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Abstract

Progress made in understanding pharmacokinetic behaviour and pharmacodynamic
mechanisms of drug action/resistance has allowed deep insights into the pharma-
cology of the main chemical classes, including some of the few recently discovered
anthelmintics. The integration of pharmaco-parasitological research approaches has
contributed considerably to the optimization of drug activity, which is relevant to
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preserve existing and novel active compounds for parasite control in livestock. A
remarkable amount of pharmacology-based knowledge has been generated using
the sheep abomasal nematode Haemonchus contortus as a model. Relevant funda-
mental information on the relationship among drug influx/efflux balance (accumula-
tion), biotransformation/detoxification and pharmacological effects in parasitic
nematodes for the most traditional anthelmintic chemical families has been obtained
by exploiting the advantages of working with H. contortus under in vitro, ex vivo and in
vivo experimental conditions. The scientific contributions to the pharmacology of
anthelmintic drugs based on the use of H. contortus as a model nematode are summa-
rized in the present chapter.

1. INTRODUCTION

Parasitic nematodes of ruminants represent one of the greatest infec-
tious disease problems in grazing livestock systems worldwide. Despite prom-
ising research results, nonchemical parasite control strategies are not yet
available for routine, commercial use. Thus, nematode control in livestock
still relies on the use of antiparasitic drugs, which comprise the largest sector
of the animal pharmaceutical industry. The integration of available informa-
tion on the host-parasite-environment relationship with an understanding of
the pharmacological properties of traditional antiparasitic molecules has
contributed to more efficient parasite control. However, due to the magni-
tude of the investment in drug medications, it is necessary to acquire scientific
information on how to improve the use of available molecules, and particu-
larly, to avoid/delay the development of anthelmintic resistance. Most fields
of chemotherapy benefit from in vitro test systems that can be used to accu-
rately predict drug concentrations required for efficacy in vivo. However, it
has been difficult to develop a culture system for nematodes to assess the
potency of anthelmintics in vitro. This inconvenience has been a major
limitation to estimating the active drug concentration required to achieve
optimal in vivo activity and has delayed advances in drug development.
However, progress made in understanding pharmacokinetic behaviour and
pharmacodynamic mechanisms of drug action/resistance has allowed deep
insights into the pharmacology of the main chemical classes including some
of the few recently discovered anthelmintics. A remarkable amount of phar-
macology-based knowledge has been acquired using the sheep abomasal
nematode Haemonchus contortus as model. The scientific contributions to the
pharmacology of anthelmintic drugs based on the use of H. contortus as a
model nematode are summarized in the present chapter.
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2. BACKGROUND ON THE PHARMACOLOGY
OF ANTHELMINTIC DRUGS

The pharmacokinetics of an anthelmintic drug involves the time
course of drug absorption, distribution, metabolism and elimination from
the host, which, in turn, determines the concentration of the active drug
when it reaches the predilection site of the parasite in the host. Knowledge
of the processes of drug/metabolite diffusion into different target parasites,
together with the available kinetic information, has been relevant to eluci-
date the mechanism of drug penetration and the pharmacological activity of
most anthelmintics. The activity of an anthelmintic drug depends not only
on its binding to the specific receptor (pharmacodynamics), but also on its
ability to reach high and sustained concentrations in the tissue(s) where
the parasite is located, which allows the delivery of effective drug concen-
trations at the receptor within the parasite cells, in sufficient time, to cause
the therapeutic effect (Thompson et al., 1993). There is a close relationship
between pharmacokinetics (which determine drug exposure at the location
site of the parasite) and pharmacodynamics (drug effect). The drug needs to
pass through different ‘barriers’ to reach its specific target receptor within a
target parasite (ie, H. contortus). Dissolution of drug particles in gastrointes-
tinal (GI) fluids is a particularly important phenomenon for drugs adminis-
tered as suspensions by the oral route (such as benzimidazole compounds and
morantel/pyrantel). Dissolution is a crucial step because drug particles must
dissolve in the enteric fluids, to allow absorption through the GI mucosa
and/or penetration through the external surface of GI nematodes. The
undissolved drug particles passing down the GI tract in the luminal content
are excreted in the faeces without exerting anthelmintic action. Anthel-
mintic compounds formulated as drug solutions for parenteral injection in
domestic animals (eg, macrocyclic lactones and levamisole) do not require
dissolution before systemic absorption. In those cases, the GI secretion pro-
cess (ie, abomasal secretion) is an important step to assure drug-nematode
contact. Drug absorption is a main limiting factor that determines the
amount of drug reaching the systemic circulation (systemic exposure).
The reversible exchange between the bloodstream and tissues allows the
drug to achieve concentrations that are anthelmintically active in the tissues
where the parasite is located. The overall pharmacokinetic process, including
drug absorption, tissue distribution and its biotransformation/elimination
pattern, is crucial to allow the drug to reach the target parasites located in
different tissues at sufficient concentrations/time to exert an anthelmintic
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effect. Finally, the access of anthelmintic molecules to intracellular sites of
action depends on their ability to penetrate the external cuticular (nema-
todes) or tegumental (cestodes and trematodes) structure of the parasite. Lip-
ophilicity and concentration of the active drug, physicochemical features of
the parasite-surrounding medium, the structure of parasite’s external surface,
are among the factors affecting the transfer (diffusion) and accumulation of
the active drug into the target parasite(s). The particular mode of action of
each compound will affect the onset and the characteristic of the anthel-
mintic effect. Altogether, these different factors will determine the final
anthelmintic activity.

The time that a parasite is exposed to an active drug concentration
determines the efficacy and/or persistence of activity for most of the anthel-
mintics used in ruminants. The characterization of drug concentration
profiles in tissues of parasite location and within target parasites, and its rela-
tionship with the mode of action of each particular molecule provides a basis
for understanding the differences in efficacy observed for the different
chemical families. Benzimidazoles (albendazole, fenbendazole, etc.), imida-
zothiazoles (levamisole), macrocyclic lactones (eg, ivermectin, doramectin
and moxidectin), salicylanilides (closantel), tetrahydropyrimidines (eg, mor-
antel and pyrantel), organophosphates (eg, coumaphos and naphthalophos)
and the novel spiroindoles (derquantel) and aminoacetonitrile derivatives
(AADs, monepantel) are the main chemical families used to control nema-
todes of ruminants, including H. contortus. The potency of most anthelmin-
tics is dependent on their affinity for specific receptors, but also on the
kinetic properties that facilitate the achievement of effective drug concentra-
tions at the site of action (Thompson et al., 1993). The main pharmacolog-
ical properties and the pharmacokineticepharmacodynamic relationships for
the most common drugs used to controlH. contortus and other nematodes of
ruminants are described in the following.

Benzimidazoles: Benzimidazole and pro-benzimidazole anthelmintics
are widely used in veterinary medicine. The pro-benzimidazoles (febantel
and netobimin) are inactive prodrugs that are metabolically converted into
anthelmintically active molecules in the host. The benzimidazole methylcar-
bamates are usually most commonly used. Albendazole, fenbendazole and
their sulphoxide derivatives (albendazole sulphoxide or ricobendazole and
oxfendazole, respectively) are currently among the most extensively used
benzimidazole anthelmintics in ruminants. They are indicated for the
removal and control of a broad spectrum of helminth parasites, including
tapeworms, abomasal and intestinal nematodes (adults and L4), lungworms
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(adults and larval stages) and have ovicidal activity (w8 h after treatment).
Additionally, albendazole is active against adult (>12 week-old) Fasciola
hepatica (liver fluke). The pharmacological activity of benzimidazoles is based
on the binding to parasite b-tubulin, which produces subsequent disruption
of the tubulin-microtubule dynamic equilibrium (Lacey, 1988). Thus, all
the functions ascribed to microtubules at the cellular level are altered (cell
division, maintenance of cell shape, cell motility, cell secretion, nutrient ab-
sorption and intracellular transport). This particular mode of action requires
a sufficient time of drug-parasite contact to assure that the biochemical
changes following the disruption of the equilibrium of the tubulin-microtu-
bule dynamic result in parasite expulsion. After in vivo administration of
albendazole to artificially H. contortus infected lambs, parasites were recov-
ered viable (with appreciable movement) up to 24 h following treatment
(Alvarez et al., 2000). This and previous observations (Sangster and Prichard,
1985) demonstrate that expulsion from the predilection site is due to an
inability of the parasite to maintain homeostasis. Adults of H. contortus
may be able to survive for a short time after treatment, but if the impairment
of essential functions is extended for a sufficiently long time, the ability of
the parasite to remain in the abomasum is affected. Assisted by the flow of
ingesta, adult parasites are readily expelled from the lumen of the gut, which
helps explain why helminth parasites located outside of the luminal space (ie,
mature F. hepatica, interstitial dwelling and/or arrested larval stages) are less
susceptible to drug treatment compared with adult stages situated within the
gut lumen.

As a chemical class, the benzimidazole methylcarbamates have a limited
solubility in water and are prepared as suspensions for oral or intraruminal
(IR) administration to ruminants. Drug particles must dissolve in the enteric
fluids to facilitate absorption of the benzimidazoles through the GI mucosa.
Benzimidazole dissolution is notably increased by extreme pH values. In
ruminants, benzimidazole dissolution occurs mainly in the abomasum, fav-
oured by a low pH. A drug that does not dissolve in the GI contents passes
down the gut and is excreted in the faeces without exerting its action.
Shortly after administration, benzimidazole compounds are almost
completely adsorbed to particulate matter in the ingesta, reaching an equi-
librium between particulate and fluid portions of the gut content (Hennessy,
1993). The rumen acts as a drug reservoir by slowing the transit time of
ingesta, which results in improved systemic availability of benzimidazole
compounds as a consequence of a greater dissolution of drug particles in
the abomasum at a low pH (Lanusse and Prichard, 1993a). The plasma levels
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of the parent sulphides (ie, albendazole, fenbendazole) and/or its active
sulphoxide metabolites (albendazole sulphoxide and oxfendazole) reflect
the amount of drug dissolved in the GI tract. The drug dissolved in the
GI fluid is available for absorption and/or for diffusion through the cuticle
of adult H. contortus located in the abomasum. Thus, H. contortus is largely
exposed to “free” dissolved (not adsorbed to digest a material) drug mole-
cules available in the GI content, and to drug present in gastric secretions,
which recycles between plasma and the abomasum content. Since adult
H. contortus is a blood-feeding parasite, it may also be exposed to drug avail-
able via the bloodstream (Alvarez et al., 2000).

Since benzimidazole anthelmintics are mainly administered by the oral
route, “first pass” metabolism is relevant in the kinetic behaviour of these
compounds. Aromatic benzimidazole derivatives, such as fenbendazole
and oxfendazole, require more extensive hepatic oxidative metabolism
than aliphatic derivatives (albendazole and albendazole sulphoxide) to
achieve sufficient polarity for excretion (Hennessy, 1993). Consequently,
while low fenbendazole concentrations are found in plasma following its
oral/IR administration to sheep and cattle, albendazole is not detected in
the bloodstream after its administration as a parent drug in either species.
Biotransformation takes place predominantly in the liver, although
metabolic activity is apparent in extrahepatic tissues such as lung parenchyma
and small intestinal mucosa (Virkel et al., 2004). Therefore, albendazole
sulphoxide and oxfendazole can be reduced back to their respective thio-
ethers by ruminal and intestinal microflora and may act as a source of alben-
dazole and fenbendazole, respectively, in the GI tract. The high efficacy of
albendazole sulphoxide and oxfendazole against H. contortus depend, in part,
on this bacterial reduction of the sulphoxide to the more pharmacologically
active thioethers (Lanusse and Prichard, 1993b). In fact, although albenda-
zole is not detected in the bloodstream, it has been detected in high concen-
trations in the abomasal mucosa as well as withinH. contortus recovered from
treated sheep (Alvarez et al., 2000). The extensive distribution of benzimid-
azole methylcarbamates from the bloodstream to the GI tract and to other
tissues may contribute to achieve good anthelmintic efficacy against parasites
located in peripheral tissues such as the GI mucosa and lungs.

Imidazothiazoles: Levamisole is readily available imidazothiazole
compound for use in veterinary medicine. Levamisole (the L-isomer of tet-
ramisole) is a nematodicidal drug with a broad activity in several host species
against lung and GI nematodes but is inactive against parasitic cestode and
trematodes. Levamisole is active against mature stages of the major GI
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nematodes and both mature and larval stages of lungworms. However,
levamisole shows little activity against arrested larval stages (Einstein et al.,
1994). Levamisole is highly effective against adult stages of species of Hae-
monchus, Ostertagia, Cooperia, Nematodirus, Bunostomum, Oesophagostomum,
Chabertia and Dictyocaulus. A major advantage is its formulation flexibility
allowing various routes of administration (oral, parenteral and topical).
Levamisole is a cholinergic receptor agonist and elicits spastic muscle paral-
ysis due to prolonged activation of the excitatory nicotinic acetylcholine
receptors (nAChR) on nematode body wall muscle. Since levamisole affects
the neuromuscular coordination, it causes a spastic paralysis and rapid release
of adult H. contortus from its location in the abomasum. The rate of levam-
isole absorption differs according to the route of administration. The
systemic availability of levamisole in sheep is significantly lower after oral/IR
administration (42e45%) compared with subcutaneous (SC) injection
(Bogan et al., 1982). Levamisole is rapidly and extensively metabolized to
a large number of metabolites in the liver. The main metabolizing pathways
appear to be oxidation, hydrolysis and hydroxylation. Haemonchus contortus is
able to metabolize levamisole into an unidentified compound (Sangster
et al., 1988). Levamisole and metabolites (glucuronyl or S-cysteinyl-glycine
conjugates) are excreted via urine (60%) and faeces (30%). Unchanged
levamisole accounts for 5e10% of the dose in urine and faeces in cattle,
sheep and swine (Nielsen and Rasmussen, 1982). Since levamisole is
short-lived in plasma and GI contents, the peak concentration rather than
the duration of exposure is important for its anthelmintic effect.

Tetrahydropyrimidines: Pyrantel and its methyl analogue morantel
are the two members of this family available in the veterinary market.
Pyrantel is formulated as tartrate, citrate or pamoate (also known as embon-
ate) salts. Pyrantel pamoate is practically insoluble in water, while the tartrate
salt is more water-soluble. Morantel is mainly formulated as a tartrate salt.
Tetrahydropyrimidine compounds act selectively as agonists at synaptic
and extrasynaptic nAChR on nematode muscle and produce contraction
and spastic paralysis (Martin, 1997). These anthelmintics share biologic
properties with acetylcholine and act essentially by mimicking the paralytic
effects of excessive amounts of this natural neurotransmitter. The pyrantel
pamoate salt is poorly absorbed from the GI tract, with the tartrate salt being
more readily absorbed than the pamoate. Peak plasma levels occur at highly
variable times in ruminants. Absorbed drug is rapidly metabolized to inactive
metabolites and excreted into the faeces. Morantel is negligibly absorbed via
the gut in ruminants and is thus largely excreted as the unmetabolized parent
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compound in the faeces. Both pyrantel and morantel are highly efficacious
against adult and immature stages of H. contortus in the abomasum and have
minimal activity against arrested larval stages (Einstein et al., 1994). The low
GI absorption and/or efficient metabolism to inactive metabolites explain
the absence of systemic anthelmintic activity against lungworms as well as
arrested tissue larvae.

Organophosphate compounds: Organophosphate compounds have
insecticidal and nematodicidal activities. The main organophosphates used
as anthelmintics in ruminants are haloxon, coumaphos, naphthalophos and
crufomate. Organophosphates’ mode of action related to an irreversible
inhibition of acetylcholinesterase by phosphorylation, which results in
acetylcholine accumulation at cholinergic receptors. The resultant
accumulation of acetylcholine leads to a paralysis and death of the parasite.
Overall, after its oral administration, organophosphates have satisfactory
efficacy against nematode parasites of the abomasum (particularly
Haemonchus) and small intestine, but lack satisfactory efficacy against
nematodes of the large intestine (Oesophagostomum and Chabertia).
Naphthalophos efficacy against adult H. contortus reaches 99e100% even
at a reduced dose of 25 mg/kg (at 75 mg/kg is also active against
H. contortus fifth stage) (Courtney and Roberson, 1995). As described for
levamisole and pyrantel/morantel, the efficacy of the organophosphates
against arrested stages of H. contortus and other abomasal and intestinal
nematodes is rather low. This finding could be explained by the short
time of drug-parasite contact and the reduced exposure of the
larval/immature stages located at the GI mucosa.

Salicylanilides: The most used salicylanilide compound to control H.
contortus is closantel. It is formulated for both, oral and intramuscular admin-
istration. Closantel is highly effective for the treatment of adult flukes and is
also highly effective against H. contortus in sheep. It is used as an alternative
drug for the treatment of ivermectin-, benzimidazole-, levamisole- and
morantel-resistant isolate of this nematode. It is also effective against certain
ectoparasites such as lice, ticks, mites and the nasal bot Oestrus ovis (see
Lanusse et al., 2009). The mode of action of closantel and other salicylani-
lides is mainly based in the uncoupling of oxidative phosphorylation. Addi-
tionally, closantel has been identified as a potent and specific inhibitor of
filarial chitinases (Gloeckner et al., 2010). Closantel pharmacokinetic behav-
iour is characterized by high plasma protein binding, low volume of
distribution (in spite of its high lipophilicity) and long elimination half-
life. Its broad-spectrum activity relies on its long persistence in the systemic
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circulation (up to 90 days in sheep), which facilitates drug accumulation into
target parasites, particularly haematophagous parasites. These characteristics
explain the high efficacy against immature and adult H. contortus for up to
28 days after treatment (Lanusse et al., 2009). Following intramuscular
administration of closantel to sheep, the expulsion of susceptible H. contortus
begins at about 8 h following treatment and at 16 h most of the worms are
removed (Rothwell et al., 1993). Additionally, it has been shown under in
vivo conditions that H. contortus expulsion from its predilection site starts
once motility is affected by closantel (Rothwell et al., 1993).

Macrocyclic lactones: The avermectins and milbemycins are closely
related 16-membered macrocyclic lactones, and are active at extremely
low (0.2 mg/kg) dosages against endo- and ectoparasites (Shoop et al.,
1995). The avermectin family includes a series of natural and semisynthetic
molecules, such as abamectin, ivermectin, doramectin, eprinomectin and
selamectin. Ivermectin was the first marketed endectocide molecule.
Nemadectin, moxidectin and milbemycin oxime belong to the milbemycin
family. The macrocyclic lactones induce a reduction in motor activity and
paralysis in both arthropods and nematodes. The paralytic effects are medi-
ated mainly through glutamate-gated chloride channels (GluCl) (Martin,
1997). Furthermore, a study of Caenorhabditis elegans (see Hernando and
Bouzat, 2014) revealed that the muscle levamisole-sensitive receptor
(L-AChR), one of the main excitatory receptors involved in parasite loco-
motion is profoundly inhibited by ivermectin. Macrocyclic lactones are
extremely effective against adult and larval stages of most GI and lung nem-
atodes, exerting a prolonged ‘protective’ effect. The clinical efficacy of the
macrocyclic lactones is closely related to their pharmacokinetic behaviour,
being the time of parasite exposure to active drug concentrations, required
to obtain optimal and persistent antiparasitic activity. The highly lipophilic
macrocyclic lactones are extensively distributed via the bloodstream to
different tissues. The persistence of the broad-spectrum anthelmintic activity
against adult and immature GI parasites is facilitated by their advantageous
pattern of distribution and prolonged residence in the mucosal tissues of
the digestive tract. The long persistence of macrocyclic lactones is mainly
explained by their wide tissue distribution, low metabolism/organic clear-
ance and enterohepatic recycling. As pointed out by Hennessy (2000), the
extent to which the biliary-secreted drug is presented to the gut lumen,
reabsorbed as free compound and participates in the enterohepatic cycle is
a major contributor to parasite exposure. The deposition of macrocyclic
lactones in adipose tissue may represent a drug reservoir that contributes
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to the long persistence of these compounds in the bloodstream and in
different sites of parasite location. Following oral administration, ivermectin
reaches a relatively high concentration in plasma (lower than that obtained
after the parenteral treatment), but the concentrations attained in the GI tis-
sue are relevant in terms of efficacy against resistant H. contortus (see specific
comments in Section 3.2).

Monepantel: Monepantel is a novel AAD that is active against larval
and adult stages of GI nematodes of sheep, including H. contortus which
are highly resistant to all the other available anthelmintic chemical families.
Genetic studies of the free-living nematode C. elegans and of H. contortus
have shown that monepantel acts as an agonist on the nAChR, producing
spastic paralysis and death of the worms (Kaminsky et al., 2008; Rufener
et al., 2010). Monepantel exerts its action at a new target as a positive
allosteric modulator of the nematode specific receptor MPTL-1, which
belongs to the DEG-3 subfamily of acetylcholine receptors (Rufener
et al., 2010). The systemic availability of the monepantel parent compound
was significantly lower than that observed for its main metabolite, mone-
pantel sulphone. Furthermore, after the oral administration of monepantel
to sheep, the persistence of monepantel sulphone (9 days) in plasma was
significantly longer than that of monepantel (2 days) (Lifschitz et al.,
2014). An equivalent pharmacological potency of the monepantel parent
drug and its sulphone metabolite against larvae of GI nematodes has
been suggested using in vitro evaluation assays (Karadzovska et al.,
2009). It seems unlikely that monepantel will adequately control lung
nematodes at the dose used for GI nematodes (Hosking, 2010). The
systemic drug availability is relevant for the exposure of lung nematodes
to the active drug/metabolites. Thus, the levels of monepantel/sulphone
systemically available after its oral administration at 2.5 mg/kg to sheep
may be below the critical amount required to reach an optimal efficacy
against lung nematodes (Lifschitz et al., 2014). Although plasma concentra-
tions of monepantel sulphone were detected until 9e12 days after admin-
istration, an efficacy study has confirmed that monepantel is a short-acting
anthelmintic (Hosking, 2010). Thus, monepantel anthelmintic activity
may be based on a substantial drug/metabolite accumulation in the GI tis-
sues and fluid contents in the first 2e3 days following treatment. It is also
likely that the level of drug concentration<0.1 mg/mL measured in plasma
between days 4 and 9 after treatment may not be sufficient to obtain
adequate activity against the different species of nematodes located in
different segments of the digestive tract (Lifschitz et al., 2014).
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Derquantel: Derquantel is a semisynthetic derivative of paraherqua-
mide and belongs to the chemical family of spiroindoles. The anthelmintic
activity of derquantel is based on interference with B-subtype nAChR,
acting as an antagonist and leading to a flaccid paralysis in nematodes
(Ruiz-Lancheros et al., 2011). This differential mode of action contributes
to its activity against nematodes that are resistant to other currently available
chemical groups. In an attempt to optimize its anthelmintic activity and to
decrease the selection pressure on resistant nematode isolates, derquantel
has been launched for use in combination with abamectin. Derquantel com-
bined with abamectin has �98.9% efficacy against H. contortus (fourth stage
and adult stages) (Little et al., 2011), and derquantel reaches an absolute
bioavailability of 56% following the oral combined treatment (EMEA,
2010). There is no significant adverse kinetic interaction between derquantel
and abamectin when they are co-administered (Friedlander et al., 2012).
Derquantel undergoes biotransformation to a large number of metabolites
over a short time period (EMEA, 2010).

Although comparative work showed that the derquanteleabamectin
combination failed to reduce burdens of L4s of macrocyclic lactone-
resistant H. contortus and Teladorsagia spp. (George et al., 2012; Kaminsky
et al., 2011), there are no reports or known field cases of anthelmintic resis-
tance to derquantel. There is pharmacology-based evidence of a synergistic
interaction between derquantel and abamectin (Puttachary et al., 2013).
Derquantel may interact additively with the macrocyclic lactone abamec-
tin, and, at higher acetylcholine concentrations, the interaction is synergis-
tic. This interaction is based on the noncompetitive antagonism of
abamectin on the nicotinic receptor that potentiates the competitive antag-
onism produced by derquantel (Puttachary et al., 2013). However, this
combination is not based on drugs with similar pharmacokinetic profiles.
Concerns about matching half-lives of elimination to minimize exposure
to suboptimal concentrations of single constituent actives or their bioactive
metabolites at the tail of the elimination curve may be more relevant for
synergistic combinations compared with combinations that produce
additive effects (Geary et al., 2012). It is expected that the derquantele
abamectin combination achieves adequate parasite drug exposure to ensure
the synergistic effect observed in vitro. However, the different plasma
profile between derquantel and abamectin indicates that the combination
will not prevent abamectin from selecting for resistance during a period of
suboptimal concentrations at the tail of the elimination curve, as would
occur if abamectin is used alone.
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3. ASSESSMENT OF PARASITE EXPOSURE TO
ANTHELMINTIC DRUGS USING HAEMONCHUS
CONTORTUS AS A TARGET NEMATODE

3.1 Haemonchus contortus as a tool to explore ex vivo
and in vivo drug accumulation, metabolism and
activity in nematode parasites

The drug-parasite relationship can be characterized using in vitro, ex
vivo and/or in vivo approaches. The transport of different substances has
been investigated in vitro using isolated nematode cuticle, which offers
some advantages over intact organisms, particularly for the interpretation
of permeability data (Thompson et al., 1993). Ex vivo assays involve the
use of intact, live parasites in a closed perfusion system, allowing the study
of the relative contributions of the transcuticular and oral pathways as well
as the influence that underlying tissues, such as somatic muscles and gut,
may have on cuticular drug transport (Ho et al., 1992). Ex vivo character-
ization of drug transfer offers technical advantages and reliable results (Cross
et al., 1998; Ho et al., 1992; Mottier et al., 2006). Additionally, ex vivo ex-
periments have been performed, to deeply understand drug effect on para-
sites exposed to anthelmintics. However, it is clear that the drug-parasite
interaction may differ under in vivo conditions, where worms are exposed
to changing drug concentration over the time in a variable physiological
environment.

The helminth’s external surfaces serve as a barrier which shields the
organism from external conditions, and are vital for nutrient uptake, osmo-
regulation, immunoprotection and structural support. The tegument of
flatworms is a membrane-bound syncytium, allowing the active transport
of nutrients and drugs (Fetterer and Rhoads, 1993). In contrast, a nematode’s
cuticle has been considered to be a barrier limiting the entry of large mole-
cules into the worm (Fetterer and Rhoads, 1993; Ho et al., 1990).Haemonchus
contortus lives in the abomasum attached to the mucosa or free in the abomasal
content and, because of its haematophageous nature, anaemia is often a clin-
ical feature of the infection. Anthelmintic drugs can reach H. contortus either
by oral ingestion of blood or by transcuticular uptake/diffusion (Geary et al.,
1995). Therefore, the concentration of active drug in the bloodstream (oral
ingestion) and/or abomasal fluid/mucosa (transcuticular diffusion) is relevant
to the clinical efficacy against this parasite. Albendazole is not found in the
bloodstream after enteral administration to sheep and cattle, and the active
albendazole sulphoxide metabolite has been postulated to be responsible for
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the activity against lungworms and tissue-dwelling parasites (Marriner and
Bogan, 1980). However, higher concentrations of albendazole were
measured in H. contortus recovered from infected treated sheep, compared
with those of its sulphoxide metabolite (Alvarez et al., 2000). Albendazole
and albendazole sulphoxide were rapidly taken up by H. contortus exposed
in vivo to albendazole, being detected in the parasite between 0.5 and 12 h
following administration (Alvarez et al., 2000). Interestingly, the concentra-
tion profiles of albendazole and albendazole sulphoxide during that period
of time were greater in the H. contortus specimens than in abomasal mucosa
and abomasal fluid. Since albendazole was not detected in peripheral plasma,
only drug from the pool found in abomasal fluid and mucosa may be able to
reach the nematode via transcuticular diffusion. The lipoidal hypocuticle tis-
sue is the rate-determining barrier and only allows sufficiently small molecules
to traverse the aqueous-filled, negatively charged collagen matrix of the
cuticle (Ho et al., 1992). Lipophilicity facilitates drug diffusion through the
nematode cuticle (Ho et al., 1992); thus, lipophilic drugs such as
albendazole may have a greater capability to cross the external surface of
the nematode than the more polar albendazole sulphoxide. The exposure
of the nematode to high concentrations of albendazole sulphoxide in the
abomasal lumen may compensate for its lower rate of diffusion across the
cuticle. In spite of the lower concentrations of albendazole in abomasal fluid,
its high lipophilicity may enhance penetration through the external parasite
surface. It should also be pointed out that H. contortus may feed on portal
blood and the relevance of the portal circulation as a source of albendazole
might be considered. However, the low albendazole concentrations found
in portal blood (Alvarez et al., unpublished observations) do not explain
the high concentrations measured in H. contortus (see Alvarez et al., 2000).
These findings confirm the relevance of the transcuticular diffusion process,
even in a blood-feeding parasite, such as H. contortus, where the higher
lipophilicity of albendazole (octanolewater partition coefficient: 3.83) may
have accounted for its greater penetration compared with its sulphoxide
derivative (partition coefficient: 1.24) (Mottier et al., 2003). The greater anti-
parasitic activity of albendazole compared with albendazole sulphoxide has
been demonstrated in vitro by assessing binding to parasite tubulin (Lacey,
1990; Lubega and Prichard, 1990) as well as nematode motility (Petersen
et al., 1997). The higher affinity to parasite tubulin and the greater capacity
to diffuse into the parasite observed for albendazole suggest that the parent
drug may exert greater activity than its metabolite albendazole sulphoxide
against abomasal nematodes.
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Available information (Cross et al., 1998; Geary et al., 1995; Ho et al.,
1992; Sims et al., 1996) indicates that oral ingestion does not allow major
drug accumulation in nematodes, particularly for lipophilic molecules
present in large concentrations in tissues and in gut contents. A different
situation might occur with anthelmintics that bind strongly to plasma
proteins. The nematodicidal activity of closantel is almost restricted to
H. contortus. It is likely that the anthelmintic effect of closantel against
blood-feeding parasites depends on its intraparasite accumulation mediated
by oral ingestion. Closantel is a highly lipophilic compound that is exten-
sively bound (>99%) to plasma proteins and has a long half-life
(14.5 days) (Michiels et al., 1987). Closantel-resistant H. contortus accumu-
lated significantly less [14C]closantel than did susceptible worms (Rothwell
and Sangster, 1997). The reduced closantel accumulation in resistant worms
was attributed to different factors including increased efflux from cells,
reduced absorption of closantel across the worm intestine and/or a reduced
feeding rate in the resistant isolate (Rothwell and Sangster, 1997). The mea-
surement of reduced closantel levels in resistant H. contortus provided a clear
in vivo association between drug resistance and decreased drug accumula-
tion (closantel) in a target nematode. Although oral ingestion could be an
important route of closantel entry into H. contortus, ex vivo data indicate
some degree of closantel accumulation by transcuticular transport (Rothwell
and Sangster, 1997).

Drug molecules move across cell membranes either by passive diffusion
or specialized transport mechanisms. In the passive diffusion process, the
membrane behaves as an inert lipid-pore boundary, and drug molecules
traverse this barrier either by diffusion through the lipoprotein region or,
alternatively, by filtering through aqueous pores (channels) without the
expenditure of cellular energy if they are of a sufficiently small size (Ho
et al., 1992). Specialized transport is another potential mechanism of
drug entry into target parasites. This type of transport process is relatively
selective towards the chemical nature of a substance and requires direct
expenditure of energy (Baggot, 1982). If the entry of an anthelmintic
into a target parasite is mediated by specialized transport (a saturable
process), the exposure time is critical to determine the amount of drug
accumulated inside the parasite. On the other hand, if passive diffusion is
the main mechanism of entry of anthelmintics (over active transport),
the concentration and the time will determine the drug concentration
within the worm, and the restrictions imposed by cuticular lipid barriers
will probably be similar to those of standard cellular membranes. The
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knowledge of the mechanism of drug entry to parasites is a key to under-
stand drug-parasite relationship.

There is previous evidence that would indicate that different chemical
substances, including anthelmintic drugs, are mainly taken up through the
external surfaces of flatworms (Alvarez et al., 1999, 2000, 2001, 2004;
Bennett and K€ohler, 1987; Mottier et al., 2003) and nematodes (Alvarez
et al., 2001; Cross et al., 1998; Ho et al., 1990; Sims et al., 1992a) as opposed
to oral ingestion by the parasite. In both cases (tegument/cuticular or
intestinal entry), the anthelmintic molecules need to pass through cell
membranes to reach the biophase around the specific receptor, which
may be influenced by the pharmacokinetic behaviour of the compound,
the concentration gradient and time of drug-parasite contact. In the case
of passive diffusion, as the concentration gradient increases on one side of
the membrane, drug concentrations on the other side will increase in favour
of the concentration gradient. If transporters are involved in the mechanism
of drug absorption, saturation may follow the increase of drug concentration
on one side of a membrane. Therefore, the concentration achieved on the
other side does not necessarily follow a linear relationship with the sur-
rounding concentration in the medium.

Mottier et al. (2006) reported that under ex vivo conditions, benzimid-
azole anthelmintics accumulated inside Moniezia benedeni (fenbendazole),
F. hepatica (triclabendazole sulphoxide) and Ascaris suum (fenbendazole and
oxfendazole) in favour of the concentration gradient. Absorption of benz-
imidazole was linear for the range of concentrations assayed. Additionally,
it is well known that lipid solubility facilitates drug diffusion through the
external surfaces of A. suum (see Ho et al., 1992), M. benedeni (see Mottier
et al., 2003) and F. hepatica (see Mottier et al., 2004). Oxfendazole, the sulph-
oxide metabolite of fenbendazole, is pharmacologically less active and it has a
lower lipid solubility (octanolewater partition coefficient: 2.03) than the
parent compound (octanolewater partition coefficient: 3.93) (Mottier
et al., 2003). Fenbendazole concentrations inside ex vivo incubated M. bene-
deni, for the entire concentration gradient assayed (Mottier et al., 2006), were
greater than those observed for its sulphoxide metabolite. The main way that
a given drug molecule reaches the interior of a cestode parasite is by passing
through its tegument and it is evident that concentration and lipophilicity are
the major factors determining drug penetration (Mottier et al., 2006). Simi-
larly, the higher lipophilicity of albendazole (octanolewater partition coeffi-
cient: 3.83) (Mottier et al., 2003) accounted for its greater penetration
through the external parasite surface, compared with its sulphoxide derivative
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(octanolewater partition coefficient: 1.24), observed inM. benedeni under ex
vivo conditions (Mottier et al., 2003). Data reported by B�artíkov�a et al. (2012)
showed that flubendazole is able to effectively penetrate adult H. contortus
under ex vivo conditions due to its high lipophilicity. Passive diffusion is
probably the only mechanism involved in both flubendazole import and
efflux from H. contortus (see B�artíkov�a et al., 2012). Additionally, no
differences in flubendazole ex vivo accumulation were found among four
H. contortus isolates with distinct sensitivities to anthelmintics (B�artíkov�a
et al., 2012). These results relate to those described by Alvarez et al. (2004),
who reported that physicochemical composition of the parasite’s surrounding
environment (in which it is immersed) plays a pivotal role in the process of
drug access to F. hepatica. Since the concentration gradient, drug lipid solubi-
lity, physicochemical characteristics of the incubation medium as well as the
structure and composition of the external surface of a helminth parasite are
critical for the penetration of benzimidazole molecules through these surfaces;
it is clear that passive diffusion is the main mechanism implicated in the entry
of these anthelmintic drugs into nematodes and cestodes. The same is likely to
be true for other anthelmintic drugs.

The small size of H. contortus limits the ex vivo experiments intended to
evaluate the mechanism of drug entry into this nematode parasites. Howev-
er, information has been obtained using other nematodes as models. The
transcuticular transfer appeared to be the main route of passage of ivermectin
into the filarial nematode Onchocerca ochengi (see Cross et al., 1998). The en-
try of ivermectin into adult O. ochengi occurs by the transcuticular route,
where the marked foldings of its cuticle greatly increase the surface area,
favouring ivermectin diffusion. Additionally, in the absence of pharyngeal
pumping, first-stage larvae of C. elegans submerged in ivermectin became
paralysed (Smith and Campbell, 1996), which reinforces the relevance of
ivermectin transcuticular penetration. The in vitro accumulation of [14C]
closantel in adultH. contortuswas measured both in the absence and presence
of ivermectin (used to prevent closantel oral uptake) (Rothwell and
Sangster, 1997). Closantel lipophilicity may explain its transcuticular entry
into closantel-susceptible and closantel-resistant H. contortus, even in the
presence of ovine serum albumin and when oral ingestion was abolished
(Rothwell and Sangster, 1997). Nevertheless, the extensive binding to albu-
min may facilitate the oral ingestion of closantel by haematophagous para-
sites such as H. contortus.

The rate of penetration across the H. contortus cuticle depends mainly on
lipophilicity, and, in the case of acidic or basic drugs, on the ionized and
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unionized (lipid-permeable) fractions of the drug; this rate is determined by
the relationship between drug pK and pH of the aqueous environment in
the cuticle. The cuticle consists of (1) collagen-like proteins that form the
medial and basal layers; (2) noncollagen proteins that form the epicuticular
and external cortical regions and (3) nonstructural proteins associated with
the external surface (Fetterer and Rhoads, 1993). The lipoidal hypocuticle
tissue is the rate-determining barrier to molecules sufficiently small to
traverse the aqueous-filled negatively charged collagen matrix of the cuticle
(Ho et al., 1992). Lipophilicity facilitates drug diffusion through the nema-
tode hypocuticle (Ho et al., 1992); thus lipophilic drugs, including benz-
imidazole methylcarbamates and macrocyclic lactones, may be better able
to cross the external surface of the nematode than polar compounds. The
water-filled and negatively charged collagenous matrix of the nematode
cuticle permits the passage of molecules by molecular size restricted-
diffusion (Ho et al., 1992). If the molecule is sufficiently small, it could tra-
verse the aqueous-filled negatively charged collagen matrix of the cuticle
(Ho et al., 1992). For example, the external surface of A. suum can be
breached by drugs, and the rate-determining barrier for passive transport is
the lipoidal hypocuticle tissue. The drug lipidewater partition coefficient,
pH/pKa relationship and molecular size influencing the diffusion of
uncharged molecules indicate that the transcuticular transport of weak acids
and bases will be controlled largely by the pH at this surface, since, in the
absence of facilitated transport, only unionized species can partition across
a lipoidal surface (Sims et al., 1992b). Ascaris excretes a number of volatile
fatty acids as well as lower levels of two nonvolatile organic acids (end-
products of carbohydrate metabolism) via the transcuticular route at suffi-
cient rates to establish and maintain a buffered microenvironmental pH of
w5.0 in the aqueous space of the pores in the cuticle (Sims et al., 1992b).
Most drugs are weak organic bases or acids, and exist in solution as both
nonionized and ionized forms. While the poor lipid solubility of ionized
molecules excludes them from passive diffusion, lipophilic, nonionized moi-
eties passively diffuse across cell membranes until an equilibrium is estab-
lished. Accumulated data (Alvarez et al., 2001; Bennett and K€ohler, 1987;
Cross et al., 1998; Ho et al., 1990; Mottier et al., 2003, 2006; Sims et al.,
1992a) would indicate that passive diffusion over specialized transport is
implicated in drug entry into parasites. However, we cannot exclude the
possible participation of an active entry mechanism in parasitic helminths.

Resistance due to increased drug inactivation is one of the most common
biochemical mechanism accounting for the antibiotic resistance that is
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encountered in the clinical treatment of bacterial infections (Pratt, 1990).
The worldwide development of resistance to insecticides is one of the
most common examples of biochemical inactivation as a resistance mecha-
nism. In helminths, mechanisms involved in the development of resistance
to anthelmintics can result from changes in the target molecule, in drug
uptake/efflux mechanisms and also in drug metabolism (Ouellette, 2001).
Metabolism/biotransformation of active anthelmintic drugs by resistant
helminth parasites could account for drug resistance. The sulphoxidation
of triclabendazole to triclabendazole sulphoxide (Alvarez et al., 2005) and
triclabendazole sulphoxide to the triclabendazole sulphone metabolite
(Robinson et al., 2004) are both greater in resistant than in susceptible flukes.
Indeed, triclabendazole resistant flukes have a 39% greater capacity to
metabolize the parent drug (Alvarez et al., 2005).

Haemonchus contortus has also been used as a model to explore potential
implications of drug metabolism as mechanisms of resistance. Rothwell
and Sangster (1997) did not find differences between resistant and suscepti-
ble H. contortus isolates related to closantel metabolism, and concluded that
the contribution of the increased metabolism to closantel resistance between
isolates must be trivial. The metabolism of albendazole and the activities of
selected biotransformation and antioxidant enzymes was investigated in vitro
and ex vivo in three different isolates of H. contortus: susceptible and resistant
to benzimidazoles, and multidrug resistant (Vok�r�al et al., 2013a,b). The in
vitro data showed significant differences between the susceptible and both
resistant isolates regarding the activities of peroxidases, catalase and UDP-
glucosyltransferases. Albendazole sulphoxidation was significantly lower in
benzimidazole resistant than in the susceptible isolate. Under ex vivo condi-
tions, four metabolic products were identified in H. contortus specimens
incubated with albendazole, including the sulphoxide and three glucosides
derivatives. Interestingly, in both resistant isolates, the ex vivo formation
of all albendazole glucosides was significantly higher than in the susceptible
isolate (Vok�r�al et al., 2013a,b). This finding indicates that the altered activ-
ities of particular detoxifying enzymes may partly protect H. contortus against
the toxic effect of albendazole contributing to resistance. Similar experi-
ments were performed to investigate the biotransformation pattern of
flubendazole in different H. contortus isolates (benzimidazole resistant and
susceptible) (B�artíkov�a et al., 2012). Similar to findings for albendazole
(Vok�r�al et al., 2013a,b), the ex vivo formation of all flubendazole metabo-
lites was significantly higher in the resistant compared with a susceptible
isolate of H. contortus (see B�artíkov�a et al., 2012). Altogether, these findings
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are an indication that resistant nematode isolates may have an increased abil-
ity to deactivate anthelmintics via biotransformation as a mechanism
contributing to drug resistance.

Haemonchus contortus appears to be able to metabolize monepantel under
ex vivo conditions via oxidation and hydrolysis reactions (Stuchlíkov�a et al.,
2014). The study of monepantel biotransformation in H. contortus revealed
four monepantel metabolites, including monepantel sulphoxide, monepan-
tel sulphone and two monepantel metabolites derived from the hydrolysis of
two different nitrile groups (Stuchlíkov�a et al., 2014). Unlike sheep liver,
H. contortus adult specimens failed to metabolize monepantel via phase II
biotransformation. Results reported by Alvinerie et al. (2001) demonstrate
that homogenates of adult H. contortus contain enzymes that were able to
metabolize moxidectin. A 24-h incubation period was required for the
production of detectable amounts of the unique metabolite observed, which
did not correspond to the metabolites previously described in vertebrates
(Alvinerie et al., 2001). By contrast, adultsH. contortuswere not able to deac-
tivate ivermectin through biotransformation, which indicates that this
mechanism does not contribute to the development of ivermectin resistance
(Vok�r�al et al., 2013a,b).

Toxicity of rotenone towards the larvae of H. contortus and Trichostrongy-
lus colubriformis was increased in the presence of piperonyl butoxide, a well-
known cytochrome P450 inhibitor (Kotze et al., 2006). Furthermore, in the
same ex vivo experiment, rotenone activity against adultH. contortuswas also
significantly enhanced following pretreatment with piperonyl butoxide.
The synergistic effect observed between rotenone and piperonyl butoxide
indicates that H. contortus and T. colubriformis are able to utilize a cytochrome
P450 enzyme system to detoxify rotenone and indicates that a role may exist
for cytochrome P450 inhibitors to act as synergists for other anthelmintics
that are susceptible to oxidative metabolism within the nematode (Kotze
et al., 2006). Using the ex vivo approach, H. contortus larvae were treated
with phenobarbital, as an inductor of detoxification enzymes (Kotze et al.,
2014). Co-treatment of larvae with phenobarbital and naphthalophos
resulted in a significant increase in the naphthalophos 50% inhibitory
concentration (IC50) compared with the treatment of larvae with the
anthelmintic alone (Kotze et al., 2014). The phenobarbital-induced drug
tolerance was reversed by co-treatment with the UDP-glucuronosyltrans-
ferases inhibitors, demonstrating that H. contortus larvae possess one or
more UDP-glucuronosyltransferase enzymes able to detoxify naphthalo-
phos. In insects, such as houseflies, the typical mechanism of resistance
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against chlorinated hydrocarbons (DDT), cyclodienes (dieldrin), organo-
phosphates and carbamates relates to an overproduction of drug-metabo-
lizing enzymes (Pratt, 1990). It is likely that increased biotransformation
activity could relate to a mechanism of drug resistance in helminth parasites.
The in vitro and ex vivo data summarized here, using H. contortus as a nem-
atode model, appear to indicate that at least for some anthelmintic drugs,
metabolism/detoxification are associated with anthelmintic resistance
mechanisms.

On the other hand, H. contortus has been the main nematode of veteri-
nary interest used to interpret different aspects related to the understanding
of drug action. It was established early that, under ex vivo conditions, iver-
mectin inhibits the contraction of pharyngeal muscles responsible for feeding
in nematodes and causes paralysis of their body musculature (Geary et al.,
1993). Inhibition of pharyngeal pumping was more potent than that of
motility in H. contortus (see Geary et al., 1993). It was also established that
the transcuticular uptake of glucose in H. contortus was not altered by iver-
mectin. Thus, it was hypothesized that if oral ingestion of other nutrients
is essential for long-term survival in vivo, disruption of pharyngeal pumping
might represent the primary mechanism of ivermectin action (Geary et al.,
1993). The interruption of a vital function, such as pharyngeal pumping,
which is implicated in nutrient ingestion, excretion, regulation of turgor
pressure, etc., may be critical for worm survival. The effect of ivermectin
on pharyngeal uptake of (3H-inulin) was measured in larvae of both iver-
mectin-susceptible and ivermectin-resistant isolates of H. contortus (see
Kotze, 1998). A higher ivermectin concentration was necessary to reduce
by 50% the feeding by the resistant compared with the susceptible isolate
(Kotze, 1998). This information indicates that susceptible and resistant iso-
lates can be readily distinguished on the basis of the sensitivity of pharyngeal
uptake to macrocyclic lactones. However, the in vivo assessment of iver-
mectin feeding inhibition in H. contortus fails to demonstrate the inhibition
of pharyngeal pumping. Adult H. contortus recovered from sheep treated
with ivermectin 4 h prior to the intravenous [3H]inulin administration
showed equivalent feeding levels (over a 1 h period) to those recovered
from sheep not treated with ivermectin (Sheriff et al., 2005). There was
no difference in the radioactivity in nematodes of an ivermectin-susceptible
and ivermectin-resistant isolate recovered from individual sheep with
concurrent infections after ivermectin treatment (Sheriff et al., 2005). These
results indicate that ivermectin given orally at a dose sufficient to remove
drug-susceptible worms by 8 h did not cause a significant reduction of
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[3H]inulin uptake inH. contortus, which questions the significance of feeding
inhibition as in vivo toxic effect of ivermectin on H. contortus (see Sheriff
et al., 2005). In addition, some more recent findings (Kotze et al., 2012)
indicate that, when sensitive worm motility assessment methods are utilized
under ex vivo conditions, worm motility is affected at lower abamectin con-
centrations than worm feeding, suggesting that somatic musculature is a
more important target site for abamectin, and likely also for other macrocy-
clic lactones.

3.2 Influence of the route of drug administration on parasite
exposure

The choice of the administration route for anthelmintic drugs in ruminants is
based on either management factors or influenced by the technical market-
ing of the pharmaceutical companies. The selected administration route is
relevant and relates to the potency of most anthelmintics and is dependent
on their affinity for a specific receptor (site of action) but also on the kinetic
properties that facilitate achieving effective drug concentrations at the site of
action. A remarkable amount of work on the kinetic behaviour of the most
widely used broad-spectrum anthelmintics in ruminants is now available.
The complex connections among route of administration, formulation,
drug physicochemical properties and the resultant kinetic behaviour need
to be understood to optimize drug efficacy. The administration of the
anthelmintic drug by different routes may account for significant differences
in the final parasite drug exposure. The influence of the administration
routes will depend on the physicochemical features of each drug. The
lack of water solubility is an important limitation for the formulation of
benzimidazole compounds, which results in their preparation as suspensions,
pastes or granules for oral or IR administration. Thus, after the oral admin-
istration of benzimidazole compounds, the dissolution of drug particles in
gut contents is a relevant step that has a direct influence on overall anthel-
mintic efficacy.

Different factors may affect the dissolution process and the pharmacoki-
netic behaviour of benzimidazoles. The effect of ruminant oesophageal
groove closure was described as an important modification for the benzimid-
azole absorption process. Occasionally, reduced systemic availability and ef-
ficacy of benzimidazole methylcarbamates have been found after oral
administration compared with IR administration (Hennessy and Prichard,
1981). A portion of the orally administered anthelmintic may bypass the
rumen, rapidly entering the abomasum via the oesophageal groove. As a
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consequence, the poor absorption due to insufficient time for dissolution of
benzimidazole suspension’s particles results in a reduced plasma bioavail-
ability of active benzimidazole metabolites. Such an effect may indicate
that the so-called ‘reservoir’ and ‘slow delivery’ effects of the rumen would
be lost and the resultant efficacy significantly reduced. The GI transit time is
another factor that may influence on the benzimidazole dissolution and,
therefore, on its accumulation and efficacy against H. contortus. Feeding
management has been recommended to restore the anthelmintic action of
those benzimidazole compounds whose potency has been compromised
by resistance (Ali and Hennessy, 1995). An enhanced plasma availability
of oxfendazole induced by temporary feed restriction in sheep accounted
for an increased efficacy of the drug against a benzimidazole-resistant nem-
atode isolate (Ali and Hennessy, 1995). Fasting the animals prior to IR treat-
ment resulted in pronounced modifications to the absorption and
disposition kinetics of albendazole metabolites in sheep in which the admin-
istered drug appeared to be absorbed to a greater extent than in fed animal
(Lifschitz et al., 1997). Starvation decreases the flow rate of ingesta. A
delayed GI transit time that decreased the rate of passage of the anthelmintic
drug down the GI tract may have accounted for the enhanced absorption
observed in fasted animals compared with fed animals. The fasting-induced
changes to the kinetic behaviour and quantitative tissue distribution of benz-
imidazole methylcarbamates may have particular relevance for designing
strategies to increase activity against susceptible parasites. However, a fast-
ing-induced improvement of benzimidazole dissolution/absorption may
not be useful when a high level of drug resistance is already established in
the treated nematode population (Alvarez et al., 2010).

In the case of levamisole, the available formulations for ruminants are
prepared as solutions to be administered by oral, SC and topical routes.
The rate of levamisole absorption differs with the route of administration.
The drug is most rapidly absorbed following intramuscular or SC injection
in cattle, and the highest plasma levels (>1 mg/mL) are observed at 0.5e2 h.
Several oral formulations gave similar absorption rates (time to peak concen-
tration [Tmax] ¼ 3 h), and slower absorption was observed after dermal
application (Bogan et al., 1982). Bioavailability differs depending on the
route of administration. In sheep, the highest mean plasma concentrations
were achieved after the SC (3.1 mg/mL) compared with oral (0.7 mg/mL)
administration at a dose rate of 7.5 mg/kg (Bogan et al., 1982). Following
pour-on administration in cattle, plasma and GI concentrations of levamisole
were lower than those measured following parenteral and oral treatments
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(Forsyth et al., 1983), which agrees with the limited anthelmintic efficacy
reported for the topical preparation. In small ruminants, the systemic avail-
ability of levamisole has been shown to be 25e33% higher after parenteral
administration compared with the oral route (Fernandez et al., 1998; Saha-
gun et al., 2000, 2001).

The macrocyclic lactones are available to be administered by the paren-
teral, oral and topical routes to ruminants. In the early days, shortly after the
introduction of ivermectin into the market, nematode susceptibility was
high and equivalent efficacy patterns were observed against abomasal para-
sites after parenteral or oral treatment in sheep/goats. A similar pattern was
described later on for other macrocyclic lactones from both the avermectin
(abamectin) and milbemycin (moxidectin) families. A slightly improved
ivermectin efficacy against sheep intestinal nematodes was observed after
oral compared with parenteral treatment (Borgsteede, 1993). However,
when the efficacy was assessed against ivermectin-resistant nematodes, a sig-
nificant greater pharmacological activity was observed after oral administra-
tion of both abamectin and moxidectin compared with their SC
administration to lambs (Alka et al., 2004; Gopal et al., 2001). Thus, the
pharmacological basis underlying the observed differential efficacy patterns
against H. contortus after the macrocyclic lactones administration by both
routes was recently investigated (Lloberas et al., 2012). The simultaneous
measurement of drug concentrations in blood, GI tissues of parasite location
and within resistant target worms was performed on H. contortus-infected
lambs. Enhanced ivermectin plasma concentrations were obtained after
SC treatment compared with oral administration (Lloberas et al., 2012),
which supports the use of the parenteral route to control ectoparasites.
The higher ivermectin plasma profiles observed in the SC-treated iver-
mectin group related to an enhanced systemic availability. The mean iver-
mectin systemic availabilities (measured as AUC) were 129 (SC) and
58.4 ng d/mL (oral treatment). In addition, the described longer mean resi-
dence time and elimination half-life observed for ivermectin after its SC
administration accounted for the persistent antiparasitic activity (over
10 days) against H. contortus in sheep (Borgsteede, 1993). Markedly lower
ivermectin concentrations were recorded in the abomasal contents after
the SC administration of the drug to infected lambs (Lloberas et al.,
2012). The mean ivermectin concentrations achieved (3 days posttreatment)
in the abomasal content were 143 ng/g (oral ivermectin) and 2.53 ng/g (SC
ivermectin). The active secretion of ivermectin (and other macrocyclic lac-
tones, such as doramectin) from the bloodstream to the abomasal lumen is of
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little relevance (Hennessy et al., 2000), as opposed to that observed at the
small intestine level. Consistently, early studies with ivermectin showed
that its SC administration at ten times (2 mg/kg) the therapeutic dose to
sheep resulted in very low concentrations in the abomasal content (Bogan
and McKellar, 1988). This phenomenon may indicate that ivermectin con-
centrations achieved in the adult H. contortus after the parenteral treatment
may relate mainly to the drug coming from the bloodstream. The amount
of drug reaching the target parasite is influenced by the drug concentrations
in the tissues where the parasite is located (Lifschitz et al., 2000). The higher
concentrations measured in the abomasal content after the oral administra-
tion of ivermectin accounted for a greater amount of drug being measured
within adult H. contortus recovered from treated sheep. The ivermectin con-
centrations in H. contortus were 74.4 ng/g (oral) and 5.19 (SC). These
enhanced ivermectin concentrations explain the lower number of adult
H. contortus specimens recovered after treatment and the enhanced efficacy
obtained after the oral treatment, despite the high level of resistance
observed. The high concentrations of drug detected in the GI tract during
the first 2e3 days after the oral treatment may have a relevant effect on
the resistant nematodes, being of great importance to induce the pharmaco-
logical action at the target site.

It is also likely that the concentrations of the dissolved drug attained in
the gut lumen after oral administration of an anthelmintic preparation
may be critical to the pharmacological activity against worms in the
abomasum and small intestine, particularly if they have a reduced suscepti-
bility to the drug. Lipophilic drugs, such as ivermectin, may reach the target
parasite from the GI contents (transcuticular route) or from plasma (oral
ingestion) if the nematode (H. contortus) feeds on host blood. Increasing
drug exposure may be a useful strategy for killing heterozygous resistant par-
asites present in the earliest phases of development of resistance. Interest-
ingly, a similar concept was applied to cattle against resistant Cooperia spp.
A recent trial in cattle confirmed these findings (Leathwick and Miller,
2013). The activity of the drug against Cooperia oncophora was significantly
higher after the oral treatment with moxidectin. Furthermore, the clinical
efficacy against ivermectin-resistant nematodes in cattle was significantly
greater after the oral (74%) compared with SC (54%) ivermectin treatment
(Canton et al., 2015). Altogether, these findings show that the administra-
tion of macrocyclic lactones by the SC injection may achieve lower efficacy
against nematodes located at the GI tract compared with oral treatment.
These differences in drug efficacy attributed to the administration route
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may only be evidenced if the parasite population has a reduced susceptibility.
The improved efficacy obtained in sheep and cattle after oral administration
of macrocyclic lactones may be based on an enhanced drug exposure of the
worms located at the lumen of the abomasum and/or small intestine. Such a
finding may have direct impact on the practical use of the macrocyclic
lactones in ruminant species accounting for a marked improvement in the
control of macrocyclic lactoneeresistant nematodes in the field, at least in
the early stages of resistance development. The influence of the route of
administration on the systemic exposure and efficacy of macrocyclic lactones
against resistant H. contortus is shown in Fig. 1.

The AADs represent one of the newest anthelmintic classes (Kaminsky
et al., 2008) introduced to veterinary medicine. From many compounds
evaluated, the racemic molecule AAD 96 was selected and the active
s-enantiomer of this molecule, named monepantel, was launched into the
pharmaceutical market for oral administration to sheep in 2009 (Hosking
et al., 2010). The monepantel plasma concentration profiles were deter-
mined after its intravenous and oral administration to sheep at 1, 3 and
10 mg/kg (Karadzovska et al., 2009). The monepantel and monepantel sul-
phone concentrations at the sites of parasites location were also shown to
improve the understanding of its anthelmintic efficacy (Lifschitz et al.,

Oral/intraruminal treatment

Reduced systemic availability.
Large drug concentra�ons at the

GI sites of parasites loca�on

Routes of macrocyclic lactones administration and efficacy 
against resistant Haemonchus contortus

Subcutaneous treatment

Enhanced absorp�on, high systemic 
availability but lower drug levels achieved 

at the GI luminal contents compared 
to oral administra�on

Enhanced drug concentrations
recovered within adult H.contortus specimens after  the oral treatment

Advantageous pattern of efficacy against resistant worms

Figure 1 Impact of the route of administration on the systemic exposure and efficacy
of the macrocyclic lactones against resistant Haemonchus contortus. GI, gastrointes-
tinal tract.
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2014). Higher concentration profiles of the metabolite monepantel
sulphone compared with the parent drug were measured in the sheep
bloodstream (Hosking et al., 2010; Karadzovska et al., 2009; Lifschitz
et al., 2014). The peak concentration (Cmax) of monepantel sulphone
was fourfold higher compared with that measured for the parent compound.
Monepantel is rapidly converted in the liver into different metabolites
(Karadzovska et al., 2009). Under the described circumstances, it is impor-
tant to understand the fate of the drug within the GI tissues and fluid con-
tents. In the abomasum, drug concentrations of the monepantel parent were
much higher than those measured in plasma, but monepantel sulphone was
also recovered. In the abomasal content, monepantel concentrations were
recovered in a range between 2000 and 4000 ng/g during the first 48 h after
treatment. Interestingly, monepantel sulphone was also detected in the
abomasal content, but the concentrations were significantly lower compared
with those of monepantel (P < 0.05) (gastric secretions may be involved in
the appearance of monepantel sulphone in abomasal content, as was demon-
strated for benzimidazole compounds in sheep (Hennessy, 1993)). The char-
acterization of monepantel and monepantel sulphone accumulation in target
digestive tissues provides relevant information on drug exposure for GI
nematode parasites. Such a kinetic pattern may support the well-established
high efficacy of monepantel against H. contortus (see Kaminsky et al., 2009).
Both monepantel and its sulphone metabolite may reach the target parasite
from plasma after oral ingestion. However, considering that they are highly
lipophilic compounds (Karadzovska et al., 2009), the great availability of
monepantel and monepantel sulphone in the abomasal content could facil-
itate an accumulation of both active molecules within the parasite through a
transcuticular diffusion process. There is no published information that cor-
relates the pharmacokinetics of monepantel with clinical efficacy. The con-
centrations of monepantel and monepantel sulphone at the site of the
parasite required to inhibit parasite establishment and/or development
have not been determined. However, the characterization of drug accumu-
lation in target tissues may provide information to predict the drug concen-
tration below which the effectiveness against larval and adult parasites begins
to decrease. AADs act on a nematode-specific acetylcholine receptor and
produce marked effects on the movement, growth and viability of nema-
todes (Kaminsky et al., 2008). In vitro experiments have shown that the
phenotypic effects of these compounds on free-living nematodes and adult
H. contortus are observed at 50e100 ng/mL, but lethality occurs at drug
concentrations of >1000 ng/mL.
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The study by Sager et al. (2010) might also provide useful information on
the pharmacokineticepharmacodynamic relationship for this novel drug.
These authors studied the speed at which a reduction of nematode eggs in
the faeces of sheep occurs after monepantel treatment. A significant reduc-
tion of eggs in faeces was obtained 36 h after treatment, and the faecal egg
counts reduced to zero 72 h following treatment. This time-course of
monepantel pharmacological activity correlates to the highest monepantel
concentrations in the abomasum during the first 48 h following treatment.

3.3 Dosage and relationship between enhanced drug
exposure and anthelmintic efficacy

Haemonchus contortus has been used as a nematode model to assess the impact
of increasing the dose rates on the pharmacokinetics and subsequent drug
efficacy against resistant isolates. The therapeutic response to an increased
dosage may depend on the genetic status of the resistant nematode popula-
tion being exposed to the drug. The impact of large increases of dose on sys-
temic concentrations of benzimidazole and on the subsequent efficacy
against benzimidazole-resistant nematodes in ruminants remains unclear.
In the case of benzimidazoles, it has also been demonstrated that their
efficacy relies on the time the parasite is exposed to ‘‘toxic’’ concentrations
and that anthelmintic activity is influenced by the residence time of the drug
in the animal’s body (Lanusse and Prichard, 1993b). The oral absorption of
most drugs follows first-order kinetics, whereby a constant fraction of the
total drug present is absorbed in each equal interval of time (Neubig,
1990). This statement, true for most of the drugs commonly used in
veterinary therapeutics, remains unclear for the benzimidazole compounds
in ruminant species. Moreno et al. (2004) evaluated the clinical efficacy of
albendazole, given at two different dose rates, 3.8 mg/kg (a therapeutic
dose recommended against GI nematodes in some countries) and
7.5 mg/kg against benzimidazole-resistant nematodes in naturally infected
sheep. Significantly higher Cmax and AUC values were observed for
both albendazole metabolites following the treatment at the highest dose
rate (7.5 mg/kg) compared with 3.8 mg/kg. Also the time of residence
(MRT) of albendazole sulphoxide was significantly longer after the albenda-
zole treatment at 7.5 mg/kg. Although parasites were highly resistant to the
treatment with albendazole orally administered at both dose rates, the clin-
ical efficacy against H. contortus tended to be higher after the administration
of albendazole at 7.5 mg/kg compared with that observed at the lowest
investigated dose rate. For instance, clinical efficacy against H. contortus
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increased from 5.9% (3.8 mg/kg treatment) up to 46.1% (7.5 mg/kg).
Albendazole molecules adsorbed to ruminal particulate material gradually
reached the abomasum and small intestine, the main sites of dissolution
and absorption, respectively (Hennessy, 1993). Within a therapeutic dose
range, when a higher oral dose is administered, a greater amount of the
drug suspension will gradually pass to the abomasum being available to be
absorbed in the duodenum over time following treatment. The lower
plasma profiles of both albendazole metabolites observed at the 3.8 mg/kg
treatment may be due to a lower total amount of albendazole being available
to be absorbed, which explains the positive relationship between the
amount of drug administered and the systemically available concentrations
of both metabolites in the treated animals. Furthermore, a high correlation
between the concentration profiles of albendazole metabolites measured in
the bloodstream and those in tissues of parasite location and within target
parasites collected from treated sheep has been demonstrated (Alvarez
et al., 1999, 2000). These previous pharmacokinetic findings clearly indicate
that the enhanced drug concentrations and the prolonged plasma detection
of the drug observed for a higher dose may account for greater drug expo-
sure of the target nematodes, which would also explain the tendency
observed in the anthelmintic efficacy against resistant parasites. Further
studies evaluated the pharmacokinetic and efficacy of albendazole against
resistant H. contortus administered at 5, 15 and 45 mg/kg (Alvarez et al.,
2012). The dose level affected the plasma disposition kinetics of albendazole
sulphoxide in treated lambs. The time of albendazole sulphoxide detection
in plasma increased from 1e48 h (ABZ5 mg/kg) to 1e96 h (ABZ15 mg/kg)
and 1e120 h (ABZ45 mg/kg). The AUC of the active albendazole sul-
phoxide metabolite increased from 21.0 � 6.4 mg h/mL (ABZ5 mg/kg)
up to 158.6 � 19.4 mg h/mL (ABZ15 mg/kg) and 389.7 � 98.2 mg h/mL
(ABZ45 mg/kg). Furthermore, when the mean AUC values were adjusted
by the dosages, the albendazole sulphoxide plasma exposure after the admin-
istration of 15 and 45 mg/kg doses was 78% and 43% higher, compared with
the therapeutic dose (5 mg/kg). These AUC values show a lack of propor-
tionality in the relationship between dose and systemic availability. Addi-
tionally, a significantly longer MRT value was observed for albendazole
sulphoxide in both ABZ15 mg/kg and ABZ45 mg/kg treated groups. Thus,
the higher dose-normalized AUC (ABZ15 mg/kg) and the longer MRT
values (ABZ15 mg/kg and ABZ45 mg/kg) obtained for albendazole sulphoxide
reflect some type of nonproportionality in the doseeplasma concentrations
relationship. The lack of dose proportionality observed for albendazole

492 C.E. Lanusse et al.

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy



(estimated as the albendazole sulphoxide systemic exposure) may be associ-
ated with a saturation of the enzymatic pathways involved in biotransforma-
tion. It has been demonstrated that the FMO-mediated sulphoxidation
accounted for up to 60% of the albendazole sulphoxide production from
albendazole, while CYP contributed the remainder (40%) in sheep liver
microsomes (Virkel et al., 2004). Thus, a decreased metabolic rate for the
conversion of albendazole sulphoxide into albendazole sulphone may
have accounted for the marked changes observed in the albendazole
sulphoxide disposition kinetics after the administration of three times
(ABZ15 mg/kg) the therapeutic dose. As expected, there was a highly negative
correlation between the albendazole sulphoxide AUC and Cmax values,
and the number of adult H. contortus recovered from treated lambs. The
enhanced systemic exposure achieved after albendazole treatments at the
highest dosages correlated with a significant increment in drug efficacy
against a resistant H. contortus isolate. In fact, the efficacies against resistant
H. contortus were 16% (ABZ5 mg/kg), 59% (ABZ15 mg/kg) and 94%
(ABZ45 mg/kg) (Barrere et al., 2012). Benzimidazole resistance has been
correlated with genetic changes associated with the b-tubulin gene (Lubega
and Prichard, 1990). These changes, mainly at positions 200 and 167 of the
b-tubulin gene, determine a reduced binding affinity, which explains the
development of anthelmintic resistance to benzimidazole compounds
(Beech et al., 1994; Kwa et al., 1994). A loss of receptor affinity increases
the concentration of drug needed for a given degree of response. These find-
ings indicate that higher active drug/metabolite concentrations associated
with the highest albendazole dosages resulted in significant increased drug
efficacy. As benzimidazole metabolites are reversibly exchanged between
the bloodstream and the GI tract (Lanusse et al., 1993), the enhanced
drug concentrations associated with the increasing doses administered may
account for GI nematodes being exposed to toxic drug concentrations for
an extended period of time. This finding helps to explain the reversion of
the drug resistance phenomenon observed after administration of albenda-
zole at a high dose level. In addition, Barrere et al. (2012) evaluated the pres-
ence of single nucleotide polymorphisms (SNPs) in the b-tubulin gene of
H. contortus after the albendazole treatment at three dose rates (5, 15 and
45 mg/kg). This investigation corroborated a strong association between
the presence of SNPs at codons 167 and 200 in isotype 1 of b-tubulin
and the survival of H. contortus individuals at a high dose rate of albendazole.
The genotype (Phe/Phe)167-(Tyr/Tyr)200 was consistently observed in
worms exhibiting high levels of resistance. Heterozygosity at both codons
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167 and 200 conferred resistance with treatments of up to three times the
recommended albendazole dose rate (Barrere et al., 2012). Routine tests
for the evaluation of benzimidazole resistance, using analysis of the b-tubulin
gene, should include the assessment of both the 167 and 200 codons to assess
heterozygosity at both of these codons.

From a pharmacological point of view, anthelmintic drugs need to have
the best opportunity to act on the specific target nematode site of action
(Hennessy, 1997). This concept applies to the different strategies addressed
to increase parasite drug exposure. For macrocyclic lactones, the impact of
increasing dosage levels was evaluated in a high-resistance scenario, allowing
the prediction of the consequences of rational dose adjustments. The com-
parison of the pharmacokinetics, distribution and efficacy against resistant
H. contortus of single and double doses of ivermectin and moxidectin was
recently evaluated in lambs (Lloberas et al., 2015). The plasma concentration
profiles were related to the dose-rate administered for both drugs. For both
ivermectin and moxidectin, the mean Cmax and AUC were higher for the
0.4 compared with 0.2 mg/kg treatments (P < 0.05), but there were no dif-
ferences for other parameters. Ivermectin and moxidectin concentrations in
the GI target tissues and in H. contortus were much higher compared with
those measured in plasma. Mean drug concentration levels in abomasal
contents were 26e47 (ivermectin) and 26e36 (moxidectin) fold higher
than those achieved in plasma at day 1 following administration of both
compounds at 0.2 and 0.4 mg/kg, respectively. Ivermectin and moxidectin
concentrations in the GI target tissues were significantly higher after their
administration at 0.4 mg/kg. The exposure of H. contortus to ivermectin
and moxidectin was related to the level of the administered dose. Concen-
trations of the macrocyclic lactones measured in H. contortus correlated to
those recovered from abomasal content. The increment of drug concentra-
tions at the tissue sites of parasite location accounted for an enhancement on
drug levels measured within the worm. Based on pharmacological princi-
ples, all the strategies that maximize drug availability (exposure) at the
hosteparasite interface may increase the nematodicidal effect. As drug
concentrations at the GI target tissues/contents during the first 2e3 days af-
ter treatment are relevant for the effectiveness of the macrocyclic lactones
against resident worms in sheep (Lloberas et al., 2013), the higher drug accu-
mulation observed within the nematode after the administration of iver-
mectin and moxidectin at double doses (0.4 mg/kg) may be useful to
increase the efficacy against resistant worms. Despite the high concentrations
recovered from the abomasal content and within the worm, ivermectin
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failed to control a highly resistant isolate of H. contortus (see Lloberas et al.,
2013). Moxidectin showed a higher performance at both doses assayed.
Ivermectin had no efficacy at both dose rates. In contrast, the efficacy of
moxidectin against this ivermectin-resistant H. contortus isolate was 85.1%
(0.2 mg/kg) and 98.1% (0.4 mg/kg). Interestingly, whereas the double
dose of ivermectin remained ineffective against H. contortus, high efficacy
(98.2%) was achieved after the administration of moxidectin at
0.4 mg/kg. Particular pharmacodynamic features for each macrocyclic
lactone may play a relevant role on the activity against resistant nematodes.
A differential pattern of interaction at the glutamated-gated chloride channel
may support the higher efficacy of moxidectin (Hibbs and Gouaux, 2011;
Prichard et al., 2012). The way a drug enters into the nematodes is relevant
to the efficacy of the anthelmintics compounds. To corroborate the in vivo
results, the accumulation of both compounds was also evaluated ex vivo.
The incubation of adult nematodes in 0.5 mMof ivermectin and moxidectin
reflects the in vivo concentrations of both drugs measured in the abomasal
contents after their administration at 0.2 mg/kg to sheep. There was a con-
centration and time influence in the accumulation of ivermectin and mox-
idectin in H. contortus. A significantly higher amount of both drugs was
measured within H. contortus after the incubation with 5 mM of ivermectin
and moxidectin. In addition, the incubation for 3 h resulted in a higher
accumulation of both drugs (five- to sevenfold) compared with the accumu-
lation assay performed over 15 min. The ex vivo uptake of benzimidazole
drugs by nematodes, trematodes and cestodes has been extensively studied
(Alvarez et al., 1999, 2001; Mottier et al., 2006). Drug lipophilicity and
the permeability of helminth external surfaces determine the effective con-
centrations that reach the site of action. These findings confirm that the
increment on drug exposure for both ivermectin and moxidectin accounted
for an enhanced amount of drug being recovered from the target parasite,
which was observed in both, the ex vivo and in vivo experiments. The
degree of susceptibility of a nematode population is a relevant topic to deter-
mine the impact of the increment of the local drug exposure. If the response
of a drug reaches 80% of its maximum, the final effect will be insensitive to
further changes in drug concentrations (Holford and Sheiner, 1981). If a
clinical study is conducted with animals infected with a susceptible parasite
isolate, a dose-dependant increased therapeutic effect will not be detected.
However, if animals are infected with nematodes displaying reduced suscep-
tibility, the clinical response to the increment of the drug exposure at the site
of action may be increased (Martinez, 2014). The administration of
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ivermectin and moxidectin at 0.4 mg/kg accounted for enhanced drug
exposure in the target tissues as well as for higher drug concentrations within
the resistant nematodes. Given the extremely high degree of resistance of the
H. contortus isolate being tested, the administration of a double-dose treat-
ment was only effective for moxidectin.

Alvarez et al. (2015) assessed the disposition kinetics and efficacy of iver-
mectin against resistant H. contortus after SC and IR administrations at one,
five and ten times the therapeutic dose to lambs. The ivermectin systemic
exposure increased from 41.9 � 20.1 ng d/mL (IVMSCx1) up to
221 � 55.9 ng d/mL (IVMSCx5) and 287 � 100.4 ng d/mL (IVMSCx10).
The higher dose levels (five and ten times) were also correlated to a signif-
icant enhancement of the ivermectin peak plasma concentrations, which
were obtained at the same time after treatment. Furthermore, when the
mean AUC and Cmax values were normalized based on dose, differences
among groups did not reach statistical significance to show a dose-propor-
tional relationship. The plasma concentrations of ivermectin obtained after
IR administration were also related to the level of the different doses. A
higher AUC value was measured for the IVMIRx10 group
(AUC ¼ 323 ng d/mL) compared with that obtained after the IVMIRx1

treatment (AUC ¼ 20.8 ng d/mL). As observed following the SC treat-
ment, when the AUC and Cmax values were normalized by the dose,
similar absorption rates were obtained for the treatments at different doses.
The low efficacy level (42e50%) obtained at the therapeutic dose
(0.2 mg/kg) after both routes of administration confirmed the high iver-
mectin-resistant status of the worms. The efficacy of ivermectin against adult
H. contortus increased with the increment of the dose both, after the SC and
IR treatment. After the SC treatment, an anthelmintic efficacy of 75% was
observed for the administration of the five and ten times the doses. After the
IR administration of ivermectin, these higher doses resulted in a significant
(P < 0.05) reduction in adult H. contortus counts, compared with that
observed both in the group treated at the therapeutic dose and the untreated
control. A high efficacy was observed in both the IVMIRx5 (96%) and
IVMIRx10 (98%) groups. Since drug accumulation in GI nematodes appears
to be mainly related to drug diffusion from the surrounding medium (GI
fluids), the enhanced ivermectin concentration in abomasal content after
the IR administration may have accounted for an increased drug accumula-
tion inH. contortus, explaining the improved efficacy observed after IR treat-
ment at the highest doses. Within a population of H. contortus, individual
parasites do not respond uniformly to treatment. Some were killed by a
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therapeutic ivermectin dose, other tolerated this dose, but were eliminated
by treatment at the higher doses (five and ten times), and some particular in-
dividuals survived even ten times the therapeutic dose. This ‘dose-related
behaviour’ may be explained by genetic diversity in the parasite population
(Prichard, 2001). High genetic diversity has been described for different
H. contortus populations, also relating to genes encoding b-tubulins (Beech
et al., 1994; Kwa et al., 1994), P-gp (Blackhall et al., 1998a; Sangster and
Gill, 1999) and glutamate-gated chloride channel (GluClR) subunits (Black-
hall et al., 1998b). Macrocyclic lactones resistance is quite complex, with
mechanisms varying both within and between species (Gill and Lacey,
1998). The development of resistance to ivermectin requires of the simulta-
neous mutation of several genes to develop a high level of resistance (Martin
et al., 2002). In this context, the variation in response according to the
dosage administered may be explained by genetic diversity within the
isolate. In conclusion, both the genetic variability and the potential differ-
ences on drug accumulation, according to the location of H. contortus within
the abomasum, may have accounted for the observed differences in efficacy
related to the dose level of ivermectin. These data shown the ivermectin
resistance may be overcome by increasing the amount of the active drug
at the biophase. Indeed, under experimental conditions, an IR ivermectin
dose as high as 5- to 10-fold the therapeutic dosage was necessary to reach
an acceptable efficacy level against resistantH. contortus. From a clinical point
of view, the inconvenience of recommending high dose rates may be asso-
ciated with the selection of highly resistant nematodes, in addition to the
impact on drug residues, withdrawal times, etc., which would preclude its
use as a ‘practical’ strategy when resistant parasite populations are present.

4. MODULATION OF DRUG EFFLUX TRANSPORT:
IMPACT ON CLINICAL RESPONSE AGAINST RESISTANT
HAEMONCHUS CONTORTUS

4.1 Relevance of cellular efflux transport on systemic
exposure and drug action

The influence of cell transporter systems on the pharmacokinetic
behaviour of different drug compounds has been profoundly studied, and
the interaction between drug compounds at the transport proteins levels is
now considered as a key pharmacological issue with a variety of potential
therapeutic implications. For instance, the interactions of macrocyclic lac-
tones with different ATP-binding cassette (ABC) transporters have been
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thoroughly investigated. Of all identified cell transporters, P-gp has been the
most studied. P-gp was initially described due to its capacity of preventing
the intracellular accumulation and cytotoxic effects of antineoplastic drugs
by actively removing them from the cell membrane before they reach their
intracellular target. Besides tumour cells, P-gp has also been identified in
several healthy tissues and particularly in organs actively involved in drug
pharmacokinetics (Schinkel, 1997). P-gp is located in tissues and particularly
in organs involved in the processes of drug absorption (eg, mucosa of the
small and large intestine), distribution (eg, braineblood barrier) and elimina-
tion (luminal surface of hepatocytes and ducts cells, kidney tubules and
enterocytes) (Lin, 2003). The interaction of macrocyclic lactones with
different P-gp has been well demonstrated (Lespine et al., 2007), and
different aspects of this interaction recently reviewed in the literature
(Lespine et al., 2012; Lifschitz et al., 2012). Considering the wide use of
the macrocyclic lactones in different animal species, it is likely that some
kind of drugedrug interactions may occur after their co-administration
with a large variety of drug compounds. The induction of the activity of
this transport system, for example, at the intestinal level, will lead to the
reduction of the bioavailability of orally administered P-gp substrates, while
an increment of the bioavailability would be observed when an inhibitor is
co-administered with a P-gp substrate. The interaction between macrocy-
clic lactones and cell transporters was characterized by in vitro and in vivo
trails. Ivermectin is actively secreted by cells transfected with gene encoding
P-gp in mice (Schinkel et al., 1995). The interaction of moxidectin with the
ABC transporters was demonstrated in cultured rat hepatocytes. Ketocona-
zole, quercetin and fumagillin increased the quantity of 14C-moxidectin in
hepatocytes (Dupuy et al., 2003, 2006). Recently, it has been shown that
affinity by P-gp may differ among different macrocyclic lactone molecules
(Lespine et al., 2007). The different macrocyclic lactones were tested for
their ability to inhibit the P-gp mediated rhodamine 123 (Rho123) transport
function in recombinant cell lines over-expressing P-gp. The different aver-
mectins (ivermectin, eprinomectin, abamectin, doramectin and selamectin)
increased the intracellular Rho123 accumulation with a similar potency. It is
interesting to note that moxidectin appears to have different P-gp efflux
potential, with a half-maximal inhibitory effect (IC50) approximately ten
times higher than that reported for ivermectin (Griffin et al., 2005; Lespine
et al., 2007). Using the everted sac technique, the ivermectin accumulation
rate in the intestinal wall was significantly higher after its incubation with the
P-gp inhibitors itraconazole and PSC833 than that obtained after its
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incubation alone (Ballent et al., 2006). The strong ivermectin interaction
with sheep intestinal P-gps was demonstrated employing an Ussing chamber
system (Ballent et al., 2012). The in vivo involvement of multiple trans-
porters suggests a complex interplay between macrocyclic lactones and the
different ABC transporter proteins, which could affect their systemic
disposition.

In vivo trials performed on different animal species provided information
on the action of different P-gp modulators on the macrocyclic lactones
pharmacokinetic disposition. Important changes to the plasma disposition
of the macrocyclic lactones have been observed when these compounds
were co-administered with P-gp modulating agents. The effect of verapamil
(a P-gp modulator) on ivermectin plasma disposition kinetics after pour-on
treatment in rats (Alvinerie et al., 1999) and after oral administration to sheep
(Molento et al., 2004) has been demonstrated. Significantly higher moxidec-
tin plasma concentrations were observed after its co-administration with
loperamide (an opioid derivative acting as P-gp substrate) compared with
those measured after moxidectin given alone (Lifschitz et al., 2002). In
lambs, quercetin (Dupuy et al., 2003), itraconazole (Ballent et al., 2007)
and ketoconazole (Alvinerie et al., 2008) produced a significant increase
on moxidectin and/or ivermectin systemic exposure.

The differential affinities of macrocyclic lactones by P-gp were recently
assayed in vivo using the knockout mouse model (Kiki-Mvouaka et al.,
2010). P-gp deficiency led to a significant increase in the systemic availability
of ivermectin (1.5-fold) and eprinomectin (3.3-fold), whereas the moxidec-
tin availability remained unchanged. Ivermectin and to a greater extent
eprinomectin were both excreted by the intestine via a P-gp-dependent
pathway, whereas moxidectin excretion was less compared to the avermec-
tin-type macrocyclic lactones (Kiki-Mvouaka et al., 2010).

Most studies of drug interactions mediated by cell transporters have been
conducted to modulate/inhibit their activity, and thus, to increase the
absorption or delay the elimination of therapeutically relevant drugs.
However, the effect of potential inducers of the transport proteins on the
kinetic behaviour of macrocyclic lactones is not fully understood. Recent
work reported that ivermectin can also induce P-gp expression and function
through mRNA stabilization in murine hepatic cells (Ménez et al., 2012).
Although numerous therapeutic agents can induce P-gp expression under
in vitro conditions, the relevance of these observations in relation to P-gp
induction in vivo is not entirely clear. The experimental effect of the inducer
agent phenobarbital on both plasma and GI disposition of ivermectin was
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examined in our laboratory (Ballent et al., 2010). The ivermectin AUC
values measured were significantly lower in the plasma, intestine and liver
tissue of rats pretreated with phenobarbital. On the other hand, the chronic
administration of dexamethasone in sheep produced a decrease in P-gp
expression along the small intestine compared with untreated control
animals (Ballent et al., 2013). Thus, a better understanding of the factors
regulating P-gp and other cell transporters expression is needed to elucidate
the clinical implications of drugedrug interactions in pharmacotherapy in
livestock animals. More specifically, this is an open field for the future of
the antiparasitic drugs that needs to be addressed if the combination of
anthelmintic molecules turns into an alternative for parasite control in resis-
tant populations.

4.2 Modulation on drug transport and efficacy against
resistant Haemonchus contortus

Currently, resistance to antiparasitic drugs is recognized as a problem in small
ruminant and bovine production systems (Kaplan and Vidyashankar, 2012;
Prichard, 1994). The drugedrug interactions at the efflux transporter pro-
tein level are not only important in the host but also at the target nematodes.
P-gp has been described not only in mammals but also in parasites, such as
Onchocerca volvulus (see Kwa et al., 1998) and H. contortus (see Prichard and
Roulet, 2007). Drug efflux mediated by P-gps in different parasites has
been proposed as a potential resistance mechanism for different drugs (Xu
et al., 1998). Increased scientific evidence supporting this concept has
been reported during the last few years. Modifications of the pattern of P-
gp expression have been observed in resistant nematodes recovered from
lambs treated with macrocyclic lactones (Prichard and Roulet, 2007). An
upregulation of P-gp in H. contortus recovered one day after ivermectin
treatment has been reported, and also in a lesser degree, after the moxidectin
administration (Prichard and Roulet, 2007). Recent work demonstrates that
ivermectin treatment significantly increases P-gp2 expression in resistant
H. contortus recovered from treated lambs 0.5 and 1 day after treatment
compared with those parasites recovered from untreated animals (Lloberas
et al., 2013). However, treatment with moxidectin did not induce any
significant modification on the pattern of the drug transporter expression
in the nematode (Lloberas et al., 2013). The chemical structure differences
between moxidectin and ivermectin may account for their differential
pharmacokinetic, pharmacodynamic and P-gp interaction patterns (Prichard
et al., 2012).
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To evaluate the impact of P-gp in the parasites, the inhibition of the ac-
tivity of P-gp has been assayed as a pharmacology-based strategy not only to
increase the systemic availability of the macrocyclic lactones in the host an-
imal, but also to improve their clinical efficacy. The combinations of VRP
and CL347099 with either ivermectin or moxidectin significantly reduced
worm counts of resistant isolates of H. contortus (see Molento and Prichard,
1999). In addition, the modulation of P-gp increased the in vitro activity of
ivermectin against ivermectin-sensitive and resistant larvae of H. contortus.
The presence of the P-gp modulators PSC833, VRP, ketoconazole and
pluronic 85 in the larval feeding inhibition test enhanced the sensitivity of
larvae (H. contortus resistant isolates) to ivermectin by between 15- and
57-fold (Bartley et al., 2009). Another study has shown that macrocyclic
lactones anthelmintics, which inhibit P-gp-mediated efflux in mammals,
activate transport activity in nematodes, suggesting a complex interaction
of macrocyclic lactones with P-gps in the parasites (Kerboeuf and Guégnard,
2011).

Although a modification of macrocyclic lactone activity after P-gp
modulation was confirmed in vitro, in vivo trials performed under field
conditions are necessary to evaluate the clinical impact of the P-gp inhibi-
tion. The enhanced sensitivity of resistant larvae to ivermectin obtained after
its co-incubation with pluronic 85 did not correlate with their in vivo
co-administration to sheep (Bartley et al., 2009). In the in vivo trial, the pres-
ence of pluronic 85 did not improve the efficacy against resistant H. contortus
(see Bartley et al., 2012). However, significant increment on ivermectin ef-
ficacy against resistant nematodes of sheep together with an enhancement on
ivermectin systemic availability was obtained in the presence of loperamide
(Lifschitz et al., 2010). The faecal egg count reduction increased from 78.6%
(ivermectin alone treatment) to 96% after the co-administration with loper-
amide. A nematode population highly resistant to ivermectin was identified.
The efficacy of ivermectin againstH. contortus was 0%, and the percentage of
reduction against intestinal nematodes, such as T. colubriformis and Nematodi-
rus spp. was 77.9% and 85.5%, respectively. The clinical efficacy against the
resistant nematodes was enhanced in the presence of loperamide, with per-
centages of reduction of 72.5% (H. contortus), 96.3% (T. colubriformis) and
93.0% (Nematodirus spp.) (Lifschitz et al., 2010). Thus, there is evidence
that the P-gp-mediated drugedrug interaction increases the ivermectin sys-
temic exposure in the host, and it may also decrease the P-gp-mediated
efflux transport over-expressed in target resistant nematodes. The interac-
tion at the parasite tissue-level was specifically investigated using C. elegans
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as a model system. It was confirmed that different P-gp isoforms protect
C. elegans from ivermectin toxicity and the interaction of P-gp with different
modulator agents enhances susceptibility to ivermectin, depending on the
drug concentration used (Ardelli and Prichard, 2013). Recently, the locali-
zation of P-gp2 was studied inH. contortus. P-gp2 was expressed in the phar-
ynx, the first portion of the worm’s intestine and perhaps in adjacent nervous
tissue, suggesting a role for this gene in regulating the uptake of avermectins
and in protecting nematode tissues from the effects of macrocyclic lactone
anthelmintic drugs (Godoy et al., 2015). The impact of P-gp modulation
on drug pharmacokinetics in the host and the efficacy against resistant
H. contortus is shown in Fig. 2.

It is evident that a P-gp-mediated drugedrug interaction increases the
systemic exposure of macrocyclic lactones in the host. However, such an
interaction might also occur in the target worm, which would decrease
the P-gp-mediated efflux transport over-expressed in target resistant nema-
todes. Different pharmacological approaches to delay the bile/intestinal se-
cretions and to extend the plasma-intestine recycling time of macrocyclic
lactones in the host have been investigated. The involvement of the
efflux-transport protein P-gp (and perhaps, other drug transporters) on
both the pharmacokinetic disposition (host) and resistance mechanisms

In vivo co-administra�on of
Macrocyclic lactones and P-gp modula�ng agents

P-glycoprotein and therapeutic response 
in resistant Haemonchus contortus

Enhanced target parasite exposure
Loperamide, Verapamil and Itraconazole- induced changes on 

ivermec�n disposi�on kine�cs in sheep 
(Molento et al., 2004, Ballent et al., 2007; Lifschitz et al., 2010)

Increased efficacy against resistant  H.contortus
Loperamide restored ivermec�n efficacy from complete 

therapeu�c failure  up to  73 %
(Lifschitz et al., 2010) 

Figure 2 Influence of the modulation of the efflux transport protein P-glycoprotein
(P-gp) on both drug pharmacokinetics in the host and efficacy against resistant Hae-
monchus contortus.
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(target parasites) to different anthelmintic chemical groups has been out-
lined. The potential side effects and changes to the pattern of tissue residues
induced by the P-gp modulating agents should be carefully investigated
(Lespine et al., 2008). However, the search for specific P-gp modulators
with high affinity to parasite transport proteins may identify useful pharma-
cological tools to extend the life span of the macrocyclic lactones in veter-
inary medicine. The effect of the most-recently developed group of P-gp
inhibitors (the so-called ‘third generation’ of inhibitors, such as tariquidar,
zosuquidar and elacridar) was evaluated (Raza et al., 2015). Zosuquidar
restored the sensitivity of resistant worms to levels observed in susceptible
worms. On the other hand, the ability of tariquidar to increase the sensitivity
of ivermectin to the susceptible isolate raised the possibility of reducing the
recommended dose of an anthelmintic, while maintaining 100% efficacy
against susceptible worms (Raza et al., 2015). Further work is required to
assess the practical pharmaco-parasitological implications of the chemical
modulation of these cell efflux pump systems on antiparasitic therapy.

5. PHARMACOLOGICAL EVALUATION OF DRUG-
COMBINED THERAPY AGAINST RESISTANT
HAEMONCHUS CONTORTUS

There is a long history of the use of drug combination for treating the
most dreadful diseases. For instance, the use of drug combination in cancer
chemotherapy was reviewed early (Goldin and Mantel, 1957). In 1959, it
was shown that the administration of both streptomycin and isoniazid to
tuberculosis patients markedly reduced the emergence of a drug-resistant
strain of the tubercle bacillus (Conn et al., 1959). Concerning parasite con-
trol, a drug combination (ie, ivermectin-clorsulon) has been successfully
used as a strategy to expand the efficacy spectrum (Geary et al., 2012). Addi-
tionally, in an attempt to overcome/manage anthelmintic resistance in rumi-
nants, combinations of two or more anthelmintics are primarily being used
(Geary et al., 2012). Haemonchus contortus has been extensively used as a
model nematode to test different strategies/approaches related to drug com-
binations. The combination of nematodicidal drugs could be achieved using
two or more pharmaceutical formulations containing a different active prin-
ciple each, or, alternatively, through the use of combined veterinary medic-
inal products (two or more active substances in the same preparation) named
as ‘fixed combination products’ (EMEA, 2006). The main goal of the use of
two or more drugs with different modes of action is to increase the treatment
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efficacy. Other possible favourable outcomes after the use of drug combina-
tions include (1) the use of lower doses to avoid toxicity (reaching equivalent
or even higher efficacy) and (2) minimizing or slowing down the develop-
ment of drug resistance. The probability of selecting resistant parasites is
decreased if two drugs with different mechanism of action and different
biochemical pathways of resistance are administered together in combina-
tion chemotherapy. Thus, individual worms may have a lower degree of
resistance to a multiple component formulation (each chemical with
different mode of action) compared with that observed when a single
anthelmintic compound is used (Anderson et al., 1988; Barnes et al.,
1995; Leathwick et al., 2009). Thus, several pharmaceutical formulations,
combining either two or three chemical entities, have been developed.
Preparations combining the actives from the main available chemical groups
have been introduced into the veterinary pharmaceutical market in many
countries. However, potential pharmacokinetic and/or pharmacodynamic
interactions between drug components may occur.

A potential drug interaction refers to the possibility that one drug may
alter the intensity of the pharmacological effects of another drug when given
concurrently (Nies and Spielberg, 1996). The modified effect may result
from a change in the concentration of either one or both drugs in the organ-
ism (pharmacokinetic interaction) or from a change in the relationship
between drug concentration and response of the organism to the drug (phar-
macodynamic interaction). Pharmacodynamic drug-to-drug interactions
may occur at three different levels: (1) at the receptor site, (2) at the signalling
(ie, second messenger) or (3) at the effector level. They can lead to both
enhanced (additive or synergic effect) and diminished (antagonism) drug
responses. Overall, an additive effect is present when the combined activity
of two drugs equals the sum of their independent activities measured
separately. On the other hand, a synergistic effect is achieved when the com-
bined effects of the drugs are significantly greater than the independent
effects (Prescott, 2000). The presence of a pharmacological synergism im-
plies a drug effect is greater than that of additive effect. The effect achieved
in the presence of antagonism is less than additive (Chou, 2010). Synergism
normally occurs between drugs that exert the same effect (ie, anthelmintic)
via different modes of action. Since levamisole, albendazole, monepantel,
derquantel, organophosphates, closantel and ivermectin are chemical entities
that differ in their intrinsic anthelmintic mode of action, their co-adminis-
tration may potentially induce a synergistic effect. On the other hand,
when multiple resistance relates to different worm genera, each one resistant
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to a unique chemical group, worms surviving one compound could be
killed by the other. In this case, the ‘additive’ effect exerted by the combined
product may allow the control of resistant nematodes.

In an effort to improve the control of highly resistant nematode (ie, H.
contortus) different drug combinations have been assessed. Pharmacodynamic
interactions resulting in synergistic effects can be clinically relevant and
would represent an ideal situation to deal with resistant parasites. For
example, a worm resistant to two different anthelmintics (bi-resistant
worm) could be killed by the combined effect of the same two drugs acting
synergistically. Due to the increasing anthelmintic resistance problem in the
ruminant livestock production systems, as well as in horses, nematodicidal
drug combinations appear to be potentially useful in veterinary medicine,
particularly in delaying the emergence and spread of resistance, and/or con-
trolling parasite populations with existing resistance (Geary et al., 2012). In
an ideal situation, if an anthelmintic treatment reaches 100% efficacy, selec-
tion of anthelmintic resistance will not occur. To achieve the highest effi-
cacy in treated animals, while the few surviving parasites are diluted into a
susceptible untreated nematode population, is a key principle for slowing
the emergence of anthelmintic resistance in a real field situation (Dobson
et al., 2001). Consequently, in farms where multiple-resistant nematode
populations are present, the use of drug combinations may be an alternative
to improving chemical control.

The development of anthelmintic resistance in H. contortus is a major
global problem, which has motivated the development and use of nemato-
dicidal combinations of two or more anthelmintics in several countries such
as Australia, New Zealand (Sutherland and Leathwick, 2011) and Uruguay
(Suarez et al., 2014). Early work investigated the potential additive or syn-
ergistic effect of different nematodicidal drugs used in combination against
multiple resistant nematodes, particularlyH. contortus. Evidence of synergism
between fenbendazole and levamisole against H. contortus has been reported
(Miller and Craig, 1996). In a goats flock naturally infected with a resistant
isolate of H. contortus, the efficacy of fenbendazole, levamisole, fenbenda-
zoleelevamisole, ivermectin, albendazole and albendazoleeivermectin
was evaluated using a faecal egg count reduction test (FECRT). The results
showed no significant reduction for either fenbendazole (1%) or levamisole
(23%), whereas the combination reduced egg counts up to 62%. When the
animals were treated with albendazole or ivermectin alone, faecal egg count
reductions of 72% (albendazole) and 0% (ivermectin) were observed. An
enhanced efficacy (97%) was observed following the combined treatment
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(Miller and Craig, 1996). These reductions in egg counts indicate an additive
action, which was not enough to be clinically effective in the case of the fen-
bendazoleericobendazole combination. Furthermore, a synergistic interac-
tion between derquantel and abamectin occurs under in vitro laboratory
conditions (Puttachary et al., 2013). In this study, the effects of derquantel,
abamectin and their combination on somatic muscle nAChR and pharyn-
geal muscle glutamate-gated chloride receptor channels of A. suum was
assessed. The study demonstrated that abamectin and derquantel interact
at the nAChR on the somatic muscle. At this level, the effect of the com-
bination was significantly greater than the predicted by an additive effect
of both drugs, suggesting a synergistic effect of the combination (Puttachary
et al., 2013).

A faecal egg count reduction of 92% was reported in naturally infected
lambs after the intravenous co-administration of albendazole and ivermectin,
in comparison to 73% (albendazole) and 79% (ivermectin) (Entrocasso et al.,
2008). The enhanced efficacy value observed for the albendazoleeivermectin
treatment, in comparison to each drug administered alone, was related to an
additive effect of both anthelmintic molecules acting via different modes on
different parasite genus/species. Albendazole and ivermectin each adminis-
tered alone by the intravenous route demonstrated high efficacies against
Haemonchus spp. (95.1% and 99.3%, respectively). Furthermore, the highest
reduction in Haemonchus spp. counts was observed with the albendazolee
ivermectin combination (99.9%) (Entrocasso et al., 2008). In the same study,
the combination of both chemicals administered by the IR (albendazole) or
SC (ivermectin) route did not have a positive effect on eggs count reduction.
In fact, the albendazoleeivermectin co-administration reached an efficacy of
71% in comparison to egg reductions of 44% (albendazole) and 80% (iver-
mectin). The faecal cultures showed Haemonchus spp. as the main parasite
resistant to albendazole and ivermectin (Entrocasso et al., 2008). The com-
bined action of albendazole and ivermectin on GI nematodes did not improve
the efficacy of ivermectin administered alone by the SC route. Similar to these
results, a recent field study undertaken in Uruguay (Suarez et al., 2014a)
showed an equivalent efficacy against multiple resistantH. contortus, following
the use of either a triple-combined treatment (levamisoleealbendazolee
ivermectin) or ivermectin alone. The observed anthelmintic efficacies were
87% (combined treatment), 80% (ivermectin treatment), 72% (albendazole
treatment) and 52% (levamisole treatment), indicating no advantageous effect
of the triple-combined preparation. However, the situation appears to be
different when a combined treatment is designed to control H. contortus
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with low/moderate pre-existing levels of resistance against the drugs included
in the combination. The clinical efficacy of closantel and moxidectin admin-
istered each drug alone or in combination by the SC or the oral route was
assessed in lambs naturally parasitized with resistant nematodes (mainly
H. contortus) (Suarez et al., 2013). The results obtained showed that the
administration of closantel and moxidectin as a single active principle reached
efficacy levels (estimated as the FECRT) ranging from 80% (moxidectin oral),
84% (closantel oral) up to 85% (closantel SC) and 92% (moxidectin SC).
However, the combined treatments given both orally and subcutaneously
reached 100% efficacy. The combination permitted a restoration to
maximum efficacy levels, which were not reached by the individual active
ingredients. The above situation illustrates the performance of drug combina-
tions when the efficacy of the individual ingredients is relatively high.
However, when the individual components included in the combined
product demonstrate a low efficacy, a different situation may occur. Suarez
et al. (2014b) evaluated the efficacy of levamisole, albendazole, ivermectin
and their combinations (levamisoleealbendazole, levamisoleeivermectin,
albendazoleeivermectin, levamisoleealbendazoleeivermectin) against
multiple resistant H. contortus in naturally infected lambs. The observed
efficacies of the single drug treatments were 45% (levamisole), 68%
(albendazole) and 0% (ivermectin). For the combined treatments, efficacies
of 73% (levamisoleealbendazole), 35% (levamisoleeivermectin), 63%
(albendazoleeivermectin) and 71% (levamisoleealbendazoleeivermectin)
were observed. Thus, albendazole was the active compound with the highest
individual efficacy, and only the combinations containing albendazole
reached efficacies �60%. A ‘worse’ situation was described in a Brazilian
sheep flock in which low efficacy against the nematode genera Haemonchus
spp., Trichostrongylus spp. and Ostertagia spp. was observed for most of the
anthelmintic groups commonly used to control nematodes (Cezar et al.,
2010). The observed efficacies, evaluated by the FECRT, were 54%
(moxidectin), 32% (nitroxynil), 26% (disophenol), 23% (levamisole) and 0%
(albendazole sulphoxide, ivermectin, trichlorphon and closantel). The combi-
nation of levamisole, albendazole and ivermectin reached an efficacy of 68%,
showing that, in this scenario of compromised chemical control, the combi-
nation (with its limitations) demonstrated some utility to control GI nema-
todes. The enhanced anthelmintic efficacy obtained after the use of
nematodicidal combinations against resistant H. contortus derived from the
occurrence of positive pharmacokinetic and/or pharmacodynamic interac-
tions between combined molecules is illustrated in Fig. 3. The sustainability
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of drug combinations in this scenario is unlikely. In conclusion, when a high
resistance status is observed, the combined treatments can offer a slight in-
crease in efficacy against multiple-resistant nematodes (including H. contortus),
but it seems likely that it will become ineffective with long-term use.

In cattle production systems, where individual active ingredients still
maintain their highest efficacy, the use of anthelmintic combinations could
be a useful tool to delay the development of resistance. Recent work
(Canton et al., 2014) evaluated the clinical efficacy (FECRT) observed after
the SC administration of ivermectin and ricobendazole given either sepa-
rately or co-administered to calves naturally parasitized with GI nematodes
resistant to ivermectin (H. contortus L3 represents 85% in faecal cultures). The
observed efficacies were 48% (ivermectin), 94% (ricobendazole) and 98%
(ivermectinericobendazole). Since no significant differences in the egg

Figure 3 Increased anthelmintic efficacy may be obtained after the use of nematodi-
cidal combinations against resistant Haemonchus contortus upon the occurrence of
positive pharmacokinetic (PK) and/or pharmacodynamic (PD) interactions between
combined molecules. The increased drug exposure (Alvarez et al., 2008; Suarez et al.,
2014), additive (Anderson et al., 1988; Entrocasso et al., 2008) or synergistic PD effects
(Miller and Craig, 1996) observed after the administration of a drug-combined product
may help to control resistant H. contortus. The main concerns related to the use of
‘potentially favourable’ combinations are associated with a limited sustainability if
the efficacy of each active included in the combined product is low (presence of highly
multiple-resistant parasites) and modifications of the safety profile and/or the pattern
of tissue residues depletion of a drug and/or its metabolites if large positive changes on
drug exposure occurs. Further details on the pharmacological basis of nematodicidal
combinations can be obtained from Lanusse, C., Alvarez, L., Lifschitz, A., 2014. Pharma-
cological knowledge and sustainable anthelmintic therapy in ruminants. Vet. Parasitol.
204, 18e33.
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counts were observed between groups treated with ricobendazole alone and
the combined treatment (Canton et al., 2014), no therapeutic advantage was
observed for the combination. Preliminary results indicate that the combi-
nation of macrocyclic lactones (parenteral) and levamisole (oral) used in
combination was highly effective in minimizing the survival of macrocyclic
lactoneeresistant nematodes and the subsequent transport of parasites be-
tween farms (Smith, 2014). Since a key factor for an ‘optimal result’ of a
combined nematodicidal treatment is that the individual molecules reached
their highest efficacy (Geary et al., 2012), the use of anthelmintic combina-
tions in cattle production systems may be an important tool to delay resis-
tance (Lanusse et al., 2014). However, in vivo data obtained from sheep
production systems indicate that the use of anthelmintic combinations
may have limited success and sustainability, particularly in situations where
H. contortus populations with multiple drug resistance patterns are exten-
sively disseminated.

6. CONCLUDING REMARKS

Anthelmintic resistance in human and animal pathogenic helminths
has been spreading in prevalence and severity. Multidrug resistance is
becoming a widespread problem in livestock animals. The use of pharma-
cology-based information for existing and novel molecules is critical to
the design of successful strategies for parasite control in the future. Modern
technologies will likely contribute to some leading products in the field of
diagnostic or drug discovery. Meanwhile, further pharmaco-parasitological
integrated work, supported by the substantial progress achieved in parasite
genomics, is required to generate the basic scientific knowledge necessary
to optimize drug action and to preserve available and novel active ingredi-
ents as useful tools for parasite control in livestock animals. The remarkable
amount of knowledge acquired using H. contortus as a target nematode has
markedly contributed to the overall understanding of the pharmacology
of anthelmintic drugs as well as of the comprehension of the mechanisms
of drug resistance. Overall, this knowledge has had a favourable impact on
parasite control both in veterinary and human medicine. Relevant, funda-
mental knowledge of the relationship among drug influx/efflux, biotrans-
formation, accumulation and pharmacological effect in parasitic
nematodes has been obtained exploiting the advantages of working with
H. contortus under in vitro, ex vivo and in vivo experimental conditions.

Gaining Insights Into the Pharmacology of Anthelmintics 509

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy



ACKNOWLEDGEMENTS
The authors appreciate the contribution of their co-workers to the outline and execution of
the research whose results are summarised here. Research at the Laboratorio de Farmacología,
CIVETAN, UNCPBA-CICPBA-CONICET, is supported by the Agencia Nacional de
Promoci�on Científica y Tecnol�ogica, Universidad Nacional del Centro Pcia. de Buenos Aires
and Consejo Nacional de Investigaciones Científicas y Técnicas (all from Argentina).

REFERENCES
Alí, D., Hennessy, D., 1995. The effect of reduced feed intake on the efficacy of oxfendazole

against benzimidazole resistant Haemonchus contortus and Trichostrongylus colubriformis in
sheep. Int. J. Parasitol. 25, 71e74.

Alka, Gopal, R.M., Sandhu, K.S., Sidhu, P.K., 2004. Efficacy of abamectin against ivermectin-
resistant strain of Trichostrongylus colubriformis in sheep. Vet. Parasitol. 121, 277e283.

Alvarez, L., Sanchez, S., Lanusse, C., 1999. In vivo and ex vivo uptake of albendazole and its
sulphoxide metabolite by cestode parasites: relationship with their kinetics behaviour in
sheep. J. Vet. Pharmacol. Ther. 22, 77e86.

Alvarez, L., Imperiale, F., Sanchez, S., Murno, G., Lanusse, C., 2000. Uptake of albendazole
and albendazole sulphoxide by Haemonchus contortus and Fasciola hepatica in sheep. Vet.
Parasitol. 94, 75e89.

Alvarez, L., Mottier, L., Sanchez, S., Lanusse, C., 2001. Ex vivo diffusion of albendazole
and its sulphoxide metabolite into Ascaris suum and Fasciola hepatica. Parasitol. Res.
87, 929e934.

Alvarez, L., Mottier, L., Lanusse, C., 2004. Comparative assessment of the access of albenda-
zole, fenbendazole and triclabendazole to Fasciola hepatica: effect of bile in the incubation
medium. Parasitology 128, 73e81.

Alvarez, L., Solana, H., Mottier, L., Virkel, G., Fairweather, I., Lanusse, C., 2005. Altered
drug influx/efflux and enhanced metabolic activity in triclabendazole-resistant liver
flukes. Parasitology 131, 501e510.

Alvarez, L., Lifschitz, A., Entrocasso, C., Manazza, J., Mottier, L., Borda, B., Virkel, G.,
Lanusse, C., 2008. Evaluation of the interaction between ivermectin and albendazole
following their combined use in lambs. Journal of Veterinary Pharmacology and Ther-
apeutics 31, 230e239.

Alvarez, L., Entrocasso, C., Lifschitz, A., Manazza, J., Ceballos, L., Borda, B., Lanusse, C.,
2010. Albendazole failure to control resistant nematodes in lambs: lack of effect of fast-
ing-induced improvement on drug absorption. J. Parasitol. 96, 1204e1210.

Alvarez, L., Su�arez, G., Ceballos, L., Moreno, L., Lanusse, C., 2012. Dose-dependent sys-
temic exposure of albendazole metabolites in lambs. J. Vet. Pharmacol. Ther. 35,
365e372.

Alvarez, L., Suarez, G., Ceballos, L., Moreno, L., Canton, C., Lifschitz, A., Maté, L.,
Ballent, M., Virkel, G., Lanusse, C., 2015. Integrated assessment of ivermectin pharma-
cokinetics, efficacy against resistantHaemonchus contortus and P-glycoprotein expression in
lambs treated at three different dosage levels. Vet. Parasitol. 210, 53e63.

Alvinerie, M., Dupuy, J., Eeckhoutte, C., Sutra, J.F., 1999. Enhanced absorption of pour-on
ivermectin formulation in rats by co-administration of the multidrug-resistant-reversing
agent verapamil. Parasitol. Res. 85, 920e922.

Alvinerie, M., Dupuy, J., Eeckhoutte, C., Sutra, J.F., Kerboeuf, D., 2001. In vitro meta-
bolism of moxidectin in Haemonchus contortus adult stages. Parasitol. Res. 87, 702e704.

Alvinerie, M., Dupuy, J., Kiki-Mvouaka, S., Sutra, J., Lespine, A., 2008. Ketoconazole in-
creases the plasma levels of ivermectin in sheep. Vet. Parasitol. 157, 117e122.

510 C.E. Lanusse et al.

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref1
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref1
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref1
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref1
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref2
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref2
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref2
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref3
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref3
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref3
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref3
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref4
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref4
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref4
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref4
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref5
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref5
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref5
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref5
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref6
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref6
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref6
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref6
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7a
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7a
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7a
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7a
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref7a
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref8
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref8
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref8
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref8
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref9
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref9
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref9
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref9
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref9
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref10
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref10
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref10
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref10
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref10
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref11
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref11
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref11
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref11
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref12
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref12
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref12
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref13
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref13
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref13


Anderson, N., Martin, P.J., Jarrett, R.G., 1988. Mixtures of anthelmintics: a strategy against
resistance. Aust. Vet. J. 65, 62e64.

Ardelli, B.F., Prichard, R., 2013. Inhibition of P-glycoprotein enhances sensitivity of Caeno-
rhabditis elegans to ivermectin. Vet. Parasitol. 191, 264e275.

Baggot, D., 1982. Disposition and fate of drugs in the body. In: Booth, N., McDonald, L.
(Eds.), Veterinary Pharmacology and Therapeutics. Iowa State University Press,
Iowa.

Ballent, M., Lifschitz, A., Virkel, G., Sallovitz, J., Lanusse, C., 2006. Modulation of the P-
glycoprotein-mediated intestinal secretion of ivermectin: in vitro and in vivo
assessments. Drug Metab. Dispos. 34, 457e463.

Ballent, M., Lifschitz, A., Virkel, G., Sallovitz, J., Lanusse, C., 2007. Involvement of P-glyco-
protein on ivermectin kinetic behaviour in sheep: itraconazole-mediated changes on
gastrointestinal disposition. J. Vet. Pharmacol. Ther. 30, 242e248.

Ballent, M., Lifschitz, A., Virkel, G., Maté, L., Lanusse, C., 2010. Pretreatment with the in-
ducers rifampicin and phenobarbital alters ivermectin gastrointestinal disposition. J. Vet.
Pharmacol. Ther. 33, 252e259.

Ballent, M., Lifschitz, A., Virkel, G., Sallovitz, J., Maté, L., Lanusse, C., 2012. In vivo and ex
vivo assessment of the interaction between ivermectin and danofloxacin in sheep. Vet. J.
192, 422e427.

Ballent, M., Wilkens, M.R., Maté, L., Muscher, A.S., Virkel, G., Sallovitz, J., Schr€oder, B.,
Lanusse, C., Lifschitz, A., 2013. P-glycoprotein in sheep liver and small intestine: gene
expression and transport efflux activity. J. Vet. Pharmacol. Ther. 36, 576e582.

Barnes, E.H., Dobson, R.J., Barger, I.A., 1995. Worm control and anthelmintic resistance:
adventures with a model. Parasitol. Today 11, 56e63.

Barr�ere, V., Alvarez, L., Suarez, G., Ceballos, L., Moreno, L., Lanusse, C., Prichard, R.K.,
2012. Relationship between increased albendazole systemic exposure and changes in sin-
gle nucleotide polymorphisms on the b-tubulin isotype 1 encoding gene in Haemonchus
contortus. Vet. Parasitol. 186, 344e349.

B�artíkov�a, H., Vok�r�al, I., Kubí�cek, V., Szot�akov�a, B., Prchal, L., Lamka, J., V�arady, M.,
Sk�alov�a, L., 2012. Import and efflux of flubendazole in Haemonchus contortus strains sus-
ceptible and resistant to anthelmintics. Vet. Parasitol. 187, 473e479.

Bartley, D.J., McAllister, H., Bartley, Y., Dupuy, J., Ménez, C., Alvinerie, M., Jackson, F.,
Lespine, A., 2009. P-glycoprotein interfering agents potentiate ivermectin susceptibility
in ivermectin sensitive and resistant isolates of Teladorsagia circumcincta and Haemonchus
contortus. Parasitology 136, 1081e1088.

Bartley, D.J., Morrison, A.A., Dupuy, J., Bartley, Y., Sutra, J.F., Menez, C., Alvinerie, M.,
Jackson, F., Devin, L., Lespine, A., 2012. Influence of Pluronic 85 and ketoconazole on
disposition and efficacy of ivermectin in sheep infected with a multiple resistant Haemon-
chus contortus isolate. Vet. Parasitol. 187, 464e472.

Beech, R., Prichard, R.K., Scott, M., 1994. Genetic variability of the beta-tubulin genes in
benzimidazole-susceptible and -resistant strains of Haemonchus contortus. Genetics 138,
103e110.

Bennett, J., K€ohler, P., 1987. Fasciola hepatica: action in vitro of triclabendazole on immature
and adult species. Exp. Parasitol. 63, 49e57.

Blackhall, W., Liu, H.Y., Xu, M., Prichard, R.K., Beech, R.N., 1998a. Selection at a P-
glycoprotein gene in ivermectin- and moxidectin-selected strains of Haemonchus
contortus. Mol. Biochem. Parasitol. 95, 193e201.

Blackhall, W.J., Pouliot, J.F., Prichard, R.K., Beech, R.N., 1998b. Haemonchus contortus: se-
lection at a glutamate-gated chloride channel gene in ivermectin- and moxidectin-
selected strains. Exp. Parasitol. 90, 42e48.

Bogan, J., Marriner, S., Delatour, P., 1982. Pharmacokinetics of levamisole in sheep. Res.
Vet. Sci. 32, 124e126.

Gaining Insights Into the Pharmacology of Anthelmintics 511

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref14
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref14
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref14
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref15
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref15
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref15
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref17
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref17
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref17
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref18
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref18
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref18
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref18
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref19
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref19
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref19
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref19
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref20
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref20
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref20
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref20
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref21
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref21
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref21
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref21
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref22
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref22
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref22
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref22
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref22
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref23
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref23
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref23
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref24
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref24
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref24
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref24
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref24
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref24
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref25
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref26
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref26
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref26
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref26
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref26
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref27
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref27
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref27
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref27
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref27
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref28
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref28
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref28
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref28
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref29
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref29
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref29
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref29
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref30
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref30
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref30
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref30
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref31
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref31
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref31
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref31
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref33
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref33
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref33


Bogan, J., McKellar, Q., 1988. The pharmacodynamics of ivermectin in sheep and cattle.
J. Vet. Pharmacol. Ther. 11, 260e268.

Borgsteede, F., 1993. The efficacy and persistent anthelmintic effect of ivermectin in sheep.
Vet. Parasitol. 50, 117e124.

Canton, C., Ceballos, L., Moreno, L., Fiel, C., Yag€uez, P., Lanusse, C., Alvarez, L., 2014.
Evaluation of the combined use of ivermectin and ricobendazole in cattle: pharmacoki-
netic and/or pharmacodynamic interactions. In: Proceedings of the XVIII Congresso
Brasileiro de Parasitologia Veterinaria, Gramado, Brasil.

Canton, C., Ceballos, L., Moreno, L., Fiel, C., Domínguez, P., Bernat, G., Lanusse, C.,
Alvarez, L., 2015. Assessment of the ricobendazole plus levamisole nematodicidal com-
bination in cattle. In: Proceedings of the 25th International Conference of the World
Association for the Advancement of Veterinary Parasitology, Liverpool, UK.

Cezar, A.S., Toscan, G., Camillo, G., Sangioni, L.A., Ribas, H.O., Vogel, F.S., 2010. Mul-
tiple resistance of gastrointestinal nematodes to nine different drugs in a sheep flock in
southern Brazil. Vet. Parasitol. 173, 157e160.

Chou, T.C., 2010. Drug combination studies and their synergy quantification using the
Chou-Talalay method. Cancer Res. 70, 440e446.

Conn, M.L., Middlebrook, G., Russel, W.F., 1959. Combined drug treatment of tubercu-
losis. I. Prevention of emergence of mutant populations of tubercle bacilli resistant to
both streptomycin and isoniazid in vitro. J. Clin. Invest. 38, 1349e1358.

Courtney, Ch, Roberson, E., 1995. Antinematodal drugs. In: Adams, R. (Ed.), Veterinary
Pharmacology and Therapeutics. Iowa State University Press, Iowa, USA.

Cross, H., Renz, A., Trees, A., 1998. In vitro uptake of ivermectin by adult male Onchocerca
ochengi. Ann. Trop. Med. Parasitol. 92, 711e720.

Dobson, R.J., Besier, R.B., Barnes, E.H., Love, S.C.J., Vizard, A., Bell, K., Le Jambre, L.F.,
2001. Principles of use of macrocyclic lactones to minimise selection for resistance. Aust.
Vet. J. 79, 756e761.

Dupuy, J., Larrieu, G., Sutra, J.F., Lespine, A., Alvinerie, M., 2003. Enhancement of moxidec-
tin bioavailability in lamb by a natural flavonoid: quercetin. Vet. Parasitol. 112, 337e347.

Dupuy, J., Lespine, A., Sutra, J.F., Alvinerie, M., 2006. Fumagillin, a new P-glycoprotein-
interfering agent able to modulate moxidectin efflux in rat hepatocytes. J. Vet. Pharma-
col. Ther. 29, 489e494.

Einstein, R., Jones, R., Knifton, A., Starmer, G., 1994. Principles of Veterinary Therapeutics.
Longman Scientific & Technical, Harlow, Essex, UK.

EMEA (European Medicines Agency), 2006. Committee for Medicinal Products for Veter-
inary Use (CVMP), Guideline on Pharmaceutical Fixed Combination Products. EMEA/
CVMP/83804/2005.

EMEA (European Medicines Agency), 2010. European Public MRL Assessment Report.
Committee for Medicinal Products for Veterinary Use. EMEA/CVMP/529651/2009.

Entrocasso, C., Alvarez, L., Manazza, J., Lifschitz, A., Borda, B., Virkel, G., Mottier, L.,
Lanusse, C., 2008. Clinical efficacy assessment of the albendazole-ivermectin combina-
tion in lambs parasitized with resistant nematodes. Vet. Parasitol. 155, 249e256.

Fern�andez, M., García, J.J., Sierra, M., Diez, M.J., Ter�an, M.T., 1998. Bioavailability of le-
vamisole after intramuscular and oral administration in sheep. N. Z. Vet. J. 46, 173e176.

Fetterer, R., Rhoads, M., 1993. Biochemistry of the nematode cuticle: relevance to parasitic
nematodes of livestock. Vet. Parasitol. 46, 103e111.

Friedlander, L., Le Bizec, B., Swan, G., 2012. Derquantel. Evaluations of the Joint FAO/
WHO Expert Committee on Food Additives (JECFA), pp. 1e28.

Forsyth, B., Gibbon, A., Prior, D., 1983. Seasonal variations in anthelmintic response by cat-
tle to dermally applied levamisole. Aust. Vet. J. 60, 140e141.

Geary, T.G., Sims, S.M., Thomas, E.M., Vanover, L., Davis, J.P., Winterrowd, C.A.,
Klein, R.D., Ho, N.F., Thompson, D.P., 1993. Haemonchus contortus: ivermectin-
induced paralysis of the pharynx. Exp. Parasitol. 77, 88e96.

512 C.E. Lanusse et al.

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref34
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref34
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref34
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref35
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref35
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref35
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref36
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref36
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref36
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref36
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref36
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref37
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref37
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref37
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref37
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref38
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref38
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref38
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref38
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref39
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref39
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref39
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref40
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref40
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref40
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref40
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref41
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref41
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref42
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref42
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref42
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref43
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref43
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref43
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref43
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref44
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref44
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref44
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref45
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref45
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref45
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref45
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref46
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref46
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref47
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref47
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref47
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref48
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref48
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref49
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref49
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref49
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref49
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref50
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref50
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref50
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref50
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref50
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref51
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref51
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref51
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref52
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref52
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref52
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref53
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref53
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref53
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref54
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref54
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref54
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref54


Geary, T., Blair, K., Ho, N., Sims, S., Thompson, D., 1995. Biological functions of nema-
tode surfaces. In: Bothroyd, J., Komuniecki, R. (Eds.), Molecular Approaches to
Parasitology, pp. 57e76. New York.

Geary, T.G., Hosking, B.C., Skuce, P.J., von Samson-Himmelstjerna, G., Maeder, S.,
Holdsworth, P., Pomroy, W., Vercruysse, J., 2012. World Association for the Advance-
ment of Veterinary Parasitology (W.A.A.V.P.) guideline: anthelmintic combination prod-
ucts targeting nematode infections of ruminants and horses. Vet. Parasitol. 190, 306e316.

George, S.D., George, A.J., Stein, P.A., Rolfe, P.F., Hosking, B.C., Seewald, W., 2012. The
comparative efficacy of abamectin, monepantel and an abamectin/derquantel combina-
tion against fourth-stage larvae of a macrocyclic lactone-resistant Teladorsagia spp. isolate
infecting sheep. Vet. Parasitol. 188, 190e193.

Gill, J.H., Lacey, E., 1998. Avermectin/milbemycin resistance in trichostrongyloid
nematodes. Int. J. Parasitol. 28, 863e877.

Gloeckner, C., Garner, A., Mersha, F., Oksov, Y., Tricoche, N., Eubanks, L., Lustigman, S.,
Kaufman, G., Janda, K., 2010. Repositioning of an existing drug for the neglected
tropical disease Onchocerciasis. Proc. Natl. Acad. Sci. U.S.A. 107, 3424e3429.

Godoy, P., Lian, J., Beech, R.N., Prichard, R.K., 2015.Haemonchus contortus P-glycoprotein-
2: in situ localisation and characterisation of macrocyclic lactone transport. Int. J.
Parasitol. 45, 85e93.

Goldin, A., Mantel, N., 1957. The employment of combinations of drugs in the chemo-
therapy of neoplasia: a review. Cancer Res. 17, 635e654.

Gopal, R.M., West, D.M., Pomroy, W.E., 2001. The difference in efficacy of ivermectin
oral, moxidectin oral and moxidectin injectable formulations against an ivermectin-
resistant strain of Trichostrongylus colubriformis in sheep. N. Z. Vet. J. 49, 133e137.

Griffin, J., Fletcher, N., Clemence, R., Blanchflower, S., Brayden, D.J., 2005. Selamectin is a
potent substrate and inhibitor of human and canine P-glycoprotein. J. Vet. Pharmacol.
Ther. 28, 257e265.

Hennessy, D., Prichard, R., 1981. The role of absorbed drug in the efficacy of oxfendazole
against gastrointestinal nematodes. Vet. Res. Commun. 5, 45e49.

Hennessy, D.R., 1993. Pharmacokinetic disposition of benzimidazole drugs in the ruminant
gastrointestinal tract. Parasitol. Today 9, 329e333.

Hennessy, D., 1997. Modifying the formulation or delivery mechanism to increase the activ-
ity of anthelmintic compounds. Vet. Parasitol. 72, 367e390.

Hennessy, D.R., 2000. WAAVP/Pfizer award for excellence in veterinary parasitology
research. My involvement in, and some thoughts for livestock parasitological research
in Australia. Vet. Parasitol. 88, 107e116.

Hennessy, D.R., Page, S.W., Gottschall, D., 2000. The behaviour of doramectin in the
gastrointestinal tract, its secretion in bile and pharmacokinetic disposition in the periph-
eral circulation after oral and intravenous administration to sheep. J. Vet. Pharmacol.
Ther. 23, 203e213.

Hernando, G., Bouzat, C., 2014. Caenorhabditis elegans neuromuscular junction: GABA
receptors and ivermectin action. PLoS One 9, e95072.

Hibbs, R.E., Gouaux, E., 2011. Principles of activation and permeation in an anion-selective
Cys-loop receptor. Nature 474, 54e60.

Ho, N., Geary, T., Raub, T., Barsuhn, C., Thompson, D., 1990. Biophysical transport prop-
erties of the cuticle of Ascaris suum. Mol. Biochem. Parasitol. 41, 153e165.

Ho, N., Geary, T., Barsuhn, S., Sims, S., Thompson, D., 1992. Mechanistic studies in the
transcuticular delivery of antiparasitic drugs II: ex vivo/in vitro correlation of solute
transport by Ascaris suum. Mol. Biochem. Parasitol. 52, 1e14.

Holford, N.H., Sheiner, L.B., 1981. Understanding the dose-effect relationship: clinical
application of pharmacokinetic-pharmacodynamic models. Clin. Pharmacokinet. 6,
429e453.

Gaining Insights Into the Pharmacology of Anthelmintics 513

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref55
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref55
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref55
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref55
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref56
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref56
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref56
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref56
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref56
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref57
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref57
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref57
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref57
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref57
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref58
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref58
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref58
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref59
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref59
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref59
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref59
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref60
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref60
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref60
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref60
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref61
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref61
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref61
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref62
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref62
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref62
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref62
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref63
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref63
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref63
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref63
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref64
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref64
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref64
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref65
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref65
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref65
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref66
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref66
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref66
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref67
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref67
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref67
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref67
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref68
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref68
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref68
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref68
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref68
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref69
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref69
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref70
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref70
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref70
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref71
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref71
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref71
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref72
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref72
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref72
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref72
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref73
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref73
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref73
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref73


Hosking, B., 2010. The Control of Gastro-intestinal Nematodes in Sheep With the Amino-
acetonitrile Derivative, Monepantel With a Particular Focus on Australia and New
Zealand (Ph.D. thesis). University of Ghent, p. 115 (Chapter 3).

Hosking, B.C., Stein, P.A., Karadzovska, D., House, J.K., Seewald, W., Giraudel, J.M.,
2010. Effect of route of administration on the efficacy and pharmacokinetics of an exper-
imental formulation of the amino-acetonitrile derivative monepantel in sheep. Vet. Rec.
166, 490e494.

Kaminsky, R., Ducray, P., Jung, M., Clover, R., Rufener, L., Bouvier, J., Schorderet
Weber, S., Wenger, A., Wieland-Berghausen, S., Goebel, T., Gauvry, N., Pautrat, F.,
Skripsky, T., Froelich, O., Komoin-Oka, C., Westlund, B., Sluder, A., Maser, P.,
2008. A new class of anthelmintics effective against drug-resistant nematodes. Nature
452, 176e180.

Kaminsky, R., Mosimann, D., Sager, H., Stein, P., Hosking, B., 2009. Determination of the
effective dose rate for monepantel (AAD 1566) against adult gastro-intestinal nematodes
in sheep. Int. J. Parasitol. 39, 443e446.

Kaminsky, R., Bapst, B., Stein, P., Strehlau, G., Allan, B., Hosking, B., Rolfe, P., Sager, H.,
2011. Differences in efficacy of monepantel, derquantel and abamectin against multi-
resistant nematodes of sheep. Parasitol. Res. 109, 19e23.

Kaplan, R.M., Vidyashankar, A.N., 2012. An inconvenient truth: global worming and
anthelmintic resistance. Vet. Parasitol. 186, 70e78.

Karadzovska, D., Seewald, W., Browning, A., Smal, M., Bouvier, J., Giraudel, J.M., 2009.
Pharmacokinetics of monepantel and its sulphone metabolite, monepantel suphone,
after intravenous and oral administrations in sheep. J. Vet. Pharmacol. Ther. 32,
359e367.

Kerboeuf, D., Guégnard, F., 2011. Anthelmintics are substrates and activators of nematode P
glycoprotein. Antimicrob. Agents Chemother. 55, 2224e2232.

Kiki-Mvouaka, S., Ménez, C., Borin, C., Lyazrhi, F., Foucaud-Vignault, M., Dupuy, J.,
Collet, X., Alvinerie, M., Lespine, A., 2010. Role of P-glycoprotein in the disposition
of macrocyclic lactones: a comparison between ivermectin, eprinomectin, and moxidec-
tin in mice. Drug Metab. Dispos. 38, 573e580.

Kotze, A.C., 1998. Effects of macrocyclic lactones on ingestion in susceptible and resistant
Haemonchus contortus larvae. J. Parasitol. 84, 631e635.

Kotze, A.C., Dobson, R.J., Chandler, D., 2006. Synergism of rotenone by piperonyl
butoxide in Haemonchus contortus and Trichostrongylus colubriformis in vitro: potential for
drug-synergism through inhibition of nematode oxidative detoxification pathways.
Vet. Parasitol. 136, 275e282.

Kotze, A.C., Barney, M.H., Ruffell, A.P., 2012. A reappraisal of the relative sensitivity of
nematode pharyngeal and somatic musculature to macrocyclic lactone drugs. Int. J. Para-
sitol. Drugs Drug Resist. 2, 29e35.

Kotze, A.C., Ruffell, A.P., Ingham, A.B., 2014. Phenobarbital induction and chemical
synergism demonstrate the role of UDP-glucuronosyltransferases in detoxification of
naphthalophos by Haemonchus contortus larvae. Antimicrob. Agents Chemother. 58,
7475e7483.

Kwa, M.S.G., Jetty, V.S., Roos, M.H., 1994. Benzimidazole resistance in Haemonchus contor-
tus is correlated with a conserved mutation at amino acid 200 in ß-tubulin isotype 1. Mol.
Biochem. Parasitol. 63, 299e303.

Kwa, M.S.G., Okoli, M.N., Schulz-Key, H., Okongkwo, P.O., Ross, M.H., 1998. Use of
P-glycoprotein gene probes to investigate antihelmintic resistance inHaemonchus contortus
and comparison with Onchocerca volvulus. Int. J. Parasitol. 28, 1235e1240.

Lacey, E., 1988. The role of the cytoskeletal protein, tubulin, in the mode of action and
mechanism of drug resistance to benzimidazoles. Int. J. Parasitol. 18, 885e936.

Lacey, E., 1990. Mode of action of benzimidazoles. Parasitol. Today 6, 112e115.

514 C.E. Lanusse et al.

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref74
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref74
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref74
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref75
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref75
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref75
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref75
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref75
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref76
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref76
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref76
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref76
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref76
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref76
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref77
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref77
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref77
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref77
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref78
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref78
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref78
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref78
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref79
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref79
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref79
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref80
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref80
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref80
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref80
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref80
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref81
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref81
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref81
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref82
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref82
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref82
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref82
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref82
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref83
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref83
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref83
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref84
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref84
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref84
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref84
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref84
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref85
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref85
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref85
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref85
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref86
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref86
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref86
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref86
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref86
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref87
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref87
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref87
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref87
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref87
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref88
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref88
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref88
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref88
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref89
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref89
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref89
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref90
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref90


Lanusse, C., Prichard, R.K., 1993a. Clinical pharmacokinetics and metabolism of benzimid-
azole anthelmintics in ruminants. Drug Metab. Rev. 25, 235e279.

Lanusse, C., Prichard, R.K., 1993b. Relationship between pharmacological properties and
clinical efficacy of ruminant anthelmintics. Vet. Parasitol. 49, 123e158.

Lanusse, C., Gascon, L., Prichard, R.K., 1993. Gastrointestinal distribution of albendazole
metabolites following netobimin administration to cattle: relationship with plasma dispo-
sition kinetics. J. Vet. Pharmacol. Ther. 16, 38e47.

Lanusse, C., Virkel, G., Alvarez, L., 2009. Anticestodal and antitrematodal drugs. In:
Riviere, J., Papich, M. (Eds.), Veterinary Pharmacology and Therapeutics. Wiley-
Blackwell, Iowa State University Press, Iowa, USA.

Lanusse, C., Alvarez, L., Lifschitz, A., 2014. Pharmacological knowledge and sustainable
anthelmintic therapy in ruminants. Vet. Parasitol. 204, 18e33.

Leathwick, D.M., Hosking, B.C., Bisset, S.A., McKay, C.H., 2009. Managing anthelmintic
resistance: is it feasible in New Zealand to delay the emergence of resistance to a new
anthelmintic class? N. Z. Vet. J. 57, 181e192.

Leathwick, D.M., Miller, C.M., 2013. Efficacy of oral, injectable and pour-on formulations
of moxidectin against gastrointestinal nematodes in cattle in New Zealand. Vet. Parasitol.
191, 293e300.

Lespine, A., Martin, S., Dupuy, J., Roulet, A., Pineau, T., Orlowski, S., Alvinerie, M., 2007.
Interaction of macrocyclic lactones with P-glycoprotein: structure-affinity relationship.
Eur. J. Pharmacol. Sci. 30, 84e94.

Lespine, A., Alvinerie, M., Vercruysse, J., Prichard, R.K., Geldhof, P., 2008. ABC trans-
porter modulation: a strategy to enhance the activity of macrocyclic lactone
anthelmintics. Trends Parasitol. 24, 293e298.

Lespine, A., Ménez, C., Bourguinat, C., Prichard, R.K., 2012. P-glycoproteins and other
multidrug resistance transporters in the pharmacology of anthelmintics: prospects for
reversing transport-dependent anthelmintic resistance. Int. J. Parasitol. Drugs Drug
Resist. 2, 58e75.

Lifschitz, A., Virkel, G., Mastromarino, M., Lanusse, C., 1997. Enhanced plasma availability of
the metabolites of albendazole in fasted adult sheep. Vet. Res. Commun. 21, 201e211.

Lifschitz, A., Virkel, G., Sallovitz, J., Galtier, P., Alvinerie, M., Lanusse, C., 2000. Compar-
ative distribution of ivermectin and doramectin to parasite location tissues in cattle. Vet.
Parasitol. 87, 327e338.

Lifschitz, A., Virkel, G., Sallovitz, J., Imperiale, F., Pis, A., Lanusse, C., 2002. Loperamide-
induced enhancement of moxidectin availability in cattle. J. Vet. Pharmacol. Ther. 25,
111e120.

Lifschitz, A., Entrocasso, C., Alvarez, L., Lloberas, M., Ballent, M., Manazza, G., Virkel, G.,
Borda, B., Lanusse, C., 2010. Interference with P-glycoprotein improves ivermectin
activity against adult resistant nematodes in sheep. Vet. Parasitol. 172, 291e298.

Lifschitz, A., Ballent, M., Lanusse, C., 2012. Macrocyclic lactones and cellular transport-
related drug interactions: a perspective from in vitro assays to nematode control in the
field. Curr. Pharmacol. Biotechnol. 13, 912e923.

Lifschitz, A., Ballent, M., Virkel, G., Sallovitz, J., Viviani, P., Mate, L., Lanusse, C., 2014.
Accumulation of monepantel and its sulphone derivative in tissues of nematode location
in sheep: pharmacokinetic support to its excellent nematodicidal activity. Vet. Parasitol.
203, 120e126.

Lin, J.H., 2003. Drug-drug interaction mediated by inhibition and induction of P-
glycoprotein. Adv. Drug Deliv. Rev. 55, 53e81.

Little, P., Hodge, A., Maeder, S., Wirtherle, N., Nicholas, D., Cox, G., Conder, G., 2011.
Efficacy of a combined oral formulation of derquantel-abamectin against the adult and
larval stages of nematodes in sheep, including anthelmintic-resistant strains. Vet. Parasitol.
181, 180e193.

Gaining Insights Into the Pharmacology of Anthelmintics 515

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref91
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref91
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref91
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref92
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref92
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref92
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref93
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref93
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref93
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref93
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref94
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref94
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref94
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref95
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref95
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref95
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref96
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref96
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref96
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref96
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref97
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref97
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref97
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref97
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref99
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref99
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref99
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref99
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref100
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref100
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref100
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref100
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref101
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref101
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref101
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref101
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref101
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref102
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref102
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref102
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref103
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref103
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref103
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref103
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref104
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref104
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref104
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref104
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref105
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref105
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref105
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref105
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref106
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref106
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref106
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref106
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref107
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref107
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref107
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref107
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref107
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref108
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref108
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref108
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref109
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref109
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref109
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref109
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref109


Lloberas, M., Alvarez, L., Entrocasso, C., Virkel, G., Lanusse, C., Lifschitz, A., 2012. Mea-
surement of ivermectin concentrations in target worms and host gastrointestinal tissues:
influence of the route of administration on the activity against resistant Haemonchus con-
tortus in lambs. Exp. Parasitol. 131, 304e309.

Lloberas, M., Alvarez, L., Entrocasso, C., Virkel, G., Ballent, M., Maté, L., Lanusse, C.,
Lifschitz, A., 2013. Comparative tissue pharmacokinetics and efficacy of moxidectin, aba-
mectin and ivermectin in lambs infected with resistant nematodes: impact of drug treat-
ments on parasite P-glycoprotein expression. Int. J. Parasitol. Drugs DrugResist. 3, 20e27.

Lloberas, M., Alvarez, L., Entrocasso, C., Ballent, M., Virkel, G., Luque, S., Lanusse, C.,
Lifschitz, A., 2015. Comparative pharmacokinetic and pharmacodynamic response of
single and double intraruminal doses of ivermectin and moxidectin in nematode-infected
lambs. N. Z. Vet. J. 63, 227e234.

Lubega, G.W., Prichard, R.K., 1990. Specific interaction of benzimidazole anthelmintic
with tubulin: high affinity binding and benzimidazole resistance in Haemonchus
contortus. Mol. Biochem. Parasitol. 38, 221e232.

Martin, R.J., 1997. Modes of action of anthelmintics drugs. Vet. J. 154, 11e34.
Martin, R.J., Robertson, A.P., Wolstenholme, A.J., 2002. Mode of action of the macrocyclic

lactones. In: Vercruisse, J., Rew, R. (Eds.), Macrocyclic Lactones in Antiparasitic Therapy.
CABI Publishing, New York, USA, pp. 125e140.

Marriner, S., Bogan, J., 1980. Pharmacokinetics of albendazole in sheep. Am. J. Vet. Res. 41,
1126e1129.

Martinez, M.N., 2014. Bioequivalence accomplishments, ongoing initiatives, and remaining
challenges. J. Vet. Pharmacol. Ther. 37, 2e12.

Ménez, C., Mselli-Lakhal, L., Foucaud-Vignault, M., Balaguer, P., Alvinerie, M.,
Lespine, A., 2012. Ivermectin induces P-glycoprotein expression and function through
mRNA stabilization in murine hepatocyte cell line. Biochem. Pharmacol. 83, 269e278.

Michiels, M., Meuldermans, W., Heykants, J., 1987. The metabolism and fate of closantel
(Flukiver) in sheep and cattle. Drug Metab. Rev. 18, 235e251.

Miller, D.K., Craig, T.M., 1996. Use of anthelmintic combinations against multiple resistant
Haemonchus contortus in Angora goats. Small Ruminant Res. 19, 281e283.

Molento, M.B., Prichard, R.K., 1999. The effects of the multidrug-resistance-reversing
agent verapamil and CL347099 on the efficacy of ivermectin or moxidectin against un-
selected and drug-selected strains of Haemonchus contortus in jirds (Meriones unguiculatus).
Parasitol. Res. 85, 1007e1011.

Molento, M., Lifschitz, A., Sallovitz, J., Lanusse, C., Prichard, R.K., 2004. Influence of
verapamil on the pharmacokinetics of the antiparasitic drugs ivermectin and moxidectin
in sheep. Parasitol. Res. 92, 121e127.

Moreno, L., Echevarria, F., Mu~noz, F., Alvarez, L., Sanchez Bruni, S., Lanusse, C., 2004.
Dose-dependent activity of albendazole against benzimidazole-resistant nematodes in
sheep: relationship between pharmacokinetics and efficacy. Exp. Parasitol. 106, 150e157.

Mottier, L., Alvarez, L., Pis, M., Lanusse, C., 2003. Transtegumental diffusion of benzimid-
azole anthelmintics intoMoniezia benedeni: correlation with their octanol-water partition
coefficients. Exp. Parasitol. 103, 1e7.

Mottier, L., Virkel, G., Solana, H., Alvarez, L., Salles, J., Lanusse, C., 2004. Triclabendazole
biotransformation and comparative diffusion of the parent drug and its oxidized metab-
olites into Fasciola hepatica. Xenobiotica 34, 1043e1057.

Mottier, L., Alvarez, L., Ceballos, L., Lanusse, C., 2006. Drug transport mechanisms in helminth
parasites: passive diffusion of benzimidazole anthelmintics. Exp. Parasitol. 113, 49e57.

Neubig, R., 1990. The time course of drug action. In: Pratt, W., Taylor, P. (Eds.), Principles
of Drug Action. Churchill Livingstone, New York, USA, pp. 297e363.

Nielsen, P., Rasmussen, F., 1982. The pharmacokinetics of levamisole in goats and pigs.
Pharmacologie et toxicologie veterinaire. Les colloques de l’INRA 8, 431e432.

516 C.E. Lanusse et al.

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref110
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref110
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref110
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref110
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref110
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref111
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref111
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref111
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref111
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref111
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref112
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref112
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref112
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref112
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref112
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref113
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref113
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref113
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref113
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref114
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref114
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref115
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref115
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref115
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref115
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref116
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref116
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref116
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref117
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref117
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref117
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref118
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref118
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref118
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref118
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref119
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref119
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref119
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref120
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref120
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref120
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref121
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref121
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref121
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref121
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref121
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref122
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref122
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref122
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref122
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref123
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref123
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref123
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref123
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref123
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref124
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref124
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref124
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref124
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref125
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref125
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref125
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref125
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref126
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref126
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref126
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref127
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref127
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref127
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref128
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref128
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref128


Nies, A., Spielberg, S., 1996. Principles of therapeutics. In: Hardman, J., Limbird, L.,
Molinoff, P., Ruddon, R., Goodman Gilman, A. (Eds.), The Pharmacological Basis of
Therapeutics. McGraw-Hill, New York, pp. 43e61.

Ouellette, M., 2001. Biochemical and molecular mechanisms of drug resistance in parasites.
Trop. Med. Int. Health 6, 874e882.

Petersen, M.B., Friis, C., Bjørn, H., 1997. A new in vitro assay of benzimidazole activity
against adult Oesophagostomum dentatum. Int. J. Parasitol. 27, 1333e1339.

Pratt, W., 1990. Drug resistance. In: Pratt, W., Taylor, P. (Eds.), Principles of Drug Action.
The Basis of Pharmacology. Churchill Livingstone, New York, USA, pp. 565e637.

Prescott, J.F., 2000. Antimicrobial drug action and interaction: an introduction. In:
Prescott, J.F., Baggot, J.D., Walker, R.D. (Eds.), Antimicrobial Therapy in Veterinary
Medicine. Iowa State Press, Iowa, pp. 3e11.

Prichard, R., 1994. Anthelmintic resistance. Vet. Parasitol. 54, 259e268.
Prichard, R.K., 2001. Genetic variability following selection of Haemonchus contortus with

anthelmintics. Trends Parasitol. 17, 445e453.
Prichard, R.K., Roulet, A., 2007. ABC transporters and ß-tubulin in macrocyclic lactones

resistance: prospects for marker development. Parasitology 134, 1123e1132.
Prichard, R., Menez, C., Lespine, A., 2012. Moxidectin and the avermectins: consanguinity

but not identity. Int. J. Parasitol. Drugs Drug Resist. 2, 134e153.
Puttachary, S., Trailovic, S.M., Robertson, A.P., Thompson, D.P., Woods, D.J.,

Martin, R.J., 2013. Derquantel and abamectin: effects and interactions on isolated tissues
of Ascaris suum. Mol. Biochem. Parasitol. 188, 79e86.

Raza, A., Kopp, S.R., Jabbar, A., Kotze, A.C., 2015. Effects of third generation-P-glycopro-
tein-inhibitors on the sensitivity of drug-resistant and -susceptible isolates of Haemonchus
contortus to anthelmintics in vitro. Vet. Parasitol. 211, 80e88.

Robinson, M.W., Lawson, J., Trudgett, A., Hoey, L., Fairweather, I., 2004. The compara-
tive metabolism of triclabendazole sulphoxide by triclabendazole-susceptible and tricla-
bendazole-resistant Fasciola hepatica. Parasitol. Res. 92, 205e210.

Rothwell, J., Sangster, N., Conder, G., Dobson, R., Johnson, S., 1993. Kinetics of expulsion
of Haemonchus contortus from sheep and jirds after treatment with closantel. Int. J. Para-
sitol. 23, 885e889.

Rothwell, J., Sangster, N., 1997. Haemonchus contortus: the uptake and metabolism of
closantel. Int. J. Parasitol. 27, 313e319.

Rufener, L., Baur, R., Kaminsky, R., M€aser, P., Sigel, E., 2010. Monepantel allosterically
activates DEG-3/DES-2 channels of the gastrointestinal nematode Haemonchus
contortus. Mol. Pharmacol. 78, 895e902.

Ruiz-Lancheros, E., Viau, C., Walter, T.N., Francis, A., Geary, T.G., 2011. Activity of novel
nicotinic anthelmintics in cut preparations of Caenorhabditis elegans. Int. J. Parasitol. 41,
455e461.

Sager, H., Rolfe, P., Strehlau, G., Allan, B., Kaminsky, R., Hosking, B., 2010. Quarantine
treatment of sheep with monepantel-rapidity of fecal egg count reduction. Vet. Parasitol.
170, 336e339.

Sahagun, A.M., García, J.J., Sierra, M., Fernandez, N., Diez, M.J., Teran, M.T., 2000.
Subcutaneous bioavailability of levamisole in goats. J. Vet. Pharmacol. Ther. 23, 189e192.

Sahagun, A.M., Teran, M.T., García, J.J., Fernandez, N., Sierra, M., Diez, M.J., 2001. Oral
bioavailability of levamisole in goats. J. Vet. Pharmacol. Ther. 24, 439e442.

Sangster, N., Prichard, R., 1985. The contribution of partial tricarboxylic acid cycle to
volatile end-products in thiabendazole-resistant andesusceptible Trichostrongylus colu-
briformis (Nematoda). J. Parasitol. 14, 261e274.

Sangster, N., Riley, F., Collins, G., 1988. Investigation of the mechanism of levamisole resis-
tance in trichostrongylid nematodes of sheep. Int. J. Parasitol. 18, 813e818.

Sangster, N., Gill, J., 1999. Pharmacology of anthelmintic resistance. Parasitol. Today 15,
141e146.

Gaining Insights Into the Pharmacology of Anthelmintics 517

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref129
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref129
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref129
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref129
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref130
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref130
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref130
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref131
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref131
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref131
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref132
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref132
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref132
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref133
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref133
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref133
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref133
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref134
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref134
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref135
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref135
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref135
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref136
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref136
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref136
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref136
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref137
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref137
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref137
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref138
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref138
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref138
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref138
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref139
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref139
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref139
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref139
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref140
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref140
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref140
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref140
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref141
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref141
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref141
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref141
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref142
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref142
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref142
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref143
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref143
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref143
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref143
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref143
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref144
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref144
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref144
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref144
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref145
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref145
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref145
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref145
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref146
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref146
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref146
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref147
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref147
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref147
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref148
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref148
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref148
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref148
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref148
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref149
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref149
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref149
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref150
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref150
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref150


Schinkel, A.H., Mol, C.A., Wagenaar, E., van Deemter, L., Smit, J.J., Borst, P., 1995.
Multidrug resistance and the role of P-glycoprotein knockout mice. Eur. J. Cancer
31, 1295e1298.

Schinkel, A.H., 1997. The physiological function of drug-transporting P-glycoproteins.
Semin. Cancer Biol. 8, 161e170.

Sheriff, J.C., Kotze, A.C., Sangster, N.C., Hennessy, D.R., 2005. Effect of ivermectin on
feeding by Haemonchus contortus in vivo. Vet. Parasitol. 128, 341e346.

Shoop, W.L., Mrozik, H., Fisher, M.H., 1995. Structure and activity of avermectins and mil-
bemycins in animal health. Vet. Parasitol. 59, 139e156.

Sims, S., Magas, L., Barsuhn, C., Ho, N., Geary, T., Thompson, D., 1992a. Mechanisms of
microenvironmental pH regulation in the cuticle of Ascaris suum. Mol. Biochem. Para-
sitol. 53, 135e148.

Sims, S., Ho, N., Magas, L., Geary, T., Barsuhn, C., Thompson, D., 1992b. Biophysical
model of the transcuticular excretion of organic acids, cuticle pH and buffer capacity
in gastrointestinal nematodes. J. Drug Target 2, 1e8.

Sims, S.M., Ho, N.F., Geary, T.G., Thomas, E.M., Day, J.S., Barsuhn, C.L.,
Thompson, D.P., 1996. Influence of organic acid excretion on cuticle pH and drug
absorption by Haemonchus contortus. Int. J. Parasitol. 26, 25e35.

Smith, H., Campbell, W.C., 1996. Effect of ivermectin on Caenorhabditis elegans larvae pre-
viously exposed to alcoholic immobilization. J. Parasitol. 82, 187e188.

Smith, L.L., 2014. Combination anthelmintics effectively control ML-resistant parasites; a
real-world case history. Vet. Parasitol. 204, 12e17.

Stuchlíkov�a, L., Jir�asko, R., Vok�r�al, I., Val�at, M., Lamka, J., Szot�akov�a, B., Hol�capek, M.,
Sk�alov�a, L., 2014. Metabolic pathways of anthelmintic drug monepantel in sheep and
in its parasite (Haemonchus contortus). Drug Test. Analysis 6, 1055e1062.

Suarez, G., Alvarez, L., Castells, D., Berretta, C., Bentancor, S., Fagiolino, P., Lanusse, C.,
2013. Pharmaco-therapeutic evaluation of the closantel-moxidectin combination in
lambs. In: Proceedings of the 24th International Conference of the World Association
for the Advancement of Veterinary Parasitology, Perth, Australia.

Suarez, G., Alvarez, L., Castells, D., Moreno, L., Fagiolino, P., Lanusse, C., 2014a. Evalua-
tion of pharmacological interactions after administration of a levamisole, albendazole and
ivermectin triple combination in lambs. Vet. Parasitol. 201, 110e119.

Suarez, G., Lorenzelli, D., Macchi, M., Salada, D., Lanusse, C., Alvarez, L., 2014b. Testing
the combination of albendazole, ivermectin and levamisole in lambs parasitized with
multiple-resistant gastrointestinal nematodes. In: Proceedings of the XIII Congresso
Brasileiro de Parasitologia Veterinaria, Gramado, Brasil.

Sutherland, I.A., Leathwick, D.M., 2011. Anthelmintic resistance in nematode parasites of
cattle: a global issue? Trends Parasitol. 27, 176e181.

Thompson, D., Ho, N., Sims, S., Geary, T., 1993. Mechanistic approaches to quantitate
anthelmintic absorption by gastrointestinal nematodes. Parasitol. Today 9, 31e35.

Virkel, G., Lifschitz, A., Sallovitz, J., Pis, A., Lanusse, C., 2004. Comparative hepatic and
extrahepatic enantioselective sulfoxidation of albendazole and fenbendazole in sheep
and cattle. Drug Metab. Dispos. 32, 536e544.

Vok�r�al, I., Jir�asko, R., Stuchlíkov�a, L., B�artíkov�a, H., Szot�akov�a, B., Lamka, J., V�arady, M.,
Sk�alov�a, L., 2013a. Biotransformation of albendazole and activities of selected detoxifi-
cation enzymes in Haemonchus contortus strains susceptible and resistant to anthelmintics.
Vet. Parasitol. 196, 373e381.

Vok�r�al, I., Jedli�ckov�a, V., Jir�asko, R., Stuchlíkov�a, L., B�artíkov�a, H., Sk�alov�a, L., Lamka, J.,
Hol�capek, M., Szot�akov�a, B., 2013b. The metabolic fate of ivermectin in host (Ovis aries)
and parasite (Haemonchus contortus). Parasitology 140, 361e367.

Xu, M., Molento, M., Blackhall, W., Ribeiro, P., Beech, R., Prichard, R.K., 1998. Iver-
mectin resistance in nematodes may be caused by alteration of P-glycoprotein
homolog. Mol. Biochem. Parasitol. 91, 327e335.

518 C.E. Lanusse et al.

Haemonchus contortus and Haemonchosis – Past, Present and Future Trends, First Edition, 2016, 465e518

Author's personal copy

http://refhub.elsevier.com/S0065-308X(16)30014-8/sref151
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref151
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref151
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref151
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref152
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref152
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref152
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref153
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref153
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref153
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref154
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref154
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref154
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref155
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref155
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref155
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref155
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref156
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref156
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref156
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref156
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref157
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref157
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref157
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref157
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref158
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref158
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref158
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref159
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref159
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref159
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref160
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref161
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref161
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref161
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref161
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref162
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref162
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref162
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref162
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref163
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref163
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref163
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref163
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref164
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref164
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref164
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref165
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref165
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref165
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref166
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref166
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref166
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref166
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref167
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref168
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref169
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref169
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref169
http://refhub.elsevier.com/S0065-308X(16)30014-8/sref169

