between growth stages and
seasons is essential to maximise their usage.

2.5 Plant secondary compounds

Plant secondary compounds, or secondary metabolites, are products of secondary
metabolism in the plant. Secondary compounds act as plant chemical defences, enabling
plants to protect themselves against herbivory, often having antinutritional effects and
can be poisonous in a dose-dependent manner (Freeland, 1991; Harborne, 1991). The
concentration of secondary compounds increases in times of environmental stress, for
example, during drought. Levels can also increase from ‘induced defence’, following
herbivory, or damage to the plant that simulates herbivory, such as pruning (Harborne,
1991). In relation to the ingestion of plant secondary compounds and their effect in
herbivores, Foley and McArthur (1994) described two functional groups, toxins and
digestibility reducers. Toxins are smaller compounds usually absorbed from the gut and
have a specific toxic effect on the animal, whereas digestibility reducers are larger
molecules that are metabolically inactive, but interfere with the digestion of other
nutrients.
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The three main classes of secondary compounds are phenolics (eg. flavonols, tannins),
terpenoids (eg. sesquiterpines, saponins), and nitrogen-containing compounds (eg.
alkaloids, cyanogenic glysosides) (Harborne, 1991). While most work regarding
anthelmintic plant secondary compounds has focussed on tanniferous plants, there are
other secondary compounds that have also been established to have anthelmintic
activity. Sections 5.1 to 5.3 summarises several classes of secondary compounds of
importance, which are the most likely candidates for having anthelmintic effects.

2.5.1 Phenolics
Phenolic metabolites are aromatic structures consisting of one or more hydroxyl groups.
Polyphenols, which make up the majority of the group, are compounds that have several
hydroxyl groups, of which one or more may be further substituted by methyl or glucosyl
groups. Subclasses of phenolics include flavonoids, coumarins, quinones, isoflavonoids,
stilbenoids and tannins (Harborne, 1999).

(i) Tannins
Tannins are a diverse group of compounds that can have both beneficial and detrimental
effects on animal health and performance, and have previously been found in several of
the plant species tested in the present research project (Table 2.2). Tannins with
anthelmintic properties have been the subject of extensive research.

The structure of tannins can vary greatly (Figure 2.2), although they can broadly be
divided into two groups: hydrolysable tannins and condensed tannins. Hydrolysable
tannins comprise a carbohydrate as the central core, with the hydroxyl groups esterified
with phenolic groups such as gallic or ellagic acid. They are easily hydrolysable and can
be degraded to gallic acid when consumed by ruminants (Min and Hart, 2003).
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Condensed tannins, also called proanthocyanidins, are the most commonly found
tannins in forage legumes and plants (Barry and McNabb, 1999) and have been the
main focus of anthelmintic studies. Structurally, they are polyphenols of high molecular
weight, consisting mainly of oligomers and polymers of monomeric units of flavan-3ols (Hoste et al., 2006). There is a huge variety of chemical structures of condensed
tannins, in turn producing a wide range of physical and biological properties (Min and
Hart, 2003). Condensed tannins have the ability to bind with proteins, which can be
beneficial to ruminants. This protects dietary protein from degradation in the rumen, in
turn increasing protein availability in the lower digestive tract. In general, the effect of
condensed tannins on ruminant health depends on the concentration of tannins in feed.
High concentrations of tannins (> 7% of dry matter, DM) have been associated with
decreased feed intake, growth parameters and microbial activity in the rumen, whereas
low concentrations (< 6% of DM) have been associated with increased growth, milk
yield and wool growth (Hoste et al., 2006).

Figure 2.2 Examples of different tannin structures; the hydrolysable tannins castalin
and vescalin, and the condensed tannin procyanidin B3. Diagrams taken from MuellerHarvey (2006).
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Several tannins have been found to have anthelmintic activity against gastrointestinal
parasites, with most studies focussing on grazing ruminants and their parasites, most
commonly Trichostrongylus colubriformis and Haemonchus contortus. In vitro assays
have confirmed the anthelmintic activity of tannin extracts, with several studies
reporting inhibition of egg hatching, larval development and/or adult motility (Molan et
al., 2000; Molan et al., 2002; Molan et al., 2004; Molan and Faraj, 2010). Several in
vivo studies have confirmed the anthelmintic action of tannins, finding a reduction in
faecal egg counts and adult worm burdens when animals are treated with specificallyextracted tannins (Athanasiadou et al., 2001; Cenci et al., 2007; Minho et al., 2008). The
anthelmintic effect of tannins could operate in two ways: first, by increasing host
resistance via their protein-binding ability increasing intestinal protein absorption, and
second, by acting directly on the parasites by affecting key biological processes, such as
causing changes to the protein rich nematode cuticle, or inhibiting enzymatic activity
integral to nematode metabolism (Hoste et al., 2006). However, the mechanism of
action is largely unknown. More research is needed to understand the mode of action of
tannins before they can be utilised to their full potential in livestock systems. The
anthelmintic activity of tannins varies greatly depending on chemical structure, and
different tannins may be more toxic toward different species of nematode and different
parasitic stages (Athanasiadou et al., 2001; Hoste et al., 2006). For example, the number
of free hydroxyl groups is thought to be a factor in the anthelmintic activity of
condensed tannins (Molan et al., 2003b; Brunet and Hoste, 2006; Hoste et al., 2012).

(ii) Flavonoids
Flavonoids are widespread amongst higher plants, and have been identified in several
species included in the present study (Table 2.2). Each flavonoid contains a 15 carbon
skeleton with two aromatic rings joined by a heterocyclic pyrane ring (Kumar and
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Pandey, 2013). An example can be seen in Figure 2.3. They are involved in protecting
plants from insect and pathogen attack, and play an important role in plant reproduction
because they provide the attractive colours of flowers that promote pollination (Dakora,
1995). In the agricultural industry, flavonoids are mostly known for their ability to act
as phyto-oestrogens, having negative effects such as reducing lambing rates in sheep.
However, they are also attributed with several beneficial medicinal properties, including
anti-cancer and anti-malarial activity (Dakora, 1995). Flavonol glycosides have been
found to have anthelmintic properties. Rutin, nicotiflorin and narcissin were identified
in the anthelmintic forage Sainfoin (Onobrychis viciifolia) and significantly inhibited
larval migration of Haemonchous contortus in vitro (Barrau et al., 2005).

Figure 2.3 An example of flavonoid structure, the flavonol Quercetin (Kumar and
Pandey, 2013).

2.5.2 Terpenoids
Terpenoids are primarily cyclic unsaturated hydrocarbons with varying degrees of
oxygenation in the substituent groups and include, amongst others, the classes mono-,
sesqui-, di-, and tri-terpenoids, plus saponins, cardenolides and carotenoids (Harborne,
1991). They are considered to have many roles involved in the interactions between
plants, and between plants and animals, including acting as defense agents,
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allelochemicals and pheromones (Harborne, 1991). Saponins and sesquiterpene
lactones appear to be the most widely researched in terms of their bioactivity. These two
groups are discussed briefly below.

(i) Saponins
The biological action of saponins has been reviewed by Francis et al. (2002). Saponins
are high molecular weight steroid or triterpenoid glycosides found in a wide range of
plants, their name derived from the ability to form soap-like foam in aqueous solutions.
An example of a saponin can be seen in Figure 2.4. Like other plant secondary
compounds, saponins have generally been regarded as antinutritional factors in animal
feed, having negative effects on protozoa in the rumen and reducing protein
digestibility. Saponins are known to have many biological actions, and these include
permeabilisation of membranes, improvement of growth, feed efficiency and health in
ruminants, cytostatic effects against cancer cells, lowering serum cholesterol levels,
both negative and positive effects on animal reproduction, and antifungal, virucidal and
antiprotozoal actions (Francis et al., 2002). Saponins and other terpenoids have
previously been found in several of the plant species in this study (Table 2.2) and could
potentially be responsible for any anthelmintic properties observed.

Figure 2.4 An example of saponin structure, Oleanolic acid (Mroczek, 2015).
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Saponins have been demonstrated to have toxic effects against parasites in vitro. Ali et
al. (2011) found that crude saponin extracts from the plants Achilla wilhemsii and
Teucrium stocksianum had anthelmintic activity against the fowl roundworm Ascaridia
galli and tapeworm Raillietina spiralis. Additionally, the time taken by crude saponin
extracts from both plants to cause the death of adult worms was comparable to the
anthelmintic drug albendazole. Other studies reported that saponins from Medicago spp.
have toxic effects against the plant parasitic nematode Xiphinema index (Argentieri et
al., 2008), and a commercial saponin extract of Quillaja saponaria was found to have
larvicidal action against Aedes aegypti and Culex pipiens, the mosquito vectors for
Dengue fever and Western Nile virus (Pelah et al., 2002). One way in which saponins
are known to exert anthelmintic action is by affecting the function of the P-glycoprotein
membrane transport system of nematodes, which is involved in the metabolism,
excretion and absorption of toxic molecules (Doligalska et al., 2011). Based on this
knowledge, saponins are another class of compounds which could be responsible for
anthelmintic action exerted by the Australian plants studied in the present project.

(ii) Sesquiterpene lactones
Sesquiterpene lactones are terpenoids fused to a lactone ring. An example can be seen in
Figure 2.5. They are known to have various bioactivities, some beneficial, such as
antimicrobial effects, and some negative, including causing allergic contact dermatitis
(Rodriguez et al., 1976; Picman, 1986). The forage chicory (Cicorium intybus) has
anthelmintic properties that have been attributed to sesquiterpene lactones. Molan et al.
(2003a) found that sesquiterpene lactones isolated from chicory inhibited the motility of
larvae of the deer lungworm Dictyocaulus viviparus and gastrointestinal parasites from
the same host in vitro. More recently, sesquiterpene lactone extracts from chicory were
found to inhibit egg hatching of H. contortus in vitro, although extracts from different
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cultivars of chicory had different activities, related to the proportions of specific
sesquiterpene lactones in each extract (Foster et al., 2011). Sesquiterpene lactones are of
interest to this research as they have previously been found in several of the Australian
plants in this study.

Figure 2.5 Vernomelitensin, an example of a sesquiterpene lactone (Toyang et al.,
2013).

2.5.3 Lectins
Plant lectins are proteins or glycoproteins that bind carbohydrates other than enzymes or
antibodies, and are present in most plant materials (Grant, 1999). An example,
Concanavalin A, can be seen in Figure 2.6. They are resistant to proteolytic degradation
and can survive passage through the gastrointestinal tract, although they can bind to
carbohydrate receptors in the gut and be taken up systemically. Lectins have been found
to alter animal metabolism, through effects on hormone balance, lipid and muscle
metabolism, and gut and pancreas structure and function (Grant, 1999). This bioactivity
has made them of interest to animal production.
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Figure 2.6 An example of lectin structure, Concanavalin A tetramer. This diagram
depicts the quaternary structure of the protein. Stars indicate carbohydrate binding sites
(Barre et al., 2001).

Plant lectins have only recently been determined to have anthelmintic properties. Ríosde Álvarez et al. (2012) screened plant lectins and some tropical plant extracts in larval
feeding inhibition assays in vitro using sheep gastrointestinal nematodes.
Phytohemagglutinin E3L from the Kidney bean (Phaseolus vulgaris) was the most
potent lectin, with an estimated IC50 (the concentration at which there was a 50%
inhibition of development) of 4.3 µg/mL for the nematode Trichostrongylus
colubriformis. The addition of the lectin inhibitor Fetuin in the assays increased larval
feeding to a greater extent than addition of the tannin inhibitor polyethylene glycol,
indicating that lectins were playing a part in the anthelmintic activity. Due to lectins
ability to pass through the digestive tract intact (Grant, 1999), they also have potential
to act not only on parasites inside the host, but on the eggs and infective stages in the
environment. This means that lectins could play a significant role in novel parasite
management strategies.
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2.5.4 Nitrogen-containing compounds
Nitrogen-containing secondary compounds of plants include alkaloids, amines, nonprotein amino acids, cyanogenic glycosides and glucosinolates. These compounds are
probably the least desirable for using as anthelmintic compounds because they are
generally toxic to livestock. Alkaloids and cyanogenic glyscosides in particular are
poisonous towards horses (Offord, 2006). An example of a cyanogenic glycoside can be
seen in Figure 2.7. Nitrogen-containing compounds have been found to have
anthelmintic properties (Satou et al., 2002; Wang et al., 2010), however their toxicity is
a problem for their application in vivo, as illustrated by Satou et al. (2002). The authors
found that despite several isoquinoline alkaloids having anthelmintic properties against
Toxocara canis in vitro, they also had significant cytotoxic properties. The authors
suggested that any suitable anthelmintic compound would have a high anthelmintic to
cytotoxic ratio, and subsequently determined allocryptopine, dehydrocorydaline and
paperavine as having potential. Nitrogen-containing compounds have been found in
some of the plants in this study (Table 2.2).

Figure 2.7 An example of a nitrogen-containing secondary compound, the cyanogenic
glucoside Dhurrin (Mithöfer and Boland, 2012).
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2.5.5 Australian plants are rich in bioactive secondary compounds
Australian plants are a rich source of secondary compounds, due to the harsh
environment in which they live, where they must tolerate water, soil and climatic stress,
and protect themselves against herbivory (Dynes and Schlink, 2002). Australian plants
and their secondary compounds have been found to have antiviral, antimicrobial and
antibacterial properties (Semple et al., 1998; Palombo and Semple, 2001; Ndi et al.,
2007), and also anthelmintic properties against the ruminant parasites Haemonchus
contortus and Trichostrongylus colubriformis (Kotze et al., 2009; Moreno et al., 2012).
Kotze et al. (2009) screened extracts from 85 species of Australian plants against the
ruminant nematode Haemonchus contortus in vitro and found that approximately 30 of
the plant extracts decreased larval development to less than 40% compared to control
assays, and some inhibited adult worm motility. It was concluded that the anthelmintic
activity of some plants was mostly due to tannins, although others still had activity
when treated with a tannin-absorbing compound PVPP, indicating that compounds other
than tannins were involved. More recently, Moreno et al. (2012) found that several
tropical Australian plants rich in tannins and other polyphenols reduced the egg output
of H. contortus and T. colubriformis in goats. It is for these reasons that I have chosen
Australian plants to screen for anthelmintic activity against cyathostomins in order to
investigate their potential as a novel means to reduce worm burdens in horses in the
present study.

The literature available about all the plant species screened for anthelmintic activity in
this thesis is summarised in Table 2.2. Plants were included based on three criteria: i) if
any secondary compounds had been identified previously, and/or ii) if the plant is
known to have any bioactive effects, and/or iii) if the plant is known to be palatable to
animals.
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Table 2.2 Summary of the available literature about the plant species included in this study.
Plant
Alyxia buxifolia

Known PSCs
Oleanolic acid
Ursolic acid
Betulic acid

Bioactive effect of plant
No literature found

Palatable to animals
No literature found

References
Anstee et al. (1952)

Arctotheca calendula

Sesquiterpene lactones

No literature found

Yes

Tsichritzis et al. (1990)
Baker et al. (2002)

Callitris glaucophylla

Monoterpene
Carboxylic acids
Sesquiterpene alcohols
Sesquiterpene carboxylic acids
Sesquiterpene lactones

Antibacterial
Antitermitic

No literature found

Watanabe et al. (2005)

Acacia spp.

Tannins
Flavonoids
Alkaloids
Diterpenes
Triterpenes
Saponins

Antibacterial
Antiviral
Anthelmintic

Yes

Craig et al. (1991)
Semple et al. (1998)
Palombo and Semple (2001)
Seigler (2003)
Pennacchio et al. (2005)
Durmic et al. (2008)
Hutton et al. (2009)
Kotze et al. (2009)
Kurekci et al. (2012)
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Eremophila spp.

Furanosesquiterpenes
Serrulatane diterpenes

Antibacterial
Antiviral
Cardioactive

Yes

Ghisalberti (1994)
Richmond and Ghisalberti (1994)
Semple et al. (1998)
Palombo and Semple (2001)
Pennacchio et al. (2005)
Durmic et al. (2008)
Hutton et al. (2009)
Kurekci et al. (2012)

Eucalyptus spp.

Gallic acid
Ellagic acid
Hydrolysable tannins
Leucoanthocyanins
Flavonol glycosides

Antibacterial

Yes

Hingston (1963)
Haines et al. (1994)
Durmic et al. (2008)
Kurekci et al. (2012)

Leptospermum
laevigatum

Flavonoids

Antibacterial

Yes

Bennett (1994)
Wollenweber et al. (2000)
Durmic et al. (2008)
Kurekci et al. (2012)

Melaleuca spp.

Monoterpernes
Sesquiterpenes
Flavonoids

Antibacterial

No literature found

Wollenweber et al. (2000)
Durmic et al. (2008)
Keszei et al. (2010)
Kurekci et al. (2012)
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Agonis flexuosa var.
flexuosa

No literature found

Antibacterial

No literature found

Durmic et al. (2008)

Fumaria capreolata

Alkaloids

Antibacterial

No literature found

Maiza-Benabdesselam et al. (2007)
Durmic et al. (2008)
Kurekci et al. (2012)

Austrostipa spp.

No literature found

Antibacterial

Yes

Jacobs (2012)
Kurekci et al. (2012)

Rumex crispus

Phenolics

Antioxidant
Antibacterial

Yes

Department of Agriculture and Food
Western Australia (2007)
Coruh et al. (2008)
Kurekci et al. (2012)

Alectryon oleifolius

Cyanogenic glycosides

Antibacterial

Yes

Finnemore and Cooper (1938)
Tiver and Andrew (1997)
South Australian Arid Land Natural
Resources Management Board
(2010)
Kurekci et al. (2012)
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Dodonaea viscosa

Flavonoids
Saponins
Diterpenes

Antibacterial
Antifungal

Yes

Harrington (1979)
Sachdev and Kulshreshtha (1983)
Wagner et al. (1987)
Ortega et al. (2001)
Patel and Coogan (2008)
Khurram et al. (2009)
Kurekci et al. (2012)

Exocarpos aphyllus

Triterpenes
Phenolics

Antibacterial
Anti-inflammatory

Yes

Liu (2006)
Durmic et al. (2008)
Cunningham et al. (2011)
Kurekci et al. (2012)

Santalum spicatum

Monoterpenes
Sesquiterpenes

Antibacterial

Yes

Applegate and McKinnell (1993)
Valder et al. (2003)
Kurekci et al. (2012)

Duboisia hopwoodii

Alkaloids

Antibacterial

No literature found

Hicks and Le Messurier (1935)
Bottomley and White (1951)
Luanratana and Griffin (1982)
Kurekci et al. (2012)
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2.5.6 Plant secondary compounds and their effects on the horse
Literature about the digestion and positive or negative effects of plant secondary
compounds on the horse is scarce. Horses are monogastric hind-gut fermenters, with
enzymatic digestion occurring before microbial fermentation (McDonald et al., 2002).
In regards to tannins, horses may be more adversely affected by these compounds
compared to ruminants. This is because the tannins are not modified (apart from by
salivary proteins) before reaching the small intestine (Waghorn et al., 1999).
Additionally, horses have evolved as grazers, typically consuming grasses with low
levels of plant secondary compounds, and so may have fewer mechanisms for
detoxifying plant compounds compared to typical ‘browsers’. However, Davies et al.
(2009) found that horses can cope well with a condensed tannin-rich supplement. They
conducted a feeding trial with four thoroughbred horses to determine whether a grape
seed extract supplement containing 40% oligomeric proanthocyanidins (condensed
tannins) had any effect on the health, feed intake and digestion of horses. The diet had
no negative effects on the horses when fed at up to 150 mg/kg BW. Despite being a
small study, the results suggest that a tannin-based novel worming strategy for horses
may be viable.

There are several plant secondary compounds (or their metabolites) known to be toxic
to horses and hence, any plant in this study found to have potential as a ‘de-wormer’
would have to undergo further testing to determine its true suitability. Compounds toxic
to horses include alkaloids, such as pyrrolozidine and tropane alkaloids, cyanogenic and
cardiac glycosides, and others such as quinones and diterpene esters. These can be
found in a wide range of plants across Australia, however only in a few species of plants
will horses willingly ingest a sufficient amount to cause serious problems, as most of
the plants are unpalatable (Offord, 2006). It was not the aim of the current study to
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determine safety or palatability of the plant and in vivo testing would be needed to
determine first, if the level at which there is an anthelmintic effect has any negative
health effects on the horses, and second, if the horses graze the plants willingly.
However, if the plants are not palatable, there is the option of preparing a feed
supplement or drench from the isolated anthelmintic compounds.

2.6 Summary and research objectives

Cyathostomin parasites are the most prevalent equine gastrointestinal parasites,
ubiquitous amongst grazing horses worldwide. The resistance of cyathostomins to all
three classes of anthelmintics relied upon for their control has been increasing, most
recently for the macrocyclic lactones. Of even more concern are the recent reports of
multi-resistant populations of cyathostomins in which neither benzimidazoles,
imidothiazoles-tetrahydropyrimidines or macrocyclic lactones were totally effective at
removing worms. Hence, there is a need for new methods of control to be implemented
in equine parasite management to slow the spread of anthelmintic resistance.

Incorporating anthelmintic plants into integrated parasite management programs could
reduce the frequency with which synthetic anthelmintics need to be administered, hence
slowing the spread of resistance. Several species of plants have been found to have
significant anthelmintic activity against various parasites of livestock both in vitro and
in vivo (reviewed by Athanasiadou and Kyriazakis (2004), Githiori et al. (2006), Hoste
et al. (2006) and Athanasiadou et al. (2007). In studies where plant secondary
compounds have been examined for anthelmintic action, tannins and saponins, amongst
others, have been identified as active compounds (Molan et al., 2004; Ali et al., 2011).
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Australian plants in particular are rich in secondary compounds and several species have
been found to have anthelmintic action against the sheep nematode Haemonchus
contortus (Kotze et al., 2009). Therefore, they may also be active against horse
parasites, and, hence, suitable for the control of parasites in this host.

The overall objective of this research was to identify Australian plants with potential to
control cyathostomin parasites in horses and isolate secondary compounds responsible
for this action. The planned experimental process can be seen in Figure 2.8. The
specific aims were:
-

Screen a number of plants in bioassays to identify the species with high activity

-

Determine if the activity of top-performing plants was due to tannin compounds

-

Fractionate two top-performing plants (one tannin and one non-tannin) and
isolate and identify the active compound(s)

The overall hypothesis tested was that there are Australian plants with anthelmintic
activity against cyathostomins, and this action is due to secondary compounds. Subhypotheses that formed as the project developed are detailed in the introduction to each
experimental chapter.
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37 Australian plants
Chosen for known palatability/bioactivity/secondary compounds

Larval development assay (LDA)
Test aqueous extracts for ability to inhibit larval development

Top performing plants
Most toxic in LDAs

LDA with PVPP
Are tannins likely responsible for anthelmintic action?

Top performing
“Tannin plant”

Top performing
“Non‐tannin plant”
Bioassay‐guided fractionation
Isolation of active compounds guided by LDAs
High performance liquid chromatography, mass spectrometry,
nuclear magnetic resonance spectroscopy for identification of
compounds

Pure compound

Pure compound
LDAs and Larval migration inhibition assays
Determine potential for use as anthelmintic

Figure 2.8 The planned experimental design for the project, from initial testing of 37
plants to the isolation of active compounds. (Note: PVPP = polyvinylpolypyrrolidone).
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Chapter Three: General materials and methods

3.1 Experimental design

The experiments in this thesis were designed to test the hypothesis that Australian plants
would have anthelmintic activity against cyathostomins in vitro, and that this could be
attributed to bioactive secondary compounds. The aim was to identify Australian plants
and their bioactive compounds with potential to be used in sustainable parasite
management programs for horses.

To achieve this, crude extracts of 37 plant species were tested in larval development
assays using cyathostomin larvae. The most active extracts were then tested for the
presence of bioactive tannins (Chapter 4). The next step was to further investigate the
anthelmintic action of one plant containing tannins (Chapter 5) and one non-tannin plant
(Chapter 6) with aim of isolating pure active compounds from both plants and
quantifying their anthelmintic activity in in vitro assays.

Materials and methods common to two or more of the experiments are detailed below
and more specific details are given in the appropriate chapters.
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3.2 Plant material

The plant material used in this study was part of a collection held at The University of
Western Australia (Hutton et al., 2009). The samples were collected by The Department
of Environment and Conservation (previously The Department of Conservation and
Land Management) throughout the Spring of 2005, identified botanically, and voucher
specimens were deposited. The plant material, a mixture of leaves and flowers, was then
stored at −20 ºC until processed. The samples were freeze-dried, reweighed and milled
to coarse powder using a cyclone grinder (CYCLOTECH 1093 Sample Mill; Tecator,
Hoganas, Sweden) fitted with a 4 mm screen followed by a 1 mm screen, and then
stored in air-tight containers at room temperature.

3.3 Source of cyathostomin parasites

The cyathostomins eggs used for all experiments were collected from the faeces of
naturally infected horses located in Perth metropolitan area, Western Australia. The
horses were from different backgrounds (varying age, breed and diet), although none
were exposed to routine worming treatments, and at the time of faeces collection had
not been treated with an anthelmintic for at least eight weeks. No other worm species
other than cyathostomins were observed in any of the samples. Faeces were collected
immediately after defecation, placed in an air tight bag and kept at approximately 16 ºC
during transport (less than 1 hour) and until processed in the laboratory.
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3.4 Larval development assay (LDA)

This in vitro assay was used to measure the effects of the plant extracts and bioactives
on the development of cyathostomin larvae from the egg stage to the infective larval
stage (L3).

3.4.1 Egg preparation
The egg preparation was carried out in a manner similar to that described by Kotze et al.
(2009). Eggs were recovered from the faeces by passing through a series of fine sieves
(250 µm and 105 µm) and then centrifuging on a sucrose gradient (100 g/L and 250
g/L). Eggs were recovered from the interface between the two sucrose solutions, placed
on a 25 µm sieve, and washed with water. The eggs were then placed in a solution of
8.4 mg/L sodium hypochlorite for 12 minutes on a roller wheel, and then washed again
with water on a 25 µm sieve for 10 minutes. The eggs were finally diluted in distilled
water to a concentration of approximately 30-40 eggs per 10 µL. Amphotericin B
solution ‘Fungizone’ and Tylosin solution (Sigma-Aldrich, St Louis, MO, USA) were
added to the egg suspension (final concentrations of 25 µg/mL and 0.8 mg/mL,
respectively) immediately before use in larval development assays to prevent bacterial
and fungal growth.

3.4.2 Assay procedure
The assay was conducted using 96-well assay plates. Each well was filled with 200 µL
of sterile melted agar medium (Davis Gelatine Co., Australia) and allowed to solidify.
Egg suspension (30 µL) containing 50-60 eggs was added to each well on top of the
agar, followed by 10 µL of plant extract/fraction or water for control wells. Parallel
assays were also run with anthelmintic standards: ivermectin (0.00247 ng/ml – 650
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ng/ml), levamisole (0.0016 µg/ml – 10.4 µg/ml) and thiabendazole (0.0000398 µg/ml –
2.6 µg/ml). After addition of egg suspension, the assay plates were sealed in zip lock
bags to prevent drying, and incubated at 27 ºC overnight. Larvae were fed the next day
by adding 10 µL of 'feeding' solution to each well. The solution was prepared by
adding 250 µL of E. coli culture (XL1-Blue® Stratagene, USA) grown overnight in
Luria-Bertani broth (Maniatis et al., 1982) to 1 mL of a of larval growth medium
(Earle’s salt solution 10% w/v, yeast extract 1% w/v, sodium bicarbonate 1mM and
saline solution, 0.9% sodium chloride w/v, as described by Hubert and Kerboeuf
(1984)). Each treatment was run in triplicate, and then repeated one more time with a
different egg preparation at a later time. The plates were incubated for another 6 days
and then larvae were killed using Lugol’s iodine solution (10 µL per well). Each well
was examined under a microscope at 10x magnification. Larvae that were confirmed as
being cyathostomins and identified as being at the L3 stage were then counted. Briefly,
identification as being cyathostomins was done according to an identification key
(Soulsby, 1965) and as L3 was based on the presence of a cuticle and eight easilydifferentiated gut cells that are not present in earlier stages.

3.5 Larval migration inhibition assay (LMIA)

This assay was used to measure the effect that exposure to the plant extracts and
bioactives had on the motility of cyathostomin L3s, specifically, the ability to migrate
through a fine filter mesh.
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3.5.1 Larval preparation
Faecal larval cultures for the cultivation of L3 larvae were established according to the
methods described by Zajac et al. (2006). Fresh manure (collected as per section 3.3)
was broken up and mixed with vermiculite in a beaker to form a moist crumbly mix.
The beaker was covered with foil and kept at room temperature for approximately 14
days. Water was added when needed to keep the mixture moist, and the faeces was
stirred daily to prevent the formation of mould on the surface. After day 14, a modified
Baermann apparatus was used to remove the larvae from the culture. Briefly, the faecal
sample was removed from the beaker and wrapped in double layer cheesecloth. The
cheesecloth was suspended in a closed funnel filled with lukewarm water. This was left
overnight to let the larvae migrate out of the sample and settle at the bottom of the
funnel. The faecal sample was removed and a few millilitres containing the larvae from
the bottom of the funnel were removed by pasteur pipette. The larvae were then again
left overnight to migrate through the double layers of cheesecloth into clean water.

The larvae were used in assays on the same day if possible, otherwise they were stored
at 4°C for no longer than one week before use. For use in the LMIAs, the larval solution
was diluted to contain approximately 20 – 25 larvae per 10 μL. Amphotericin B solution
‘Fungizone’ (Sigma–Aldrich, St. Louis, MO, USA) was added at a rate of 100 µL per
mL of larval solution (final concentration of 25 μg/mL) to prevent fungal growth (Kotze
et al., 2006).

3.5.2 Assay procedure
The migration assay procedure was based on that described by Kotze et al. (2006). First,
larvae were exposed to the plant compound during an incubation period in 96-well
assay plates. A stock solution of 4 mg plant compound per mL of 10/90 (v/v) dimethyl
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sulfoxide (DMSO)/water was made, along with five 2-fold serial dilutions. This gave
eight concentrations: 12.5, 25, 50, 100, 200, 400, and 800 μg/mL. Each well received 10
μL of plant compound solution, 60 μL phosphate buffered saline solution (PBS) and 30
μL of larval solution, giving a total volume of 100 μL, except for 800 mg/mL that
received 20 μL of the plant compound stock solution, 30 μL larval solution and 50 μL
PBS. Controls included water or 10/90 (v/v) DMSO/water in place of the plant
compound solution. Anthelmintic standards were also tested on a separate plate. Stock
solutions (10 mg/mL in DMSO) of levamisole and ivermectin (Sigma–Aldrich, St.
Louis, MO, USA) were serially diluted by 2-fold. These two drugs affect the motility of
nematodes and are suitable controls for this assay. Thiabendazole (used as a control in
the LDA) does not affect motility within the time frame of the assay (Kotze,
unpublished data), and therefore was not used as a control for this assay. One μL of
drug solution was added to each well with 70 μL PBS and 30 μL larval solution to give
concentrations ranging from 0.000006 – 25 μg/mL. Each treatment was run in triplicate,
and then repeated with a different egg preparation at a later time. Plates were placed in a
zip lock bag (to prevent evaporation) and incubated for 48 hours at room temperature.

During the incubation period, a ‘receiver’ plate, in which the filter plate was to be
suspended, was prepared to contain the same concentration of plant compound as the
incubation plates. The volume of the wells was 300 μL, so the amount of plant
compound and control solutions was three times the volumes that had been used
previously for the incubation plates (described above). The volume was then made up to
300 μL by the addition of PBS.

After the 48 hour incubation period was over, the mesh filter plate was placed on top of
the receiver plate. Using a multi-tip pipette set at 120 μL, the contents of the incubation
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plate wells were transferred to their corresponding places in the filter plate. Care was
taken to mix the incubation wells and to ensure that all larvae were collected by taking
the liquid up and down five times with the pipette before transfer. Therefore, there was
300 μL of plant compound solution ‘below’ the filter in the receiver plate wells, and 100
µL of plant compound solution and larvae ‘above’ the mesh in the filter plate wells. The
plates were placed in zip lock bags on a black lined tray. They were incubated overnight
at room temperature in a well-lit room. The next day, the filter plate was removed and
10 μL of Lugol’s iodine solution was added to each receiver plate well. The number of
larvae in each receiver well was counted under the microscope.

3.6 Structural elucidation

1

H and 13C nuclear magnetic resonance (NMR) spectra were obtained on a Bruker

AV600 (600 MHz for δH and 150.9 MHz for δC) spectrometer. Hexadeuteroacetone
((CD3)2CO) was used as the solvent with residual (CH3)2CO (δH 2.05) or (CD3)2CO (δC
29.84) being employed as internal standards.

High performance liquid chromatography (HPLC) and high resolution mass
spectrometry (HPLC-MS) was conducted using a Waters Alliance e2695 HPLC
connected to a Waters LCT Premier XE time-of-flight (TOF) mass spectrometer with an
electrospray ionization source (ESI).
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3.7 Statistical methods

Larval development was estimated by expressing the numbers of L3 in treated wells as
a percentage of the mean number of L3 in control wells, while larval migration was
calculated by expressing the numbers of L3 in receiver wells (i.e., had migrated through
the filter plate) as a percentage of the mean number of L3 in control receiver wells. The
IC50 values (concentration that resulted in a 50% inhibition of development or
migration) were calculated from percentage development or migration data at a range of
dilutions of the extracts/fractions/compound and anthelmintics using non-linear
regression. Significant differences (p < 0.05) between extracts/fractions/pure
compounds and controls were assessed using repeated measures ANOVA followed by
Neuman-Keul’s test or Dunnett’s multiple comparison test (GraphPad Prism 5,
GraphPad Software, Inc. CA, USA) using actual larval numbers, not percentage values.
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Chapter 4: Australian plants show anthelmintic activity
towards equine cyathostomins in vitro
This chapter is published in the journal Veterinary Parasitology and remains in its
published form with the exception of the removal of the Abstract. The full paper can be
seen in Appendix 2.
Payne, S.E., Kotze, A.C., Durmic, Z., Vercoe, P.E., 2013. Australian plants show
anthelmintic activity toward equine cyathostomins in vitro. Veterinary Parasitology
196, 153-160.

4.1 Introduction

Cyathostomins are the most significant parasites of horses worldwide. There are
approximately fifty species of cyathostomins, although only about ten of these species
make up the majority of numbers in infected horses (Lyons et al., 1999). The most
pathogenic life stage is the larvae. Third stage larvae (L3) encyst in the intestinal
mucosa where they develop to fourth stage, L4 (Corning, 2009). These larvae can
remain there for up to two years and can cause a potentially fatal condition known as
“larval cyathostomiasis”. This condition is caused by a mass emergence of L4 larvae
from the intestinal wall, which can result in acute or chronic diarrhea, weight loss,
edema, severe colitis and hypoalbuminemia in the horse (Lyons et al., 2000). Control of
these parasites relies largely on the use of anthelmintics, however, this has been
severely compromised over recent years by the increasing prevalence of anthelmintic
resistance (Brady and Nichols, 2009; Kaplan and Nielsen, 2010) Currently, there is
widespread resistance in cyathostomins to two major anthelmintic drug classes, the
benzimidazoles and tetrahydropyrimidines. In addition, there have been reports of
reduced efficacy of macrocyclic lactone anthelmintics (ivermectin, moxidectin) in
recent years (Lyons et al., 2008). Molento et al. (2008) found that no anthelmintics
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tested in a horse yard in Brazil (including benzimidazoles, tetrahydropyrimidines and
macrocyclic lactones) adequately controlled cyathostomins up to 28 days after
treatment. This was the first report of a multi-resistant cyathostomin population.

The problem of anthelmintic resistance has arisen partly due to the routine use of
anthelmintics as a preventative for several decades. This practise, known as the interval
treatment program, was proposed in the 1960’s by Drudge and Lyons (1966), and
introduced mainly to control the very pathogenic large strongyles, particularly the
potentially fatal Strongylus vulgaris, which were prevalent at that time. It entails dosing
horses with an anthelmintic every 6-8 weeks and is still a common method of
controlling parasites. While the interval treatment program was successful at controlling
the target species, it placed strong selection pressure for anthelmintic resistance on all
equine gastrointestinal parasites (Kaplan and Nielsen, 2010).

Despite the ineffectiveness of the current treatments, it is not expected that any new
synthetic anthelmintics for use in horses will become available in the near future
(Stratford et al., 2011). Subsequently, there is a need to implement new sustainable
approaches to parasite control in horses, with treatments based on the biology of the
target parasite, effectiveness of the drug, and the needs of the individual horses, rather
than using regular preventative treatments (Kaplan and Nielsen, 2010). Interest has
grown in the use of some novel methods for nematode control, in particular those that
have the potential to maintain low egg numbers, which reduce the frequency that
anthelmintic drugs need to be administered and slow the spread of resistance.

One such novel method for nematode control that has potential in the equine industry is
the use of anthelmintic plants. Medicinal plants have been used to treat parasitism in
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animals for hundreds of years, although the majority of evidence on the anthelmintic
activity of these plants had been largely anecdotal. More recently, scientific reports have
emerged, describing the anthelmintic properties of plants in variety of animal species,
both in vitro and in vivo (reviewed by (Athanasiadou and Kyriazakis, 2004; Githiori et
al., 2006; Hoste et al., 2006; Athanasiadou et al., 2007). In Australia, selected plants and
their secondary compounds have been found to have antiviral and antibacterial activity
(Semple et al., 1998; Palombo and Semple, 2001; Ndi et al., 2007). Recently, Kotze et
al. (2009) reported anthelmintic properties against sheep worms in vitro amongst some
Australian plants. The study revealed that plant species such as Eremophila maculata
and Acacia pycnantha completely inhibited larval development of Haemonchus
contortus in vitro at 1400 µg extractable solids per mL. Additionally, some tropical
Australian plants have been found to have anthelmintic activity against Haemonchus
contortus and Trichostrongylus colubriformis in goats, significantly reducing the egg
output for both species (Moreno et al., 2012). Many of the plants examined in the study
are known to be rich in secondary compounds, due to the harsh environment where they
grow and which allow them to tolerate water, soil and climatic stress and also protect
against herbivores (Dynes and Schlink, 2002). To date, the activity of bioactive
Australian plants against horse helminths have not been investigated. The present study
aimed to screen a range of Australian plants for anthelmintic activity against
cyathostomins in vitro, in order to identify plants with potential to be incorporated into
parasite control programs for horses. Firstly, this involved testing 37 species of plants in
larval development assays at the concentration of 1400 µg extractable solids per mL,
and secondly, the determination of the IC50 values for the most active species. Thirdly,
the polymer PVPP was used to verify if tannin compounds were responsible for any
anthelmintic activity in fourteen of the plant species.
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4.2 Materials and Methods

4.2.1 Experimental design
We examined the anthelmintic activity of 37 plant species using crude plant extracts and
in vitro assays with cyathostomin larvae. All samples were screened at one
concentration of 1400 µg/mL and following this, the most potent extracts (n=25) were
examined in a dose-response manner. Fourteen plant extracts were also tested in the
presence of polymer polyvinylpolypyrrolidone (PVPP) as a means to determine whether
anthelmintic activity observed with some extracts was due to the presence of tannins
(Makkar, 2003). The fourteen plants were chosen as they showed the highest
anthelmintic activity in the initial screening assays (n=12), or because there was
anecdotal evidence that they were used as fodder and/or were palatable to livestock
(n=2). Each treatment was run in quadruplicate wells and assays were replicated on two
separate occasions, using separate nematode egg preparations.

4.2.2 Plant material
Samples from 37 species of Australian plants held in a collection at The University of
Western Australia were used for this study (Table 4.1). Plants were selected on the basis
of previous reports indicating that they contained bioactive substances (anthelmintic,
antibacterial or other medicinal properties), or have potential as a fodder shrub
(Ghisalberti, 1994; Dynes and Schlink, 2002; Durmic et al., 2008). The samples were
collected by The Department of Conservation and Land Management throughout Spring
2005, identified botanically and voucher specimens were deposited. The plant material
was then stored at −20ºC until processed. The samples were freeze-dried, reweighed and
milled to coarse powder using a cyclone grinder (CYCLOTECH 1093 Sample Mill;
Tecator, Hoganas, Sweden) fitted with a 4 mm screen followed by a 1 mm screen. A
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control of oaten chaff (not containing any known bioactive secondary compounds) was
also prepared in the same manner. Ground material was stored at room temperature in
sealed containers until use. The samples consisted of a mixture of leaves and flowers,
apart from Eremophila glabra, for which a separate stem sample was also tested (giving
38 experimental plant samples plus oaten chaff control).

4.2.3 Crude extracts
For extraction of the water soluble components of each plant, 1 mL of water was added
to 100 mg freeze dried ground plant material and shaken on a roller wheel for 48 h. The
extracts were then centrifuged at 9000 g at 5 ºC for 30 minutes. The supernatant was
removed and sterilised through a syringe-driven filter unit (0.22 µm) and stored at -16
ºC until needed for the larval assays.

In the tannin-binding assays, 500 µL of selected plant extract (prepared as described
above) was added to 50 mg of PVPP and the mixture was shaken overnight in a 2 mL
centrifuge tube. The tube was then centrifuged at 9000 g for 10 min, and the supernatant
was removed and tested in larval assays. For extracts from the two plant species in
which the anthelmintic activity did not change after one PVPP treatment, the procedure
was repeated by taking the supernatant from the initial treatment and again incubating in
PVPP (at 50 mg per 500 µL of extract).

4.2.4 Parasite eggs
The cyathostomin eggs used for this study were collected from the faeces of naturally
infected horses located in Perth metropolitan area, Western Australia. The horses were
from different backgrounds (varying age, breed and diet), although none were exposed
to routine worming treatments, and at the time of faeces collection had not been treated
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with an anthelmintic for at least 8 weeks. No other species other than cyathostomins
were observed in any of the samples. Faeces were collected immediately after
defecation, placed in an air tight bag and kept at approximately 16 ºC during transport
and until processed in the laboratory. The egg preparation was then carried out in a
manner similar to that described by Kotze et al. (2009). Eggs were recovered from the
faeces by passing through a series of fine sieves (250 µm and 105 µm) and then
centrifuging on a sucrose gradient (10% and 25%, w/v). Eggs were recovered from the
interface between the two sucrose solutions, placed on a 25 µm sieve and washed with
water. The eggs were then placed in a solution of 8.4 mg/L sodium hypochlorite for 12
minutes on a roller wheel, and then washed again with water on a 25 µm sieve for 10
minutes. The eggs were finally diluted in distilled water at a concentration of
approximately 30-40 eggs per 10 µL. Amphotericin B solution ‘Fungizone’ (Sigma
Aldrich, St Louis, MO, USA) and Tylosin solution (Sigma-Aldrich, St Louis, MO,
USA) were added to the egg suspension (both added at a rate of 100 µL per ml of egg
suspension; final concentrations of 25 µg/mL and 0.8 mg/mL, respectively)
immediately before use in larval development assays to prevent bacterial and fungal
growth.

4.2.5 Nematode larval development assay
The assay was conducted using 96-well assay plates. Each well was filled with 200 µL
of melted agar medium (Davis Gelatine Co., Australia) and allowed to solidify. Egg
suspension (30 µL) containing 75 -100 eggs was added to each well on top of the agar,
followed by 10 µL of plant extract or water for control wells. The amount of plant
material per assay well was equal to the water extractable material derived from 1 mg of
freeze-dried plant extract (one-hundredth of the initial extraction), which was estimated
as 0.35 mg (from Kotze et al. (2009)). Dilution of this material into a total assay volume
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of 250 µL of agar, egg suspension, plant extract and nutrient solution (see below)
resulted in a concentration of 1400 µg extractable solids per mL of the final mix.
Extracts that showed significant activity in the initial screening assays were
subsequently re-examined in additional concentrations of 700 µg/mL, 350 µg/mL and
175 µg/mL as well as 1400 µg/mL. Controls included water (negative control), and
anthelmintic controls; ivermectin (0.00247 ng/mL – 650 ng/mL), levamisole (0.0016
µg/mL – 10.4 µg/mL) and thiabendazole (0.0000398 µg/mL – 2.6 µg/mL). After
addition of egg suspension, the assay plates were sealed in zip lock bags to prevent
drying, and incubated at 27 ºC overnight. Larvae were fed the next day; 250 µL of E.
coli cells (XL1-Blue® Stratagene) in LB broth (Maniatis et al., 1982) was added to 1
mL of a stock solution of growth medium (Earle’s salt solution 10% w/v, yeast extract
1% w/v, sodium bicarbonate 1mM and saline solution (0.9% sodium chloride, w/v) (as
described by Hubert and Kerboeuf (1984)), and then 10 µL of this final solution was
added to each well. The plates were incubated for a further 6 days at 27ºC and then
killed using Lugol’s iodine solution (10 µL). Each well was examined under a
microscope at 10x magnification. Larvae that were confirmed as being cyathostomins
according to an identification key (Soulsby, 1965) and identified as being L3 were then
counted. Identification as L3 was based on the presence of a cuticle and eight easily
differentiated gut cells that are not present in earlier stages.

4.2.6 Statistical methods
Percentage larval development was calculated by expressing the numbers of L3 in
treated wells as a percentage of the mean number of L3 in control wells. The IC50 values
(concentration that resulted in a 50% inhibition of development) were calculated from
percentage development data at a range of dilutions of the extracts and anthelmintics
using non-linear regression (GraphPad Prism 5). Significant differences (p < 0.05)
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between extracts and controls were assessed using repeated measures ANOVA followed
by the Neuman-Keuls test.

4.3 Results

Extracts from seventeen species reduced larval development to less than 10% compared
to control wells at the initial screening concentration (Figure 4.1 and Table 4.1). Of
these species, seven completely inhibited development at 1400 µg/mL (Acacia
baileyana, Acacia melanoxylon, Acacia podalyriifolia, Alectryon oleifolius, Duboisia
hopwoodii, Eucalyptus gomphocephala and Santalum spicatum). Dose-response
relationships were demonstrated for these seven most active plants (Figure 4.2), with
IC50 values in the range 30.9-196 µg/mL. D. hopwoodii and A. oleifolius were the most
potent plants with IC50 values of 30.9 and 47.2 µg/mL, respectively. The IC50 values for
ivermectin, levamisole and thiabendazole in parallel assays were 0.0000817 µg/mL,
0.152 µg/mL and 0.0196 µg/mL, respectively.

It was also noted that the anthelmintic activity was generally consistent within the plant
genus. For example, 8 out of 9 Acacia spp. and all three Melaleuca spp. inhibited
larvae by more than 50% of controls, while all three Austrostipa spp. and 7 out of 10
Eremophila spp. did not.
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Table 4.1 Percentage larval development of cyathostomins in the presence of Australian
plants. Species which completely inhibited larval development at the screening
concentration are highlighted.
Family
Apocynaceae
Asteraceae
Cupressaceae
Mimosaceae

Genus
Alyxia
Arctotheca
Callitris
Acacia

Myoporaceae

Eremophila

Myrtaceae

Eucalyptus
Leptospermum
Melaleuca

Papaveraceae
Poaceae
Polygonaceae
Sapindaceae
Santalaceae
Solanaceae

Agonis
Fumaria
Austrostipa
Rumex
Alectryon
Dodonaea
Exocarpus
Santalum
Duboisia

Species
Larval development (%)
52.0 (± 17.3)*
buxifolia
51.7 (± 17.2)
calendula
1.7 (± 0.6)*
glaucophylla
0.0 (± 0.0)*
baileyana
1.0 (± 0.3)*
decurrens
1.1 (± 0.4)*
iteaphylla
0.0 (± 0.0)*
melanoxylon
14.3 (± 4.7)*
murrayana
0.0 (± 0.0)*
podalyriifolia
3.1 (± 1.1)*
pycnantha
7.4 (± 2.2)*
saligna
62.1 (± 19.6)
stenophylla
alternifolia subsp.
45.1 (± 15.0)*
alternifolia
49.4 (± 15.6)*
caerula subsp. merallii
31.1 (± 10.4)*
galeata
59.0 (± 18.7)
glabra (leaf)
61.9 (± 23.4)
glabra (stem)
51.3 (± 19.4)*
longifolia
54.4 (± 16.4)*
leucophylla subsp. forrestii
59.3 (± 18.7)
miniata
oldfieldii subsp.
72.4 (± 20.9)
angustifolia
56.6 (± 20.0)*
rugosa
0.0 (± 0.0)*
gomphocephala
1.7 (± 0.6)*
laevigatum
14.1 (± 5.0)*
artroviridis
5.2 (± 1.9)*
stereophloia
2.4 (± 0.9)*
uncinata
28.8 (± 9.1)*
flexuosa var. flexuosa
34.8 (± 12.3)*
capreolata
66.4 (± 29.7)
elegantissima
83.7 (± 25.2)
WOS2472
57.4 (± 17.3)
WOS2473
1.3 (± 0.5)*
crispus
0.0 (± 0.0)*
oleifolius
36.4 (± 12.8)*
viscosa
3.4 (± 1.0)*
aphyllus
0.0 (± 0.0)*
spicatum
0.0 (± 0.0)*
hopwoodii

Oaten chaff
80.9 (± 28.6)
Percentage larval development is the number of L3 in treated wells as a percentage of the
mean number of L3 in control wells: data shown as mean (± SE). *Indicates significant
differences to control values (p < 0.05).
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Figure 4.1 Frequency distribution of anthelmintic activity in extracts (n=38) of various
plant species at a concentration of 1400 µg/mL.

Acacia podalyriifolia

100

Eucalyptus gomnocephala
Acacia baileyana
Duboisia hopwoodii
Acacia melanoxylon

50

Santalum spicatum
Alectryon oleifolius

0
0

1

2

3

4

log extract concentration (µg/mL)
Figure 4.2 Anthelmintic activity of the seven most active extracts. The arrow indicates
the approximate initial screening concentration for all extracts.
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The tannin-binding (PVPP) treatment resulted in removal of the anthelmintic activity in
12 plants: Acacia baileyana, A. decurrens, A. iteaphylla, A. podalyriifolia, A. saligna,
Alectryon oleifolius, Callitris glaucophylla, Dodonaea viscosa, Eucalyptus
gomphocephala, Leptospermum laevigatum, Rumex crispus, and Santalum spicatum
(representative species shown in Figure 4.3). On the other hand, the PVPP treatment
had no effect on the activity of the extracts from A. melanoxylon and D. hopwoodii.
Extracts from these two species resulted in > 95% inhibition of larval development at
each of the 4 concentrations examined before and after PVPP treatment (data not
shown). In addition, a further incubation of the initial PVPP- treated solution in fresh
PVPP did not reduce the anthelmintic activity of these two extracts.
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Figure 4.3 Effect of pre-treatment with PVPP on the anthelmintic activity of various
plant species. Extracts not treated with PVPP are shown as solid lines, extracts pretreated with PVPP are shown as dotted lines.

4.4 Discussion

In the current study, we have demonstrated that the crude extracts from several species
of Australian native plants have significant anthelmintic activity against equine
cyathostomins in vitro. Seven extracts completely inhibited larval development at the
screening concentration of 1400 µg/mL and also showed significant activity at lower
concentrations. Many of the remaining plants also showed significant anthelmintic
effects, reducing larval development compared to controls at the extract screening
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concentration. Some of the Australian plants tested here (e.g. Eremophila glabra,
Acacia pycnantha) were reported to have anthelmintic properties against the ruminant
nematode Haemonchus contortus (Kotze et al. 2009), while others have not been tested
in this manner but are known to have bioactive properties (Semple et al., 1998; Palombo
and Semple, 2001; Pennacchio et al., 2005; Ndi et al., 2007; Durmic et al., 2008). To
my knowledge, the present study is the first study to assess the anthelmintic activity of
plants against equine gastrointestinal parasites.

The seven most active plants had IC50 values ranging from 30.9 to 196 µg/mL, similar
to values of other Australian plants tested in larval development assays by Kotze et al.
(2009), which had values ranging from 64 to 272 µg/mL. They are also similar in
activity to the African plant Elephantorrhiza elephantina, traditionally used to de-worm
goats, which had an IC50 value of 120 µg/mL in larval development assays with H.
contortus (Maphosa et al., 2012). However, plants in the present study were more active
than an acetone extract of the African plant Peltophorum africanum, tested in larval
development assays with Trichostrongylus colubriformis parasites of sheep, with an
IC50 of 724 µg/mL (Bizimenyera et al., 2006), and considerably more active than
several Indian plants tested by Kamaraj and Rahuman (2011), which had IC50 values
ranging from 3.12 mg/mL to 5.23 mg/mL. These comparisons highlight the significant
potential for use of the most active plants identified in this study in the control of
cyathostomins. The low IC50 values also illustrate the extent of bioactivity in Australian
plants and their secondary compounds.

Pre-treatment of 14 plant extracts with the polymer PVPP showed that in all but A.
melanoxylon and D. hopwoodii, tannins were likely to be responsible for the toxicity
towards the larvae. Tannins are a large, diverse group of secondary compounds present
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in a wide range of plants, with quantities up to 50% of the dry matter in some tropical
browse plants (Mueller-Harvey, 1999). There has been a lot of interest in recent years
concerning the anthelmintic action of tannins, with tannin extracts and tannin-rich
plants found to have anthelmintic effects in vitro and in vivo (Hoste et al., 2006).
However, tannins are associated with some antinutritive characteristics and the potential
of using tannin-rich anthelmintic plants for deworming horses (as with other animals)
will depend on the concentration needed for an anthelmintic effect being lower than the
concentration at which there are anti-nutritional effects. In ruminants, condensed tannins
at a low level (< 6% dry matter) can be beneficial to animal health, and have been found
to improve growth parameters (Hoste et al., 2006). However, in quantities greater than
7% dry matter, condensed tannins have been found to reduce feed intake and microbial
activity in the rumen (Hoste et al., 2006).

Literature regarding the effect of tannins on the health of horses is limited. Horses are
hind-gut fermenters and may be more adversely affected by tannins because, unlike in
ruminants, tannins are not modified (apart from by salivary proteins) before reaching
the small intestine (Waghorn et al., 1999). It will be necessary to test any potential
anthelmintic plants thoroughly in vivo to detect any negative side effects. Additionally,
in vivo testing will be needed to assess the palatability of the plants to horses. Scientific
evidence about the type of browse plants horses will willingly consume is lacking,
although there is plenty of anecdotal evidence that they will eat a range of foliage,
including Acacias. Some of the plants in this study are reported to be palatable to
livestock and wildlife, including Acacia spp. and Alectryon oleifolius (Kaitho et al.,
1997; Tiver and Andrew, 1997; Dynes and Schlink, 2002; Maslin and McDonald, 2004;
Cunningham et al., 2011) and may also be acceptable to horses. If anthelmintic plants
are found to be unacceptable browse for horses, however, there is the possibility of
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developing a feed additive. Horse owners willingly buy feed additives, including
minerals, electrolytes and herbal products (Nielsen, 2012).

D. hopwoodii was the most potent anthelmintic plant extract tested in this study, and the
PVPP incubation experiments showed that compounds other than tannins are likely to
be responsible for the inhibition of larval development. D. hopwoodii contains
alkaloids, with nornicotine and nicotine being the most abundant (Hicks and Le
Messurier, 1935). However, there are distinct chemical variations between D.
hopwoodii depending on the location where they are grown. While nicotine is the major
alkaloid in plants from Western Australia and Queensland, nornicotine is the major
alkaloid in plants from South and Central Australia (Barnard, 1952; Luanratana and
Griffin, 1982; Watson et al., 1983). Nornicotine is much more toxic toward mammals
than nicotine, which explains the reports of central Australian D. hopwoodii being used
to poison animals, while Western Australian and Queensland grown D. hopwoodii is
traditionally used for ‘pituri’, a stimulant and narcotic, prepared and used by
Aboriginals in a manner similar to chewing tobacco (Watson et al., 1983). There are no
records of animals browsing on D. hopwoodii, however based on the fact that it is toxic
to small mammals, it should be anticipated that it will have some negative effects in
horses at some level of intake. Further investigation is needed to determine whether
these compounds are responsible for the anthelmintic properties and, if this is the case,
whether it is possible to sustain anthelmintic effects at a concentration that will not
negatively affect horses’ health. Logically, plants with low nornicotine concentrations,
like those from Western Australia and Queensland, would provide better candidates for
this application.
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The other plant to show significant anthelmintic activity after treatment with PVPP was
A. melanoxylon. While this plant is known to contain tannins at levels of about 5-7% of
dry matter (Cork and Pahl, 1984), these levels are comparable to other Acacia species
reported to contain up to 15% DM (Degen et al., 1997; Readel et al., 2001) and hence
the inability of the PVPP to remove the anthelmintic activity from the extracts of this
species suggests it is unlikely to be due to the tannin content being too high for it to be
removed completely by the polymer. Two sequential PVPP treatments were used for
this plant extract, with no effect on its toxicity. Hence, it is clear that the activity from
this plant is due to compounds other than tannins. Other bioactive compounds that are
present in this plant include other polyphenols, alkaloids and saponins. A sample of A.
melanoxylon used by Navas-Camacho et al. (1994) in a study looking at the effect of
saponin-rich tropical trees on rumen protozoa had a saponin concentration in the leaves
of 16% DM. Plant saponins have been found to have anthelmintic activity against fowl
roundworm, plant-parasitic nematodes and larvicidal activity against mosquito larvae
(Pelah et al., 2002; Argentieri et al., 2008; Ali et al., 2011) and so it is possible that
saponins were responsible for the anthelmintic action of A. melanoxylon in the current
study. Further studies with purified compounds should provide confirmation of this.

The assay used for this study focussed on the ability of the plant extracts to inhibit
development in the free-living larval stages. Ideally, an anthelmintic plant would act on
the adult stage of the nematodes inside the host. However, sourcing live adult
cyathostomins is difficult and impractical for screening a number of plant extracts as we
have done here. Larval development assays, on the other hand, provide a relatively
inexpensive and easily reproducible means to conduct initial screenings for plant
anthelmintic action. A useful step in between the larval development assays and in vivo
testing of the plant extracts would be to validate the anthelmintic activity of the plant
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extract in in vitro adult motility assays. However, while not directly representing the
ultimate aim of anthelmintic plants in controlling adult worm infections, assays with
larval stages have a direct relevance in terms of indicating the potential for plant derived
compounds to have an effect on the free-living stages of the nematode in the host’s
faeces. It is possible that if plant secondary compounds are still present the faeces, they
could potentially inhibit egg hatching and/or early larval development, thereby reducing
pasture contamination.

The IC50 values of the seven most active plant extracts from this study are much greater
than for the anthelmintic drugs examined in parallel assays. This was to be expected as
anthelmintic drugs are highly purified compounds, whereas the plant extracts tested in
this study are a mixture of active and inactive compounds. Determining the actual
anthelmintic constituents of the plants examined in the present study and their potency
as purified compounds may provide more active substances. Nevertheless, even as a
compound mix with an efficacy as detected in the current study, anthelmintic plants
could still be used to maintain low faecal egg counts, and so reduce the frequency with
which anthelmintic drugs are administered. It is possible that a horse could ingest
enough crude plant matter to create a similar concentration of plant material in the
intestine to what we have tested in this in vitro study. The caecum and large colon have
a combined average volume of 85 L (McDonald et al., 2002) so to expose worms in the
hindgut to a concentration of 1400 µg/mL, a horse would only have to ingest
approximately 120 g of plant material. This, albeit a rough estimate, appears to be a
feasible amount to incorporate into the horses’ diet (whether as a feed additive or
grazing shrub) as a component of an integrated parasite management system.
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Ultimately, the results of this study must be validated with in vivo testing to assess the
real anthelmintic potential of these plants. There are many factors related to the
physiology of the host and nematodes that may alter the bioavailability of the active
compounds. For instance, host pharmacokinetics may limit the amount of active
compounds reaching the nematodes. Nevertheless, the present study has provided some
preliminary information and identified some plant species with the potential to have
anthelmintic effects on cyathostomin populations in grazing horses. This suggests that
Australian plants may be useful in forming part of an integrated parasite management
program for horses, but more studies are needed before developing appropriate
applications.
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Chapter 5: Procyanidin A2 in the Australian plant Alectryon
oleifolius has anthelmintic activity against horse
cyathostomins in vitro

5.1 Introduction

In the previous chapter, several Australian plants were found to have significant
anthelmintic activity against cyathostomin parasites in vitro. Alectryon oleifolius (syn.
Heterodendum oleifoium, “Bullock bush”) (Figure 5.1), was one of the most potent
plants tested, completely inhibiting larval development when tested as a crude aqueous
extract. This plant is known to be palatable to herbivores, and is used as fodder for
livestock when pasture is scarce (Cunningham et al., 2011). These two factors make A.
oleifolius a promising candidate to be used as an anthelmintic plant, and so further
investigation was warranted.

(a)

(b)

(c)

Figure 5.1 Alectryon oleifolius (a) shrub, (b) foliage and flowers, and (c) seed stalk
(Australian Plant Image Index, 2012).

There is limited information about A. oleifolius in the literature, especially regarding its
chemical composition. In our examination of this species in Chapter 4 (also described in
Payne et al. (2013)), we have found that the anthelmintic activity of A. oleifolius was
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removed when the plant extract was first exposed to PVPP, a tannin binding compound,
suggesting that the anthelmintic activity was likely to be due to tannin compounds in
this plant. Tannins are polyphenolic compounds that are common plant secondary
compounds and have been widely reported to have anthelmintic properties, particularly
condensed tannins (Hoste et al., 2012). Their direct inhibitory effects on nematodes in
vitro, thought most likely to be caused by interactions with proteins (Brunet and Hoste,
2006; Williams et al., 2014), have been demonstrated with several important species of
parasitic nematodes infecting livestock, including the sheep parasites Haemonchus
contortus and Trichostrongylus colubriformis (Molan et al., 2004; Alonso-Díaz et al.,
2008a; Alonso-Díaz et al., 2008b).

The aim of the current study was to isolate and identify the main anthelmintic
compound(s) in A. oleifolius through bioassay-guided fractionation, and to quantify its
anthelmintic activity in larval development assays (LDAs) and larval migration
inhibition assays (LMIAs). It was hypothesised that the active compound(s) would be a
tannin.

5.2 Materials and Methods

5.2.1 Experimental design
The experiment consisted of three stages:
i) A. oleifolius plant material was extracted with different solvent systems and the
anthelmintic activity of the resulting extracts were compared in LDAs to determine
which solvent system extracted the most active compounds,
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ii) bioassay-guided fractionation was then used to isolate and identify the main
anthelmintic compound in A. oleifolius. This involved testing different fractions of the
plant extract using LDAs to identify the most active fraction, with successive
fractionation and in vitro testing continuing until a pure compound was isolated, which
was then identified using high performance liquid chromatography and mass
spectrometry (HPLC-MS) and nuclear magnetic resonance (NMR) spectroscopy.
iii) A commercially-sourced standard of the compound was tested in both LDAs and
LMIAs to quantify the anthelmintic potential.

5.2.2 Bioassay-guided fractionation
5.2.2.1 Solvent extracts
One gram of dried plant material was mixed with 20 mL of the following solvent
systems: 50/50 (v/v) methanol/chloroform, 80/20 (v/v) methanol/water, and acetone.
These were stirred for approximately 1 hour at room temperature. Once filtered, the
three extractions were concentrated under reduced pressure using a rotary evaporator
pump in a water bath not exceeding 40 °C. Approximately 1/10 (v/v) of the extract was
removed as a bioassay sample, therefore representing an equivalent to the extract
derived from 0.1 g of original plant material. Both the extracts and bioassay samples
were dried under nitrogen and stored at 4 °C until needed. The extracts were tested in
LDAs and as 80/20 (v/v) methanol/water extract was found to be the most active, it was
selected for further analysis.

5.2.2.2 Silica column chromatography
A silica (Merck silica gel 60, Merck, Darmstadt, Germany) column equilibrated with
hexanes was loaded with the 80/20 (v/v) methanol/water extract that had been
resuspended in approximately 5 mL methanol. This was separated using nine eluent
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systems of increasing polarity (v/v): hexanes, 20/80 ethyl acetate/hexanes, 40/60 ethyl
acetate/hexanes, 60/40 ethyl acetate/ hexanes, 80/20 ethyl acetate/ hexanes, ethyl
acetate, 20/80 methanol/ethyl acetate, 50/50 methanol/ethyl acetate, and methanol. Nine
fractions were collected (labelled AO1 – AO9), each with a volume of 50 mL. The
fractions were concentrated under reduced pressure using a rotary evaporator and dried
under a stream of nitrogen gas. Approximately 1/10 (v/v) of each fraction (i.e. 5 mL)
was put aside for testing in LDAs, and the rest was stored at 4 °C. The most active
fraction in the LDAs was selected for further separation by HPLC.

5.2.2.3 High performance liquid chromatography (HPLC)
Separation of the most active fraction was conducted with a Hewlett-Packard 1050
HPLC system equipped with a multi-wavelength detector and using a 250 x 10 mm i.d.,
5 μm, Apollo C18 reversed-phase column (Grace-Davison) with a 33 mm x 7 mm guard
column of the same material. The column was eluted at 4 mL/min with 10/90 (v/v)
acetonitrile/water (+ trifluroacetic acid (TFA), 0.1% v/v), increasing to 50/50 (v/v)
acetonitrile/ water (+ TFA, 0.1% v/v), over 30 minutes, then to 100% acetonitrile at 31
min and held for 9 min. The UV absorbance was measured at a wavelength of 280 nm.
Fractions were collected every minute and were subsequently tested in LDAs. The most
active fraction was separated further by HPLC. This separation was conducted using a
250 x 4.6 mm i.d., 5 μm, Apollo C18 reversed-phase column (Grace-Davison) with a
7.5 mm x 4.6 mm guard column of the same material. The column was eluted at 1
mL/min with an isocratic method of 20/80 (v/v) acetonitrile/water over 40 minutes. The
UV absorbance was measured at wavelengths of 220, 254, and 280 nm. Fractions were
again collected every minute, and samples subsequently tested in LDAs.
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5.2.3 Structural elucidation
The fraction that was the most active in the LDAs following silica chromatography and
two HPLC steps, was relatively pure as indicated by further HPLC analysis. The active
fraction was concentrated under reduced pressure and dried under a stream of nitrogen
gas, resulting in a dry weight of approximately 4 mg. The fraction was then subjected
to 1D and 2D NMR spectroscopy and HPLC with high resolution mass spectrometry
(HPLC-MS) by Dr Gavin Flematti from the School of Chemistry and Biochemistry at
the University of Western Australia.

5.2.4 Larval development assays
The LDAs were conducted as described in Chapter 3, with the following details.

The bioassay samples of each solvent extract were resuspended in 1 mL of a 10/90 (v/v)
DMSO/water solution for use in LDAs (10 μL per assay well). Thus, the amount of
plant material per assay well was equivalent to the extracted material from 1 mg dried
plant. Dilution of this material into a total assay volume of 250 μL of agar, egg
suspension, plant extract and nutrient medium, resulted in a concentration equivalent to
the extractable material from 4 mg of original plant material per mL. Thus, the extracts
were tested at 4 mg/mL, plus three 2-fold dilutions of 2, 1 and 0.5 mg/mL. To determine
IC50 values further dilutions of 250, 125, 62.5 and 31.25 µg/mL were tested.

The bioassay samples of the silica column fractions consisted of 1/10 (v/v) of each
fraction resuspended in 1 mL 10/90 (v/v) DMSO/water with 10 µL used per well, in
order to test the fractions in concentrations equivalent to those present in the initial
extract.
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Finally, a standard of procyanidin A2 was obtained (Extrasynthese, France) for LDA
testing. The compound (2.5 mg) was first dissolved in 500 µL of 10/90 (v/v)
DMSO/water, and then 10 μL was used per assay well. This gave an initial starting
concentration of 200 μg/mL and five 2-fold serial dilutions (100, 50, 25, 12.5, and 6.25
μg/mL).

5.2.5 Larval migration inhibition assays
The LMIAs were conducted as described in Chapter 3, using a stock solution of
procyanidin A2 made by dissolving 4 mg of the compound in 1 mL of 10/90 (v/v)
DMSO/water.

5.3 Results

5.3.1 Bioassay-guided fractionation
The 80/20 (v/v) methanol/water extract was the most effective extract at inhibiting
larval development. The 80/20 (v/v) methanol/water and 50/50 (v/v)
chloroform/methanol extracts both demonstrated dose-response relationships (R=0.90
and R=0.94) and had IC50 values of 81.0 and 344.8 µg/mL, respectively (Figure 5.2).
The activity of the acetone extract was very low and thus an IC50 value was not
calculated. The IC50 values for ivermectin, levamisole and thiabendazole as positive
controls in parallel assays were 0.30 ng/mL, 127.1 ng/mL and 39.5 ng/mL, respectively
(data not shown).
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Figure 5.2 Anthelmintic activity of A. oleifolius extracted with 50/50 (v/v)
chloroform/methanol and 80/20 (v/v) methanol/water in larval development assays.

Fraction AO7 from the silica column separation of the 80/20 (v/v) methanol/water
extract had the highest activity in the LDA, completely inhibiting larval development

Larval development (%)

(Figure 5.3). Fractions AO6, AO8 and AO9 were also very active in the assay.
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Figure 5.3 Larval development (mean ± SE) in the presence of fractions AO1-AO7
generated by silica column chromatography.
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The HPLC separation of fraction AO7 showed that a number of compounds were
present in the fraction, with the main components eluting between 10 and 20 mins

Absorbance (mAU)

retention time (Figure 5.4).
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Figure 5.4 HPLC chromatogram of fraction AO7 using a water/ acetonitrile gradient
solvent system with UV absorbance recorded at the wavelength of 254 nm.

The LDA indicated that there were several active fractions, with fraction AO7-16 being
the most active, inhibiting larval development to less than 5% of controls (Figure 5.5).
This fraction was therefore selected for further analysis.
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Figure 5.5 Larval development (mean ± SE) in the presence of fractions AO7-4 to
AO7-26 collected from the HPLC separation of AO7.

Fraction AO7-16 was analysed further with HPLC, and the isocratic method of 20/80
(v/v) acetonitrile/water achieved good separation of the main components, with most
eluting between 15-20 min (Figure 5.6).
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Figure 5.6 HPLC chromatogram of fraction AO7-16 using an isocratic mobile phase of
20/80 acetonitrile/water with the UV absorbance recorded at the wavelength of 280 nm.
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Twenty-two bioassay samples were collected from this isocratic separation. Fractions
AO7-16-5 to AO7-16-10 and AO7-16-31 to AO7-16-35 were pooled, while fractions
AO7-16-11 to AO7-16-30 were tested as individual fractions. Several fractions were
found to completely inhibit larval growth in the bioassays at the initial testing
concentration, but after diluting the fractions 2-fold and re-testing, it was clear that
Fraction AO7-16-18 was the most active, being the only fraction to inhibit development
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to less than 50% (Figure 5.7).
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Figure 5.7 Larval development (mean ± SE) in the presence of fractions AO7-16-11 to
AO7-16-30 collected from the HPLC separation of AO7-16.

Further HPLC analysis of fraction AO7-16-18 found it to consist of one major
compound eluting at 21 min in the HPLC analysis using the previous isocratic method
(Figure 5.8). The dry weight of AO7-16-18 obtained was 4 mg.
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Figure 5.8 HPLC chromatogram of fraction AO7-16-18 using a mobile phase of 20/80
acetonitrile/water with the UV absorbance recorded at the wavelength of 280 nm.

5.3.2 Structural elucidation
Analysis of Fraction AO7-16-18 using HPLC-MS showed the main peak in the HPLC
chromatogram (Figure 5.8) had a strong protonated molecular ion [M+H]+ at m/z 577.1
and major fragment ions at m/z 425 and 287 (Figure 5.9). High resolution mass analysis
indicated a mass of 577.1346, which was consistent with a molecular formula of
C30H25O12 (requires 577.1346). Fraction AO7-16-18 was also analysed using nuclear
magnetic resonance spectroscopy (1H, 13C and 2D NMR, Figure 5.10) and by
comparing the NMR spectroscopic data with those in the literature, the main compound
of AO7-16-18 was identified as procyanidin A2, as presented in Table 5.1.

At first, an authentic sample of procyanidin A2 was not commercially available, but was
required to confirm its identity and its activity in the LDA assay. As reported in the
literature, procyanidin A2 was naturally found in cranberry juice (Foo et al., 2000b; Foo
et al., 2000a; Koerner et al., 2009). Using the methods outlined in Appendix 1, an
equivalent sample was isolated from commercially available cranberry juice, Cranberry
Classic™ (Ocean Spray, Australia). Comparison of the 1H NMR revealed the A.
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oleifolius isolated procyanidin A2 was identical to the cranberry juice isolated
procyanidin A2 (Figure 5.10), but the yield (8.9 mg) and purity of the cranberry juice
A2 was much higher and gave enough material to confirm its activity. During the course
of this study, an authentic standard became commercially available. This further
confirmed the identity of A2 and was used for additional assays.
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Figure 5.9 Electrospray (positive) mass spectrum of the main compound in Fraction
AO7-16-18.
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Figure 5.10 Comparison of the 1H NMR spectra of procyanidin A2 isolated from both
A. oleifolius and cranberry juice (isolation from cranberry juice is detailed in Appendix
1).

74

13

OH

14
8

HO

O
2

OH

10

O
3

6

OH

4

6'

OH
O
14'

OH

2'

4'
3'

13'

10'

OH

HO
OH

Table 5.1 1H and 13C NMR (partial) assignments for compound AO7-16-18 compared
to parameters reported by Koerner et al. (2009) for procyanidin A2.
Carbon
2
3
4
4a
5
6
7
8
8a
9
10
13
14
2’
3’
4’
4’
6’
10’
13’
14’

AO7-16-18 (d6-acetone)
δ H (mult, J)
δC
103.9
4.15 (d, 3.4)
67.4
4.34 (d, 3.4)
28.7
102.2
155.6
6.06 (d, 2.03)
96.3
156.0
5.98 (d, 2.3)
106.8
157.8
132.3
7.19 (d, 2.1)
6.85 (d, 6.5)
115.5
7.06 (dd, 8.3, 2.2)
115.5
4.97 br (s)
4.34 m
2.81 (dd, 17.4, 4.7)
2.95 (dd, 17.4, 4.7)
6.14 (s)
7.31 (d, 1.98)
6.84 (d, 6.66)
7.05 (dd, 8.3, 2.1)

A2 (d6-acetone)
δ H (mult, J)
δC
100.4
4.34 (d, 3.27)
4.24 (s)
29.1
104.8
154.5
6.04 (d, 2.42)
96.7
158.2
5.97 (d, 2.42)
98.3
153.1
7.19 (d, 2.13)
6.85 (d, 7.03)
7.06 (dd, 8.37, 2.13)
4.95 (s)
4.15 (d, 3.32)
2.80 (dd, 17.36,
4.65)
2.94 (dd, 17.36,
4.65)
6.14 (s)
7.29 (d, 2.05)
6.84 (d, 7.18)
7.06 (dd, 8.2, 2.05)

75

5.3.3 Activity of procyanidin A2 in larval development assay
Procyanidin A2 was active in the LDA and completely inhibited larval development at
concentrations as low as 50 µg/mL (Table 5.2). When compared to controls, larval
development was significantly inhibited by procyanidin A2 at all concentrations tested,
ranging from 200 to 12.5 µg/mL (p < 0.001) and 6.25 µg/mL (p < 0.05). Procyanidin
A2 clearly demonstrated a dose response relationship (R2 = 0.93) in the assays (Figure
5.11), and had an IC50 value of 12.57 µg/mL (95% CI; 11.53-13.71). The IC50 values for
ivermectin, levamisole and thiabendazole in parallel assays were 0.2224 ng/mL, 115.4
ng/mL and 17.58 ng/mL respectively (data not shown).

Table 5.2 Percentage larval development of cyathostomins in the presence of
procyanidin A2.
Concentration (µg/mL)
Larval development (%)
200
nd*
100

nd*

50

nd*

25

14.4 (± 2.6)*

12.5

54.5 (± 4.8)*

6.25

80.5 (± 6.1)*

Percentage larval development is the number of L3 in treated wells as a percentage of
the mean number of L3 in control wells: data shown as mean (± SE), nd - no growth
detected.
* Indicates significant differences to control values (p < 0.05).
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Figure 5.11 Anthelmintic activity of procyanidin A2 in larval development assays.

5.3.4 Activity of procyanidin A2 in larval migration inhibition assays
Procyanidin A2 significantly inhibited larval migration compared to controls at
concentrations ranging from 25 to 800 µg/mL (p < 0.01), although total inhibition of
migration was not achieved with any of the concentrations tested (Table 5.3). The
compound showed a dose-response relationship (R2 = 0.79) in LMIAs (Figure 5.12)
with an IC50 of 52.3 µg/mL (95% CI; 40.17-68.17). The IC50 values for ivermectin and
levamisole in parallel assays were 0.973 ng/mL and 13.95 ng/mL respectively (data not
shown).
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Table 5.3 Percentage larval migration of cyathostomins in the presence of procyanidin
A2.
Concentration (µg/mL)
800

Larval migration (%)
3.3 (± 1.6)*

400

9.9 (± 4.0)*

200

31.0 (± 3.3)*

100

44.8 (± 4.5)*

50

39.5 (± 4.8)*

25

54.5 (± 2.5)*

12.5

94.9 (± 7.1)

Larval migration (%)

Percentage larval migration is the number of L3 migrated in treated wells as a
percentage of the mean number of L3 migrated into control wells: data shown as mean
(± SE),
* Indicates significant differences to control values (p < 0.01).

100

50

0

0

1

2

3

4

log concentration (µg/ml)
Figure 5.12 Anthelmintic activity of procyanidin A2 in larval migration inhibition
assays.
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5.4 Discussion

In this experiment, the compound procyanidin A2 was identified as the main
anthelmintic compound acting against horse worms in extracts from the Australian plant
Alectryon oleifolius. The compound significantly inhibited both larval development and
larval migration of cyathostomins in vitro. The hypothesis that the bioactive compound
isolated from A. oleifolius would be a tannin was supported. Procyanidin A2 is a
condensed tannin and, to my knowledge, this is the first time that a condensed tannin
has been shown to have anthelmintic activity against gastrointestinal parasites of horses.
Additionally, this is the first characterisation of an anthelmintic compound in A.
oleifolius.

The compound A2 is an A-type procyanidin condensed tannin dimer. There are four
classes of condensed tannins that differ in the catechin units from which they are made.
Procyanidins, such as A2, are made up of catechin and epicatechin units (Khanbabaee
and van Ree, 2001). The most common linkage between monomer units of condensed
tannins is the B-type linkage, but procyanidin A2 has the less common A-type linkage,
in which there is an additional ether bridge from the C-2 of the upper unit to the C-7
hydroxyl of the lower unit (Koerner et al., 2009). These linkages can be seen in Figure
5.13. To my knowledge this type of linkage has not previously been discussed in
relation to anthelmintic activity.
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Figure 5.14 Procyanidin B2 (left) and procyanidin A2 (right), illustrating the additional
ether bond between the upper and lower unit which exists in A-type molecules.
Diagram adapted from Mueller-Harvey (2006).

Procyanidin A2 is found in many foods including cranberry, cacao, plums and peanut
skins (Porter et al., 1991; Koerner et al., 2009; Ou and Gu, 2013). A-type procyanidins
from cranberries, including A2, are known to help prevent urinary tract infections, with
evidence suggesting that this is due to the procyanidins preventing uropathogenic Pfimbriated E.coli from adhering to the uroepithelial cells (Howell, 2007). Cranberry
procyanidins with A-type linkages have also shown various bioactivities in vitro,
including the ability to induce apoptosis, arrest growth and inhibit proliferation of
cancer cells (Ou and Gu, 2013) and anti-lipase activity (Yokota et al., 2013). The work I
present here demonstrates that procyanidin A2 also has anthelmintic activity.

The significant anthelmintic activity of procyanidin A2 is in agreement with the
literature about anthelmintic activity of condensed tannins. Condensed tannins are
known to have direct anthelmintic properties against gastro-intestinal nematodes
(evaluated mostly using nematodes of ruminants), and this has been shown by many
studies, both in vitro and in vivo (most recently reviewed by Hoste et al. (2012)).
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Several studies have also been undertaken with the aim of identifying how the
composition of condensed tannin extracts and/or if the structure of condensed tannin
compounds affects their anthelmintic activity. A study by Molan et al. (2003b)
investigated the effect of different flavan-3-ols (the monomer units of condensed
tannins) on the egg hatching, larval development and larval migration of
Trichostrongylus colubriformis. The prodelphinidin units (gallocatechin,
epigallocatechin) were generally more active than procyanidin units (catechin,
epicatechin), and hence, the authors suggested that the activity could be due to the
greater number of free hydroxyl groups in prodelphinidin units. This hypothesis has
been supported further by several in vitro studies (Brunet and Hoste, 2006; Brunet et al.,
2008; Novobilský et al., 2013). In our study, procyanidin A2 showed a greater potency
(an IC50 of 15.23 µg/mL in LDA) than all of the monomers tested by Molan et al.
(2003) in a similar larval development assay, although it should be noted that different
nematode species were used. This could be explained by the number of free hydroxyl
groups on procyanidin A2 (n= 9) being greater or equal to the procyanidin and
prodelphinidin monomers (n= 5, 6, or 8). However, procyanidin A2 has one less
hydroxyl than the galloyl derivatives epigallocatechin gallate and gallocatechin gallate,
which had IC50 values of 32 µg/mL and 59 µg/mL respectively (Molan et al., 2003b),
and hence, are less potent than procyanidin A2. It is possible that the activity of
procyanidin A2 is greater than that of the monomers because of its larger size
(procyanidin A2 is a dimer), a factor that Novobilský et al. (2013) and Williams et al.
(2014) recently suggested could affect anthelmintic activity. However, it is also possible
that the A-type linkage in procyanidin A2 could be responsible for this high level of
anthelmintic activity. A-type linkages are the characteristic that seem to provide some
procyanidins with the bacterial anti-adhesion activity involved in preventing urinary
tract infections (Foo et al., 2000a; Foo et al., 2000b). Additionally, Yokota et al. (2013)
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found that condensed tannin fractions with higher proportions of A-type linkages than
B-type linkages were most effective at inhibiting pancreatic lipase activity. It appears
that there are many factors which could be involved in the potent anthelmintic activity
of procyanidin A2.

The theory that the anthelmintic activity of condensed tannins is related to the number
of hydroxyl groups, as discussed above, is thought to be linked to the protein binding
ability of tannins (Hoste et al., 2012). Protein-tannin complexes are formed by hydrogen
bonds, with a phenolic hydroxyl of the tannin acting as a hydrogen bond donor, and a
carbonyl oxygen of the peptide bond in the protein serving as the hydrogen bond
acceptor (Hagerman, 1989). The nematode cuticle contains proline-rich proteins, to
which tannins bind readily (Hagerman, 1989; Fetterer and Rhoads, 1993; Hoste et al.,
2012). Supporting this, Williams et al. (2014) observed significant damage to the cuticle
and intestinal surface (also proline-rich) of the nematode Ascaris suum after exposure to
condensed tannins. Protein binding is also suggested to be the mechanism by which Atype condensed tannins in cranberry are able to prevent urinary tract infections by
stopping E.coli attaching to uroepithelial cells. It is theorised that the condensed tannins
competitively bind to the proteinaceous fimbriated bacterial tips of E.coli, thus
preventing the fimbriae from attaching to the carbohydrate receptors on the epithelial
cells and causing infection. (Howell et al 2007). In addition to the hydroxyl groups, it
may be possible that an A-type linkage could increase the protein binding affinity of
condensed tannins as it contains an acetal functional group (two separate oxygens
bonded to a central carbon) in the molecule. This possible effect of the A-type linkage
on the anthelmintic activity deserves further investigation, perhaps initially by
comparing the anthelmintic activities of procyanidin A2 and procyanidin B2.
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The amount of procyanidin A2 a horse would have to ingest to reach the theoretical
concentration equivalent to that tested in the assays is quite small. Procyanidin A2
completely inhibited larval development at concentrations as low as 50 µg/mL, and at
this concentration, larval migration was also inhibited by approximately 60%. To reach
this concentration of procyanidin A2 in the hindgut, which has an average volume of 85
L (McDonald et al., 2002), a horse would need to ingest 4.25 g of the compound, which
is feasible. However, this assumes that all of the compound will reach the caecum and
colon and still be in an active form. There is little available literature about the digestion
of condensed tannins in the horse gut. However, generally, in monogastrics condensed
tannins usually pass through the stomach and are unchanged when they reach the small
intestine (Waghorn et al., 1999; Serra et al., 2010). Appeldoorn et al. (2009) studied the
absorption of procyanidin A2 and other related condensed tannin monomers and dimers
in the rat intestine and found that procyanidin A2 remained unchanged until the small
intestine where a small amount was absorbed. This is promising, as it suggests that
procyanidin A2 may not be modified and/or digested in the stomach and so will reach
the hindgut unchanged to act upon the cyathostomin larvae, although some may be lost
through binding to salivary proteins or when absorbed during passage through the
intestine. Davies et al. (2009) investigated the effects of a grape seed extract supplement
on the health, intake and digestion of horses. The extract contained 40%
proanthocyanidins (condensed tannins) and was fed at a rate of up to 150 mg/kg BW for
three weeks. This would be equivalent to a 500 kg horse receiving 75 g of grape seed
extract every day. The authors found that these levels had no negative effects on the
horses’ health (weight, temperature, heart rate, respiration rate, and blood, faecal and
urine parameters), feed intake or digestion. This is encouraging, as it suggests that the
level of intake that would have a negative effect on horses is greater than the level of
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intake needed to have an inhibitory effect on the cyathostomins. Of course, this needs to
be tested in vivo.

In conclusion, the bioactive compound procyanidin A2 in A. oleifolius was isolated,
identified, and confirmed to have anthelmintic action against cyathostomins.
Procyanidin A2 significantly inhibited the development of the free living stages of
cyathostomins, and also inhibited the motility of infective stage larvae. This suggests
there is a significant potential for procyanidin A2 to be useful in parasite control
programs for horses.
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Chapter 6: Bioassay guided fractionation of Acacia
melanoxylon and the anthelmintic activity of
hydroxycinnamic acids and hydroxycinnamic ethyl esters

6.1 Introduction

Acacia melanoxylon was one of the most active plants tested in larval development
assays in Chapter 4, with the crude extract completely inhibiting larval development at
several concentrations. Additional testing after incubation with the tannin binding
polymer PVPP suggested that tannins were unlikely to be responsible for the
anthelmintic action of the extracts, and so it was chosen for further investigation.

(a)

(b)

Figure 6.1 Acacia melanoxylon (a) large shrub and (b) foliage and flowers (Allison,
2011).

Commonly known as Blackwood, A. melanoxylon is a large acacia native to eastern
Australia (Figure 6.1). Widespread in the eastern states, it is also found in the higher
rainfall areas of southwest Western Australia where it has become naturalised. It is also
grown in other countries, mainly India and South America. A. melanoxylon has been
found to be highly palatable to grazing sheep (Kaitho et al., 1996), which is promising
for its potential use in equine parasite control programs. There is some information
85

about its chemical composition and bioactivity, but to date its antioxidant activity seems
to be the only beneficial bioactive property that has been investigated (Luis et al., 2012).
Foliage of A. melanoxylon has been found to contain high concentrations of saponins
(Navas-Camacho et al., 1994), and the bark contains sterol glucosides (Freire et al.,
2005; Freire et al., 2007). Phenolic compounds including long-chain n-alkyl caffeates,
cinnamates, ferulates, coumarates, hydroxycinnamic acids and proanthocyanidin dimers
have also been identified (Foo, 1986; Foo, 1989; Freire et al., 2007; Luis et al., 2012).

This chapter details the bioassay guided fractionation of A. melanoxylon to identify the
anthelmintic compound(s) and quantify its activity in larval development assays (LDAs)
and larval migration inhibition assays (LMIAs). It was hypothesised that the isolated
compound would be non-tannin in nature. In the absence of a specific compound being
identified in the most active fraction, key data suggested the compound may be related
to those known to be present in A. melanoxylon and therefore several related compounds
were tested for their anthelmintic activity.

6.2 Materials and Methods

6.2.1 Experimental design
The experiment consisted of three stages:
i) A. melanoxylon plant material was extracted with different solvent systems and the
anthelmintic activity of the resulting extracts were compared in LDAs to determine
which had the most activity,
ii) bioassay-guided fractionation was used to isolate the most active fractions, with
nuclear magnetic resonance (NMR) spectroscopy and high performance liquid
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chromatography and mass spectrometry (HPLC-MS) used to obtain information on the
nature of the main compound, which suggested a cinnamic acid derivative,
iii) four hydroxycinnamic acids (HCAs) and their ethyl esters were obtained from
commercial sources or synthesised and tested in LDAs and LMIAs to investigate their
anthelmintic activity.

6.2.2 Bioassay guided fractionation
The isolation of the active compound was done in two stages. First, an initial bioassay
guided fractionation process was used, however the amount of material obtained was
too small for subsequent analyses. Hence, a second separation was conducted from a
larger amount of plant material and details of both approaches are detailed below.

6.2.2.1. Solvent extractions
(i) First separation
One gram of dried plant material was extracted with 20 mL of the following solvent
systems: 50/50 (v/v) methanol/chloroform, 80/20 (v/v) methanol/water and acetone.
These were stirred for approximately 1 hour at room temperature. Once filtered, the
three extractions were concentrated under reduced pressure using a rotary evaporator in
a water bath not exceeding 40 °C. Approximately 1/10 (v/v) of the extract was removed
as a bioassay sample, which represented an equivalent to the extract derived from 0.1 g
of original plant material. Both the extracts and bioassay samples were dried under a
stream of nitrogen gas and stored at 4 °C until required. The extracts were tested in
LDAs and the 80/20 (v/v) methanol/water extract was found to be the most active. This
extract was therefore selected for further analysis.
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(ii) Second separation
Seven grams of dried plant material was extracted with 100 mL of 80/20 (v/v)
methanol/water by the same process as described above.

6.2.2.2 Silica column chromatography
(i) First separation
A silica (Merck silica gel 60, Merck, Darmstadt, Germany) column equilibrated with
hexanes was loaded with the 80/20 (v/v) methanol/water extract that was resuspended in
a minimum volume of methanol. This was separated using nine eluent systems of
increasing polarity: hexanes, 20/80 (v/v) ethyl acetate/hexanes, 40/60 ethyl
acetate/hexanes, 60/40 ethyl acetate/hexanes, 80/20 ethyl acetate/hexanes, ethyl acetate,
20/80 methanol/ethyl acetate, 50/50 methanol/ethyl acetate, and methanol. Nine
fractions were collected (labelled AM1 – AM9), each with a volume of 50 mL. The
fractions were concentrated under reduced pressure and approximately 1/10 (v/v) of
each fraction (i.e. 5 mL) was put aside as bioassay samples. All fractions and bioassay
samples were dried under a stream of nitrogen gas and stored at 4 °C until required.

(ii) Second separation
A silica (Merck silica gel 60, Merck, Darmstadt, Germany) column equilibrated with
hexanes was loaded with the 80/20 (v/v) methanol/water that was resuspended in a
minimum volume of methanol. This was separated using six eluent systems of
increasing polarity: hexanes, 60/40 (v/v) ethyl acetate/hexanes, ethyl acetate, 20/80
methanol/ethyl acetate, 50/50 methanol/ethyl acetate, and methanol. Six fractions were
collected (labelled 2AM1-2AM6), each with a volume of 200 mL each. The fractions
were dried under a stream of nitrogen gas and stored at 4 °C until required.
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6.2.2.3 High performance liquid chromatography
(i) First separation
Separation of the most active fraction, AM9, was conducted with a Hewlett-Packard
1050 HPLC system equipped with a multi-wavelength detector and using a 250 x 10
mm i.d., 5 μm, Apollo C18 reversed-phase column (Grace-Davison) with a 33 mm x 7
mm guard column of the same material. The column was eluted at 4 mL/min with 10/90
(v/v) acetonitrile/water increasing to 50/50 (v/v) acetonitrile/water over 30 minutes,
then to 100% acetonitrile at 31 minutes and held for 9 min. UV absorbance was
recorded at 254 nm. Fractions were collected every minute (38 in total, labelled AM9-3
to AM9-40) and an aliquot of each fraction was subsequently tested in LDAs.
Additional testing of 2-fold dilutions of the six most active fractions was necessary to
determine the most active. The most active fraction, AM9-26, was then separated using
a 250 x 4.6 mm i.d., 5 μm, Apollo C18 reversed-phase column (Grace-Davison) with a
7.5 mm x 4.6 mm guard column of the same material. The column was eluted at 1
mL/min using an isocratic method of 70/30 (v/v) methanol/water at a flow rate of 1
mL/min over 40 minutes. The UV absorbance was recorded at 220, 254 and 280 nm.
Fractions were once again collected every minute (36 in total, labelled AM9-26-5 to
AM9-26-40) and an aliquot of each fraction was subsequently tested in LDAs.

(ii) Second separation
The fractions resulting from the second silica column separation were compared to the
most active fraction from the first separation (AM9-26) by analytical HPLC using the
standard acetonitrile/water gradient elution method described previously. The fractions
matching the active compound (AMc5 and AMc6) were combined to form a new
fraction, 2AM6. This was separated further with a column eluted at 4 mL/min with
10/90 (v/v) acetonitrile/water increasing to 50/50 (v/v) acetonitrile/water over 30
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minutes, then to 100% acetonitrile at 31 minutes and held for 9 min. UV absorbance
was recorded at 280 nm. Fractions were collected every minute, however aliquots for
the bioassay samples were only taken from fractions 2AM6-24 to 2AM6-31,
corresponding to the major peaks observed on the HPLC chromatogram (Figure 6.6)
and similar to those seen in the first separation. A number of methods were investigated
for separating the most active fraction 2AM6-27 further. The best separation was
achieved using an isocratic elution method of 32/68 (v/v) acetonitrile/water over 40
minutes. The UV absorbance was measured at 280 nm. Fractions were collected every
minute, and samples tested subsequently in LDAs.

6.2.3 Structural elucidation
The most active fraction from the second separation, 2AM6-27-32, was subjected to 1D
and 2D NMR spectroscopy and HPLC with high resolution mass spectrometry (HPLCMS) by our collaborator Dr Gavin Flematti from the School of Chemistry and
Biochemistry at the University of Western Australia.

6.2.4 Hydroxycinnamic acids (HCAs) and HCA esters
Four HCAs were obtained from commercial sources for in vitro testing: caffeic acid,
ferulic acid, isoferulic acid (Aldrich Chemical Co., Milwaukee, WI, USA) and pcoumaric acid (Sigma-Aldrich, St. Louis, MO, USA). Ferulic acid ethyl ester (ethyl
ferulate) was also purchased (Sigma-Aldrich, St. Louis, MO, USA), and the ethyl esters
of the other three compounds were synthesised by Dr Gavin Flematti. Briefly, this
involved esterifying the free acids with dried ethanol in the presence of a catalytic
amount of conc. sulphuric acid, and is detailed by Sanderson et al. (2013). The
structures of the four HCAs and corresponding ethyl esters are shown in Figure 6.2.
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caffeic acid

ethyl caffeate

ferulic acid

ethyl ferulate

isoferulic acid

ethyl isoferulate

p-coumaric acid

ethyl p-coumarate

Figure 6.2 Structures of the four hydroxycinnamic acids and their ethyl esters.
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6.2.5 Larval development assay
The LDAs were conducted as described in Chapter 3, with the following additional
details.

The bioassay samples of each solvent extract were resuspended in 1 mL of a 10/90 (v/v)
DMSO/water solution for use in LDAs (10 μL per assay well). Thus, the amount of
plant material per assay well was equivalent to the extracted material from 1 mg dried
plant. Dilution of this material into a total assay volume of 250 μL agar, egg suspension,
plant extract and nutrient medium, resulted in a concentration equivalent to the
extractable material from 4 mg of original plant material per mL. Thus, the extracts
were tested at 4 mg/mL, plus three 2-fold dilutions of 2, 1 and 0.5 mg/mL. To determine
IC50 values, further dilutions of 250, 125, 62.5 and 31.25 µg/mL were also tested.

Testing of the four HCAs and their corresponding ethyl esters was conducted as
follows; The compounds (5 mg) were first dissolved in 1000 µL of 10/90 (v/v)
DMSO/water, before 10 μL was used per assay well. Dilution of this material into the
250 µL total volume of the wells gave an initial starting concentration of 200 μg/mL.
Five 2-fold serial dilutions (100, 50, 25, 12.5, and 6.25 μg/mL) were also tested.

6.2.6 Larval migration inhibition assay
The LMIAs were conducted as described in Chapter 3, using stock solutions of the eight
compounds made up from 2 mg dissolved in 500 µL of 10/90 (v/v) DMSO/water, with
three 2-fold serial dilutions also made. This gave four concentrations; 400, 200, 100 and
50 µg/mL. An additional concentration of 800 µg/mL was tested by doubling the
volume of compound added to the wells, giving a total of five concentrations tested.
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6.3 Results

6.3.1 Bioassay guided fractionation
The 80/20 (v/v) methanol/water extraction was the most effective at inhibiting larval
development at all four screening concentrations (data not shown). The methanol/water
extract and the chloroform/methanol extract showed clear dose responses (Figure 6.3)
with R values for non-linear regression of 0.95 and 0.90 respectively. The methanol
water extract had an IC50 value of 257.5 µg/mL and the chloroform/methanol extract a
value of 386.9 µg/mL, whereas the activity of the acetone extract was very poor and so
the IC50 value was not estimated. The IC50 values for ivermectin, levamisole and
thiabendazole in parallel assays were 0.30 ng/mL, 127.1 ng/mL and 39.5 ng/mL,

Larval development (%)

respectively.
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50/50 chloroform/methanol
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Figure 6.3 Anthelmintic activity of A. melanoxylon extracted with 50/50 (v/v)
chloroform/methanol and 80/20 (v/v) methanol/water in larval development assays.
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The LDAs of the 9 silica column fractions AM1-AM9 showed that fraction AM9 was

Larval development (%)

the only active fraction and completely inhibited larval development (Figure 6.4).
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AM1 AM2 AM3 AM4 AM5 AM6 AM7 AM8 AM9

Fraction
Figure 6.4 Larval development (mean ± SE) in the presence of fractions AM1–AM9
generated by silica column chromatography.

The HPLC of fraction AM9 indicated that there were many compounds present in the
fraction, with two regions of compounds eluting around 15 and also 25 mins retention
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time (Figure 6.5).
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Figure 6.5 HPLC chromatogram of fraction AM9 using an acetonitrile based solvent
system with UV absorbance recorded at the wavelength of 254 nm.
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The LDA of fractions AM9-3 to AM9-40 generated by semi-preparative HPLC showed
that fractions AM9-24 to AM9-29 had the greatest activity, reducing larval development
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AM 9-37
AM 9-38
AM 9-39
AM 9-40

Larval development (%)

to less than 11% of the controls (Figure 6.6).

Fraction

Figure 6.6 Larval development (mean ± SE) in the presence of fractions AM9-3 to
AM9-40 collected from the HPLC separation of AM9.

The testing of 2-fold dilutions of fractions AM9-24 to AM9-29 revealed that AM9-26
and AM9-29 were the most active, with similar inhibitory effects on larval development
(Figure 6.7). Both AM9-26 and AM9-29 showed activity in fractions separated by
inactive fractions, suggesting that two different active compounds might be present in
A. melanoxylon.
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Figure 6.7 Larval development (mean ± SE) in the presence of a 2-fold dilution of
fractions AM9-24 to AM9-29 collected from the HPLC separation of AM9 (note: AM929 data for one replicate only).

The LDA of fractions derived from the separation of AM9-26 did not reveal a fraction
with greater activity than others (data not shown), which was most likely due to low
mass. Therefore, we started a second separation using a larger amount of initial plant
material.

(ii) Second separation
HPLC of the fractions AMc4 to AMc6 indicated that AMc5 and AMc6 contained
similar compounds to AM9-26 and AM9-29 from the first separation, eluting around 20
to 30 minutes (data not shown). Consequently, AMc5 and AMc6 were combined to
form a new fraction labelled 2AM6. The HPLC separation of fraction 2AM6 showed
the main compounds eluting around 25 to 30 minutes (Figure 6.8).
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Figure 6.8 HPLC chromatogram of fraction 2AM6 using an acetonitrile based solvent
system with UV absorbance recorded at the wavelength of 220 nm.

Fractions 2AM6-24 to 2AM6-31 were tested in LDAs and four fractions completely
inhibited larval development. Thus, a 2-fold dilution of the fractions were then tested,
which indicated that 2AM6-27 was the most active in LDAs, inhibiting larval
development to approximately 30% compared to the control (Figure 6.9).
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Figure 6.9 Larval development (mean ± SE) in the presence of fractions 2AM6-27-24
to 2AM-27-31 collected from the HPLC separation of 2AM6-27, tested at (a) initial
concentration and (b) two-fold dilution.

This correlated well with fraction AM9-26 from the first separation indicating the same
active compound was likely to be present. In addition, 2AM6-29 also showed activity
similar to AM9-29 from the first separation.

Fraction 2AM6-27 was separated using an isocratic elution method of 32/68 (v/v)
acetonitrile/water over 40 minutes (Figure 6.10). The LDA indicated that fraction
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2AM6-27-32 was the most active, being the only fraction to inhibit larval development
by more than 50% (Figure 6.11).
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Figure 6.10 HPLC chromatogram of fraction 2AM6-27 using a mobile phase of 32/68
(v/v) acetonitrile/water with the UV absorbance recorded at the wavelength of 280 nm.
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Figure 6.11 Larval development (mean ± SE) in the presence of fractions 2AM6-27-5
to 2AM6-27-40 collected from the HPLC separation of 2AM6-27.
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6.3.2 Structural elucidation
Analysis by HPLC and high resolution mass spectrometry (HPLC-MS) of fraction
2AM6-27-32 showed that it contained essentially a single peak (Figure 6.12), however
the mass spectrum in both positive electrospray and negative electrospray ionisation
modes indicated that the compound was quite large in mass. In addition, there appeared
to be no consistency between the positive and negative mass spectra recorded, making it
difficult to determine the molecular ion. Analysis by NMR spectroscopy indicated that
the compound contained some aromatic/alkene groups, along with some carbohydrate
and alkyl type signals. Of interest was a set of doublets at 7.78 and 6.62 ppm
respectively with a coupling constant of 16 Hz (Figure 6.13). This was characteristic of
a trans-substituted double bond being present in the active compound. A. melanoxylon is
known to contain a number of HCA acid derivatives that also contain this type of transsubstituted double bond. Freire et al. (2007) showed that a number of alkyl HCA esters
were present in A. melanoxylon and used gas chromatography-mass spectrometry (GCMS) of trimethylsilyl-derivatised extracts to identify a number of caffeic, ferulic and
coumaric acid esters with alkyl groups ranging from C14 to C26 in length. The same
method of derivatising and GC-MS was tested with the active compound to see if it
contained similar compounds to those described by Freire et al. (2007), but no such
compounds were detected. These acid esters reported by Freire et al. (2007) are likely to
be much more non-polar though than the active compound isolated here, and the NMR
also indicated some carbohydrate signals were present. Hence, the active compound is
likely to be glycosylated, and as such may not be amenable to GC-MS analysis. Other
signals in the NMR spectrum suggested the active compound might contain three
signals on an aromatic ring, which would support a caffeic acid or ferulic acid
derivative. Unfortunately due to the low mass obtained (approximately 1 mg) and
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difficulty in isolating more material, a definitive structure for the active compound was
not obtained.

Figure 6.12 HPLC-MS of fraction 2AM6-27-32 in positive (top) and negative (bottom)
electrospray ionisation modes. The insets show the mass spectrum of the main peak in
both modes.
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Figure 6.13 1H NMR spectrum of fraction 2AM6-27-32. The inset shows the doublets
at 7.78 and 6.62 ppm, characteristic of a trans-substituted double bond.
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6.3.3 Pure compounds - larval development assays
Since the active compound was not identified, four HCAs and their esters were obtained
commercially or synthesised and tested for activity. Caffeic acid, p-coumaric acid,
isoferulic acid and ferulic acid were all slightly active in the LDA but did not cause
more than 40% inhibition at a concentration of 400 µg/mL (Table 6.1). The ethyl ester
compounds were more active than the free acids and completely inhibited larval
development at a concentration of 200 µg/mL.

Table 6.1 Percentage larval development of cyathostomins in the presence of the four
HCAs and four HCA ethyl esters.
Concentration Caffeic acid
(µg/mL)
400
75.7 (± 10.7)
200
115.9 (± 7.2)

p-coumaric acid

Ethyl
caffeate
nd*
49.8 (± 9.0)*
59.9 (± 9.2)*
59.9 (± 6.2)*
83.3 (± 4.9)
102.9 (± 5.5)

200
100
50
25
12.5
6.25

Isoferulic acid

Ferulic acid

64.8 (± 8.9)
97.3 (± 7.1)

64.9 (± 3.2)
72.0 (± 8.9)

66.7 (± 3.5)
91.4 (± 6.7)

Ethyl pcoumarate
nd*
nd*
4.5 (± 1.8)*
33.7 (± 3.0)*
105.6 (± 4.1)
na

Ethyl
isoferulate
nd*
nd*
3.4 (± 1.5)*
10.1 (± 3.9)*
116.6 (± 7.1)
na

Ethyl
ferulate
nd*
22.5 (± 7.0)*
55.5 (± 8.3)*
74.2 (± 4.0)
99.8 (± 5.6)
na

Percentage larval development is the number of L3 in treated wells as a percentage of
the mean number of L3 in control wells: data shown as mean (± SE), nd - no growth
detected. na – not assessed.
* Indicates significant differences to control values (p < 0.05).

The IC50 values indicate that ethyl isoferulate is the best inhibitor of larval development
among the 8 compounds tested, having an IC50 of 20.60 µg/mL (Table 6.2). All four
ethyl esters demonstrated a dose-response relationship (Figure 6.14), with R2 values for
non-linear regression ranging from 0.7 to 0.97. Low activity of the free acids, and poor
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solubility in water, meant that a dose-response curve and subsequent IC50 estimation
was not included for these compounds. The IC50 values for ivermectin, levamisole and
thiabendazole in parallel assays were 0.22 ng/mL, 115.4 ng/mL and 17.58 ng/mL
respectively (data not shown).

Table 6.2 The IC50 values for the four HCAs and corresponding HCA esters in larval
development assays.
Free acids

IC50

Ethyl esters

(µg/mL)
Caffeic acid
Ferulic acid
p-coumaric acid
Isoferulic acid

>400
>400
>400
>400

IC50

95% CI

(µg/mL)
Ethyl caffeate
Ethyl ferulate
Ethyl p-coumarate
Ethyl isoferulate

56.61
51.41
23.05
20.60

41.95 - 76.39
43.42 - 60.86
22.47 - 23.65
19.80 - 21.43
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Figure 6.14 Anthelmintic activity of four HCA esters in larval development assays.

6.3.4 Pure compounds - larval migration inhibition assays
All of the eight compounds demonstrated some inhibitory effect on the motility of the
larvae. The most active compound was ethyl p-coumarate, which significantly (p <
0.01) inhibited larval migration to 30.8% compared to controls at a concentration of 800
µg/mL. IC50 values could not be reliably estimated due to low toxicities and low
solubility. Generally, the ethyl esters were more potent than the free acids, with the
exception of caffeic acid, which inhibited migration to 54.9% of the controls (Figure
6.15). The IC50 values for ivermectin and levamisole in parallel assays were 0.97 ng/mL
and 13.95 ng/mL respectively (data not shown), with both drugs completely inhibiting
migration at concentrations of approximately 6.5 µg/mL.
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Figure 6.15 Larval migration (mean ± SE) of cyathostomin larvae after incubation with
four HCAs and their ethyl esters at a concentration of 800 µg/mL.
* Indicates significant difference to control values (p < 0.01).

6.4 Discussion

Although we could not determine the specific structure of the anthelmintic compound(s)
in Acacia melanoxylon in this study, key NMR data suggested that a HCA moiety might
be present in the active compound. This is supported by the fact that A. melanoxylon is
known to contain a range of HCA esters (Freire et al., 2007). This also supports the
hypothesis that the active compound(s) is not a tannin-related compound. The
subsequent testing of four HCAs and their ethyl esters related to those found in A.
melanoxylon found that the esters were more active than the free acids, and they were
potent inhibitors of the development of cyathostomin larvae, and also showed slight
inhibitory effects on larval migration. These results suggest that HCA esters could be
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responsible for all or part of the anthelmintic action of A. melanoxylon. To my
knowledge, this is the first instance of HCA esters being described as having
anthelmintic activity.

HCAs and HCA esters, including the eight examined in this study, are known to have
numerous bioactive properties. HCAs are phenolic propanoids that occur as secondary
compounds in plants. They are widely distributed across species and are known for their
beneficial antioxidant effects in the human diet. They are characterised by a C6C3
carbon skeleton with a double bond in the side chain, existing as free carboxylic acids,
or as components of the plant cell wall as esters (El-Seedi et al., 2012). HCAs and
related compounds are known as antioxidants, and have also been reported as having
cholesterol- lowering activities, preventative effects against thrombosis and
atherosclerosis, and antimicrobial, anti-inflammatory and anti-cancer activities (Chen
and Ho, 1997; Ou and Kwok, 2004; El-Seedi et al., 2012). The widespread occurrence
of HCAs and HCA esters, in addition to the numerous beneficial activities already
reported, is promising for the applicability of using these compounds for horses.

The HCA esters were clearly better inhibitors of larval development than the free acids,
and also showed slightly more activity in the migration assays. This may be due to the
fact that the ester compounds are more lipophilic (having an affinity for lipids) than the
free acids. Kikuzaki et al. (2002) found that this was the case when assessing the
antioxidant and scavenging ability of ferulic acid and related compounds. Ethyl ferulate
was more active than ferulic acid, and was more lipophilic as estimated by its partition
coefficient in octanol/phosphate buffered solution (Kikuzaki et al., 2002). Lipophilicity
is one of the major factors in the ability of a drug to reach effective concentrations
within nematodes, due to the structure of the nematode cuticle (Alvarez et al., 2007).
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The nematode cuticle consists of proteins, lipids and carbohydrates. Drug absorption
across the cuticle is restricted by lipid barriers and the rate of transfer across the cuticle
is affected by the lipophilicity of the drug (Fetterer and Rhoads, 1993; Alvarez et al.,
2007). Therefore, the greater effect of the HCA ester compounds in the larval assays
could in part be attributed to a greater transfer through the nematode cuticle due to a
higher lipophilicity.

It is possible that the long chain esters identified by Freire et al. (2007) in A.
melanoxylon may have even greater anthelmintic action than the short chain ethyl esters
we tested, due to greater lipophilicity of the long chain molecules. However, lipophilic
compounds would have eluted in the first one or two relatively non-polar fractions from
the silica column separation, and these early fractions did not show activity in the
LDAs. It is possible that some long chain esters were present, but not in high enough
concentrations to exert any anthelmintic effect, or perhaps the 80/20 methanol/water
extraction was not efficient at extracting them from the plant. Work is continuing on A.
melanoxylon to identify the bioactives, particularly to isolate longer chain HCA esters
and to determine if they have anthelmintic activity and how it compares to that of the
short chain ethyl esters tested in this experiment.

The different functional groups on the benzene ring of the four active HCA esters did
not show an obvious effect on relative anthelmintic activity in this study. The general
understanding is that the biological effects of HCAs are related to the number of
hydroxyl groups on the benzene ring (Rice-Evans et al., 1996). For example, Trnková et
al. (2010) studied the binding of several HCAs to bovine serum albumin and found that
the protein binding affinity, and the number of binding sites, increased with a greater
number of hydroxyl groups. Based on this, it was expected that the present study would
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show that ethyl caffeate was the most active (two hydroxyl groups), followed by ethyl
ferulate and ethyl isoferulate (one hydroxyl and one methoxyl), and the least active
would be ethyl p-coumarate (one hydroxyl). However, the results showed that ethyl
isoferulate was the most active and ethyl caffeate the least. Wu et al. (2007) tested the
radical scavenging ability of caffeic acid phenethyl ester and related compounds in
several different assays to examine antioxidant structure-activity relationships, and
found that in addition to the number of hydroxyls, other factors were important in
determining radical- scavenging ability, including lipophilicity, polarity and the stability
of the compounds, particularly in biomembrane systems. This suggests that there are
many factors that affect the potency of HCA esters, which could potentially affect their
potency as anthelmintics, and further investigation into the mechanism of action is
needed.

While in vivo testing is necessary to determine the full anthelmintic potential of HCA
esters, they appear to be good candidates for use in horses. In terms of metabolism, free
HCAs are readily absorbed in the gut, while bound acids such as esters would first need
to be released by microbial digestion (Chesson et al., 1999). In the horse, microbial
digestion takes place in the hindgut (McDonald et al., 2002). This means that HCA
esters may pass through the stomach and intestine to the hindgut where they could act
on cyathostomins before becoming altered by microbial digestion. All four of the esters
completely inhibited larval development at 200 µg/mL. To achieve this concentration in
the hindgut of the horse, which has an average volume of 85 L (McDonald et al., 2002),
a horse would need to ingest around 17 g of an HCA ester per day, representing very
little of its daily intake. There is no literature available documenting the effects of HCA
esters on the health of horses, and hence further work will be required to ensure that this
intake of HCA esters would have no detrimental effects on horse health.
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In summary, ethyl caffeate, ethyl ferulate, ethyl p-coumarate and ethyl isoferulate had
significant anthelmintic activity against cyathostomins in larval development assays,
with ethyl p-coumarate and ethyl isoferulate being the most active. Compounds
represented by these structures may be at least partly responsible for the anthelmintic
activity shown by extracts from A. melanoxylon. There are no previous reports of these
specific compounds having anthelmintic activity and further investigation into these
compounds is warranted, particularly into their efficacy in vivo. Longer chain esters of
the same HCAs have been also been found previously in A. melanoxylon. Further
research to synthesise these compounds or isolate them from the plant would be
beneficial to examine the effect a longer side chain has on the anthelmintic activity, and
if there is an optimum structure of an HCA ester derivative for anthelmintic effect.
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Chapter 7: General Discussion
The aim of this research was to investigate the potential for Australian plants to be used
for the control of cyathostomin parasites of horses. These parasites are common in
grazing horses worldwide and can cause serious health problems when infestations are
large (Lyons et al., 2000). Effective and sustainable control of these parasites is
becoming a problem for the horse industry as the prevalence of anthelmintic resistance
increases. There is widespread resistance in cyathostomins to two out of the three
classes of anthelmintics available, and resistance is emerging to the third (Molento et
al., 2008; Brady and Nichols, 2009). For this reason, and because no new classes of
anthelmintics for equine use are expected in the near future (Kaplan and Nielsen, 2010;
Stratford et al., 2011), new methods of controlling cyathostomins need to be
investigated. The general hypothesis tested in this thesis was that Australian plants have
anthelmintic activity against cyathostomins in vitro, and this activity can be attributed to
their bioactive secondary compounds. This hypothesis was supported, with the majority
of crude extracts of plants showing significant anthelmintic activity. Additionally,
several bioactive secondary compounds have been identified, both tannin and nontannin, which have inhibitory effects of larval development and migration. The results
from the work presented in this thesis demonstrate that Australian plants and their
bioactive compounds can offer a new option for controlling cyathostomin parasites of
horses. Anthelmintic plants have been studied as a method of control for gastrointestinal
parasites of ruminants in detail for the last twenty years or more, but the experiment
detailed in Chapter 4 is the first time (to my knowledge) that plants and plant secondary
compounds have been investigated for the control of gastrointestinal parasites in horses.
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The most significant finding from the experiments undertaken in this study is the
discovery of the anthelmintic activity of the compound procyanidin A2 that was isolated
from one of the most active plants, Alectryon oleifolius (Chapter 5). Procyanidin A2
showed significant anthelmintic activity, inhibiting both larval development and larval
migration in vitro. Condensed tannins similar to procyanidin A2 have been shown in
several studies to have anthelmintic effects on ruminant parasites such as Haemonchus
contortus and Trichostrongylus colubriformis (Molan et al., 2003b; Brunet and Hoste,
2006; Brunet et al., 2008), but this is the first report describing the activity of condensed
tannins against cyathostomins. Procyanidin A2 is found in other plants, including
Cranberry as discussed in Chapter 5 (and also Appendix 1). The discovery of the
significant anthelmintic effects of procyanidin A2 in this thesis has opened the door for
future research into other plants based on the presence of this condensed tannin, and
indeed also for investigation into related condensed tannins with similar structures.

Condensed tannins are thought to pass through the stomach of monogastrics unchanged
(Waghorn et al., 1999; Serra et al., 2010). Hence, if procyanidin A2 is not absorbed or
altered in the small intestine, it may be present in its active form to act upon
cyathostomins in the hindgut of horses. Procyanidin A2 has not been reported to have
any toxic effects on mammals, which is another positive attribute when assessing its
potential as a novel anthelmintic for horses. As with any anthelmintic compound, it is
necessary that the amount required for an anthelmintic effect to be seen in vivo is less
than the amount that will cause harmful effects to the host animal. It seems that
procyanidin A2 may be suitable, as Davies et al. (2009) found that condensed tannins
fed to horses at levels of up to 150 mg/kg/day for three weeks caused no ill effects. The
high activity demonstrated in the in vitro assays, and the lack of toxic effects on
mammals, suggest that procyanidin A2 could be used in the control of cyathostomins.
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Acacia melanoxylon was the second plant chosen for further investigation because it
showed potent anthelmintic effects in Chapter 4, and this activity was not linked to
tannins. The bioassay-guided fractionation of Acacia melanoxylon (Chapter 6) led to the
discovery that four plant secondary compounds, ethyl ferulate, ethyl caffeate, ethyl pcoumarate and ethyl isoferulate also have potent anthelmintic activity against
cyathostomins in vitro. These are ethyl esters of compounds known as hydroxycinnamic
acids (HCAs), which have not previously been reported as possessing anthelmintic
activity. Although less potent than procyanidin A2, ethyl ferulate, ethyl caffeate, and in
particular ethyl p-coumarate and ethyl isoferulate, inhibited larval development
significantly. Further, the HCA esters also have the same positive attribute as
procyanidin A2, that they are likely to pass through the gut without being altered or
absorbed (Chesson et al., 1999) and potentially reach cyathostomins in the hindgut
while still in an active form. This will need to be tested in in vivo trials, which are also
necessary to assess any negative effects the compounds may have on the horse.

The four HCA ethyl esters tested in Chapter 6 are shorter chain versions of HCA esters
found in A. melanoxylon by Freire et al. (2007). A specific structure of an active
compound was unable to be fully elucidated during the fractionation process of A.
melanoxlyon in Chapter 6 and, hence, related short chain HCA esters were investigated.
Nevertheless, the work in this thesis has shown that A. melanoxylon does have potential
to be used as an anthelmintic for cyathostomins, as the crude extract tested in Chapter 4
and several fractions tested in Chapter 6 clearly had significant activity, as did the four
HCA esters which are closely related to compounds known to be in the plant.
Additionally, A. melanoxylon is reported to be palatable to livestock (Kaitho et al.,
1996). These factors demonstrate the potential of A. melanoxylon to be used in the
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control of cyathostomins and why it is important that the active compounds in the plant
are investigated further.

The mechanism of action of anthelmintic plant compounds is not fully understood.
Anthelmintic activity is generally thought to be related to the number of hydroxyl
groups in the compound (Brunet and Hoste, 2006; Brunet et al., 2008; Novobilský et al.,
2013), probably due to the increased protein-binding and antioxidant capacity which
generally increases as the number of hydroxyl groups increase (Hagerman, 1989; RiceEvans et al., 1996). However, results reported here suggest that the relationship between
the structure of anthelmintic compounds and their activity is more complicated than
being related solely to the numbers of free hydroxyl groups. One other factor thought to
have an effect is the degree of polymerisation (Novobilský et al., 2013), which may be
relevant to procyanidin A2, as it is a dimer. Interestingly, procyanidin A2 has an A-type
linkage, which seems to increase some bioactive effects when compared to condensed
tannins which contain only B-type linkages (Ou and Kwok, 2004; Howell, 2007;
Yokota et al., 2013). Further research to compare the activity of procyanidin A2 to
procyanidin B2 would confirm if the A-type linkage confers greater anthelmintic
activity. In regards to the HCA esters tested in Chapter 6, the esters were all
significantly more active than the free acids, possibly because the greater lipophilicity
of the esters increased the anthelmintic activity, and therefore may be more influential
than the number of hydroxyl groups. If the plant compounds exert anthelmintic activity
on cyathostomins by several mechanisms, and so act upon several target sites, this could
decrease the likelihood of resistance developing in parasite populations in the field.
Future research into structure-activity relationships of anthelmintic plant secondary
compounds is needed in order to fully understand their mechanism of action. This is
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especially true for condensed tannins, which are frequently shown to have anthelmintic
activity, but whose mechanism of action remains unclear.

In addition to discovering the anthelmintic activity of procyanidin A2 and the four HCA
ethyl esters, our preliminary screening experiment in Chapter 4 suggests that there are
many possibilities for the use of Australian plants as anthelmintics for horses. Twentynine out of 37 species we tested in vitro had significant anthelmintic activity. These 37
plants were selected on the basis of palatability or previous known bioactivity, but these
37 represent only a small proportion of bioactive plants in Australia that may contain
compounds with anthelmintic activity. The most potent plant in the study, Duboisia
hopwoodii, was not chosen for further study because it is known to contain compounds
that are toxic to mammals (Hicks and Le Messurier, 1935). Plants including those from
Acacia spp. and Melaleuca spp. however, showed significant anthelmintic activity and
are worth investigating further. They were not chosen for further study here because of
time constraints and the fact that the two species Alectryon oleifolius and Acacia
melanoxylon were of greater interest. Furthermore, there are still many possibilities to
explore within Alectryon oleifolius. Procyanidin A2 was isolated from the most active
rapid silica column fraction out of 7 fractions in total. However, two other fractions also
had comparable activity, suggesting that there are more anthelmintic compounds within
the plant that could be investigated. This could be important because having multiple
active compounds, rather than just one, may reduce the chance that the worms will
develop resistance to the plant. For this reason, the option of using a whole plant extract
as explored in Chapter 4, or using plants as a grazing shrub, may be a more sustainable
worm control method than administering a pure compound, and definitely warrants
continued investigation.
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Several aspects of the methodology used in this study should be considered when
viewing the results. Firstly, the choice of solvents used for the extraction of the plant
material. There isn’t a ‘best’ option to extract with, as illustrated in the study by Kotze
et al. (2009), where some bioactives were soluble in both ethanol and water, whereas
some were only soluble in one of these solvents. A water extraction was used in Chapter
4, which has the benefit of being the best approximation for the conditions that the plant
material will be exposed to within the intestine of the host. On the other hand, in
Chapters 5 and 6, a range of solvents was used to maximise the compounds that would
be extracted. Thus, we have not only identified compounds that could be effective
through the feeding of crude plant material (and hence would be expected to be
extracted within the aqueous environment of the host gut), but have also identified
compounds that could, if active enough, be delivered to the host animal after
commercial scale extraction from the plant using a non-water solvent.

The second aspect of the methodology to consider is the use of stored freeze-dried plant
material. Fresh material would be ideal when relating the results to the potential grazing
of plants, however, continually accessing fresh material was impractical for this project
and so we needed to be able to store the material for long periods. Freeze-drying is a
widely used method to preserve plant material for bioactive studies (Semple et al., 1998;
Durmic et al., 2008). Furthermore, Kotze et al. (2009) compared the bioactivity of
extracts where the samples had been oven-dried or freeze-dried after collection. In
some plants, oven-dried samples had less bioactivity than freeze-dried samples,
indicating that some of the bioactives were not stable in the heat of oven-drying.

The third aspect to consider is that this study used the LDA as the sole method to screen
the plant extracts for anthelmintic activity, and then later used the LMIA to further
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examine the purified compounds. The LDA was chosen for the initial assays as it is a
more sensitive tool for identifying any anthelmintic activities. This is illustrated by the
IC50 values for all positive control drugs being much lower in the LDA compared to
LMIA. Further, while levamisole, ivermectin and thiabendazole are all toxic in the
LDA, only levamisole and ivermectin interfere with larval migration as measured by the
LMIA (Kotze, unpublished), therefore the LDA is considered to cover a wider range of
anthelmintic compounds. If the LMIA had been used initially, some plants with
moderate activity in Chapter 4 may have been overlooked; however, it is probable that
the most active plants would still have been identified.

The final aspect of methodology to consider is that the cyathostomins used in this study
were sourced from a variety of horses, and individual species of cyathostomins were not
identified. Therefore, it is possible that different species of cyathostomins may be more
susceptible to the extracts and pure compounds than others. Ideally, parasites for a study
such as this would be sourced from well-identified isolates maintained in animal house
conditions in order to avoid any contamination of the isolate with field-derived worms
of other species, such as in Kotze et al. (2009). This is difficult to achieve with
cyathostomins compared to nematodes of small ruminants, and hence the cyathostomins
for use in this study were sourced from naturally infected horses.

The results presented in this thesis must be confirmed with in vivo testing to measure
the real anthelmintic potential of the plants and pure compounds. In the present study,
the LDA and LMIA assessed the ability of the plant extracts and compounds to inhibit
the development and motility of the free-living stages of cyathostomins. Assays that use
larval stages are relatively inexpensive and are an easily-reproducible means to screen
multiple extracts or pure compounds for anthelmintic activity. However, anthelmintic
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plants will be most useful for worm control if they exert effects on adult worms living
inside the gut. The use of in vitro assays to test anthelmintic effects on adult
cyathostomins, which can only be sourced upon necropsy, would have been a much
more laborious, time consuming and costly option for the present study. Hence, the data
reported here is limited in being derived only from experiments with life stages that will
not be the target for an eventual in vivo approach to worm control. However, there is
evidence in the literature that anthelmintic effects observed on nematode larvae in vitro
can translate to effects on adult worms in vitro. For example, Paolini et al. (2004) found
that some tannin-containing plant extracts exerted anthelmintic activity on larvae and
adult worms of ruminant nematodes in vitro. Additionally, (Athanasiadou et al., 2000,
2001) conducted in vivo studies and found that long term feeding of sheep with a
condensed tannin extract reduced the rate of establishment of parasitic infection, and
drenching sheep with a condensed tannin extract reduced the number of intestinal
parasites. However, these studies also indicated that the concentrations needed for
effects against larvae and adult worms can vary greatly.

Furthermore, there are many factors that may alter the bioavailability of the active
compounds, and the concentrations that will have an effect in vivo are hard to predict.
The estimates of the amount of procyanidin A2 and HCA esters a horse would need to
ingest for an anthelmintic effect in Chapter 5 and 6 assume that the compounds will not
be affected by host pharmacokinetics, and that the action of the compounds will not be
affected by the host’s gut contents, which at this stage is unknown. These factors may
act to prevent a compound or plant extract, which has shown promising in vitro
anthelmintic effects, from having useful anthelmintic activity in vivo. Testing of the
compound or extract in vivo is needed to determine this, and thus is an essential step in
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confirming if the plants and compounds identified in this study could be useful for
worm control in horses.

There are several options for future research which would greatly contribute to
developing strategies to use these Australian plants in worm control programs. A larval
exsheathment inhibition assay could be a useful in vitro test, as it looks at exsheathment
of L3 larvae, a process which occurs within the host animal, and hence has a closer
connection to the desired in vivo action than the assays used in the present study, which
examined life stages not normally found in the host animal. Although assays with adult
worms are not practical with cyathostomins from horses (as discussed above), testing
the active plants and plant compounds against adult worms of Haemonchus contortus
from sheep would give an indication of whether the bioactives were active against adult
nematodes. Furthermore, understanding the mode of action of procyanidin A2 and the
HCA esters is crucial. Condensed tannins extracts have been found to damage the larval
cuticle of the nematode Ascaris suum of pigs, and similarly, cysteine protease
compounds cause damage to the cuticle of the rodent nematode Heligmosomoides
polygyrus (Stepek et al., 2005; Williams et al., 2014). Examining the cuticles of L3
larvae with electron microscopy after exposure to the compounds could determine
whether procyanidin A2 and the HCA esters also act in this way.

Future in vivo work could include two types of pen trials. Firstly, trials in which plant
material is fed to worm-infected horses, while controls receive a basal diet. Faecal egg
counts would be monitored over time, and the experiment would look at direct killing of
existing worm infections. In the second type of trial worm-free horses would be fed the
plant material for a period of time while controls received a basal diet, after which all
animals would be given a dose of worms and then faecal egg counts are monitored over
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time. This experiment would look at whether the presence of the plant material in the
host animal’s gut can prevent, or at least inhibit, establishment of new infections.

Palatability of the plant material and the level of in vivo anthelmintic effect will be the
main deciding factors in how these anthelmintic plants can be utilised. If fresh plant
material is not palatable and the horses are not willing to graze enough in the paddock
for an anthelmintic effect to be seen, then dried plant material could be used as a feed
additive. Extraction of the active compounds for a feed additive may be worthwhile if
the anthelmintic activity is great enough. Alternatively, if the pure compounds are very
potent in vivo and can be synthesised cheaply, then a synthesised chemical pathway may
be an option. Using whole plants as an anthelmintic grazing shrub, rather than focussing
on select anthelmintic compounds, may be the best option in the long term. Several of
the plants examined in this study are found outside of Australia, which increases their
potential to be used worldwide in worm control programs. However, a wide range of
factors can influence the chemical composition of plants, including genotype, rainfall,
soil type, and insect predation (Barry and Manley, 1986; Olson and Roseland, 1991;
Edwards, 1999; Kotze et al., 2009) and this poses a problem if attempting to cultivate
anthelmintic plants on a mass scale. Plant breeding programs could potentially develop
plants with desirable chemical compositions, and could be economical if the breeding
program was also working towards improving other desirable traits such as palatability.
Future research, both in vitro and in vivo, will help to identify the best pathway to
utilisation of these plants and compounds for worm control.

The in vitro studies presented here are an essential step in developing applications for
using Australian plants for worm control in horses and have determined the activity,
extent of action (inhibition of larval development and/or migration) and levels to be
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tested in vivo. Future in vivo studies are crucial to determine the optimal use of
procyanidin A2, the HCA ethyl esters, or whole plants as methods for controlling
cyathostomins and to confirm that the in vitro effects observed in the present study will
transfer to in vivo applications. Additionally, there is a duty of care to test any new
treatment to ensure there are no ill effects on the horse. Although the full implications
of this research are dependent on in vivo testing, the results are encouraging. A.
oleifolius and A. melanoxylon could be provided as forage shrubs for horses, or if not
palatable, procyanidin A2 and the four HCA ethyl esters could be used as feed
additives. This research has therefore identified several different options that could be
developed into new control methods for cyathostomins. If these anthelmintic plants and
their compounds can be incorporated into sustainable parasite management strategies
for cyathostomins, synthetic anthelmintics may be able to be used less, which will slow
the spread of resistance and thus improve the outlook for cyathostomin control in
horses.
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Appendix 1: Isolation and anthelmintic activity of
procyanidin A2 from cranberry

Introduction

Cranberry (Vaccinium macrocarpon Ait.) is known to contain the procyanidin A2
(Howell, 2007; Koerner et al., 2009). After identifying the active compound in
Alectryon oleifolius as procyanidin A2 (detailed in Chapter 4), cranberry juice was used
as an alternative source of the compound, until a commercial source became available.
The process of isolating the compound and testing it in larval development assays is
described below.

Materials and methods

(i) Bioassay guided fractionation of Cranberry
Commercially available fruit drink, Cranberry Classic™ (Ocean Spray, 1.5 L Australia)
containing 250 mL/L cranberry juice was used as the source of A2.

Cranberry Juice (1. 5 L) was separated directly by applying to a column containing C18
reversed phase silica (Davisil C18 bonded silica, 633NC18E, p/n 5134095, GraceDavison Discovery Sciences, Maryland, USA) After eluting the cranberry juice (1. 5 L),
five eluent systems (400 mL each, + 0.1% acetic acid) were used to separate the
retained portion: 10/90 (v/v) methanol in water, 20/80 (v/v) methanol/water, 40/60 (v/v)
methanol/water, 60/40 (v/v) methanol/water and finally methanol. The initial fraction of
1.5 L was collected and labelled C1. In addition, a further five 400 mL fractions were
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collected, and labelled C2-C6. This whole process was repeated with another 1.5 L of
cranberry juice to ensure sufficient mass of procyanidin A2 was recovered.

High performance liquid chromatography (HPLC) was used to determine which
fractions contained the same compound as the A. oleifolius fraction AO7-16-18 (i.e.
procyanidin A2). The fractions were analysed using a Hewlett-Packard 1050 HPLC
system equipped with a multi-wavelength detector and using a 250 x 4.6 mm i.d., 5 μm,
Apollo C18 reversed-phase column (Grace-Davison) with a 7.5 mm x 4.6 mm guard
column of the same material. The column was eluted at 1 mL/min with 10/90 (v/v)
acetonitrile/water (+ trifluoroacetic acid (TFA), 0.1% v/v), increasing to 50/50 (v/v)
acetonitrile/ water (+ TFA, 0.1% v/v), over 30 minutes, then to 100% acetonitrile at 31
min and held for 9 min.

Comparison of the HPLC chromatograms revealed which cranberry fractions contained
the same compound as fraction AO7-16-18 (i.e. procyanidin A2). These fractions
(including C4, as seen below in Figure 1) were combined to form a new fraction
labelled Cran-4.
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Figure 1 HPLC chromatogram of fractions AO7-16-18 (from A. oleifolius) and C4
(from cranberry) using a water/acetonitrile gradient solvent system with UV absorbance
recorded at the wavelength of 220 nm.

Cran-4 was then separated via semi-preparative HPLC using a 250 x 10 mm i.d., 5 μm,
Apollo C18 reversed-phase column (Grace-Davison) with a 33 mm x 7 mm guard
column of the same material. The column was eluted at 4 mL/min with an isocratic
method of 25/75 (v/v) acetonitrile/water (+ TFA, 0.05% v/v). The fractions containing
the same compound as AO7-16-18 (i.e. procyanidin A2) were identified by comparison
of HPLC chromatograms. These fractions (including Cran4-4, as seen below in Figure
2) were combined to form a new fraction labelled Cran-A.
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Figure 2. HPLC chromatogram of fractions AO7-16-18 (from A. oleifolius) and Cran44 (from cranberry) using an acetonitrile based solvent system with UV absorbance
recorded at the wavelength of 220 nm.

To achieve a pure fraction, one more separation was required. Method optimisation on
an analytical scale was needed to determine the best separation of Cran-A, which was
found to be an isocratic method of 32/68 (v/v) methanol/water (+ TFA, 0.05% v/v) over
30 minutes. This was scaled up for semi-preparative HPLC.

The resulting Cran-A fraction were compared to the standard AO7-16-18 via analytical
HPLC using an isocratic method of 35/65 (v/v) methanol/water over 30 mins. This
suggested that fraction Cran-A-13 was the same compound as AO7-16-18. This was
also supported by HPLC-MS (data not shown).
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As detailed in Chapter 4, nuclear magnetic resonance (NMR) analysis confirmed that
Cran-A-13 was the same compound as fraction AO7-16-18, procyanidin A2. Fraction
Cran-A-13 was concentrated under reduced pressure and dried under a stream of
nitrogen gas, yielding a mass of 8.9 mg of procyanidin A2.

(ii) Larval development assay of procyanidin A2 isolated from cranberry
The LDAs were conducted as described in Chapter 3. Four milligrams of procyanidin
A2 was dissolved in 1 mL of 10/90 (v/v) DMSO/water, and 10 μL was used per assay
well. This gave an initial starting concentration of 160 μg/mL and six 2-fold serial
dilutions (80, 40, 20, 10, 5 and 2.5 μg/mL). A higher concentration of 310 μg/mL was
also tested by adding 20 uL of procyanidin A2 solution to the assay wells. In this
instance an additional control was tested, using 20 µL of 10/90 (v/v) DMSO/water to
ensure that the higher DMSO concentration did not have any effect on the larvae.

Results

Procyanidin A2 from cranberry was significantly active in the LDAs compared to
controls at concentrations as low as 20 µg/mL (p < 0.01) and completely inhibited all
development at concentrations as low as 80 µg/mL (Table 1). The IC50 value was 19.78
µg/mL (95% CI; 17.7-22.0) and demonstrated a dose response relationship (R2 = 0.95)
as seen in Figure 1. The IC50 values for ivermectin, levamisole and thiabendazole in
parallel assays were 0.20 ng/mL, 11.47 ng/mL and 6.86 ng/mL respectively.

145

Table 1. Percentage larval development of cyathostomins in the presence of
procyanidin A2 isolated from cranberry.
Concentration (µg/mL)
310

Larval development (%)
nd *

160

nd *

80

nd *

40

15.8 (± 2.2) *

20

55.9 (± 6.7) *

10

73.9 (± 5.5)

5

98.9 (± 4.7)

2.5

97.4 (± 6.1)

% larval development

Percentage larval development is the number of L3 in treated wells as a percentage of
the mean number of L3 in control wells: data shown as mean (± SE), nd - no growth
detected.
* Indicates significant differences to control values (p < 0.05).
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Figure 1. Anthelmintic activity of procyanidin A2 isolated from cranberry in larval
development assays.
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Appendix 2: Publications
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