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Non-specific mechanisms involving ATP-binding cassette drug efflux transporters may play
an important rele in xenebietic clearance in ovine gastro-intestinal nematodes. By using
transporter inhibitors, the aim of this trial was to assess the possibility of increasing drug
bioavatlability in the hest in an attempt to improve treatment efficacy. Thirty-six lambs
were infacted with 5000 muitiple-drug resistant Heemonchus contortus third stage larvae

i(f';’; Vf;’?{;ﬁ;us contortis and separated into six groups (n==8): ivermectin alone (IVM; 0.2 mg/kg body-weight, BW),
Ivermectin katoconazole alone (KET; 10 mg/kg BW), Pluronic 85 alone (P85; 4 mg/kg BW), VM + KET,

Ketoconazole IVM + P85 or untreated control. [vermectin was administered once on day 28 post-infection
P-glycoprotain forall appropriate groups, whereas KET and P85 were administered as five separate doses on
Efficacy day 26-30 post-infection inclusive. The resultant data showed that concomitant adminis-
Pluronic P85 tration of KET or P85 with IVM induced increases in plasma and tissue concentrations of IVM
in treated animals, resulting in a two-fotd increase in the area under the time-concentration
curve (p <0.05). Faecal egg counts and worm burdens of the IVM + KET and IVM + P85 groups
were lower than in the untreated, KET and P85 alone cantrol animals. Worm burdens were
reduced by between 16% and 51% with IVM + KET and [VM + P85 respectively compared to
untreated control animals. The co-administration of P85 with VM increased the efficacy
by 34%, comparad with IVM alone, in terms of worm count reduction of the multi-resistant

isolate of H. contortus.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The emergence of nematodes resistant to macrocyclic
lactones (ML} threatens to severely limit current parasite
control strategies. Macrocyclic lactones resistance appears
to be multifactorial {Prichard and Roulet, 2007); muta-
tions in a subunit of the glutamate-gated channel, changes
in amphidial neuron structure, non-specific mechanisms

* Corresponding author. Tel.: +44 131 445 5111; fax: +44 131 44565235,
E-mall address; dave.bartley@moredun.ac.uk (D, Bartlay),

0304-4017/$ — see front matter © 2012 Elsevier B.Y. All rights reserved.
doi:10.1016/).vetpar.2012.02.011

that control the final concentration of anthelmintic in
the parasite are all thought to be determinants for effi-
cacy of the drug and for the acquisition of resistance
(reviewed by Wolstenholme et al., 2004), Macrocyclic lac-
tones are poorly metabolised by cytochrome P45C, and
it appears that cytochrome P450 is not invoived in ML
resistance in field nematodes (Alvinerie et al., 2001). How-
ever, it has become evident from melecular, hiochemical
and pharmacokinetic studies that the drug transporters
involved in multi-drug resistance control the efflux of
MLs out of the host and that they are playing a rele in
the ML resistance in the worm certainly by limiting drug
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accumulation in parasites (Lespine et al, 2008; Bartley
et al, 2009; James and Davey, 2009). Efforts are being
made to elucidate the roles of these efflux transporters in
the development of anthelrnintic resistance. Mechanisms
under investigation include improved/enhanced expres-
sion levels of influx/efflux pumps such as P-glycoproteins
(Pgp) (Kerboeuf et al., 2003; Prichard and Roulet, 2007).

P-glycoprotein is a membrane protein that belongs to
the superfamily of the ATP-binding cassette (ABC) trans-
porters and more specifically to the multi-drug resistance
proteins (Borst et al, 1999), It is expressed, in mammals,
in a number of tissues such as the intestine, liver, brain
as well as in haematological cells (Thiebaut et al., 1987},
The main function of Pgp is the ATP-dependent efflux
of various structurally unrelated exogenous compounds
(Pouliot et al.,, 1997}, In contrast to mammals that only
have one or two Pgp genes, genes encoding Pgps are numer-
ous in nematodes; for example, Caenorhabditis elegans has
14 genes (Lincke et al,, 1992) and Haemonchus contortus
may have a similar number. The products of these genes
appear to play an important role in the protection of par-
asite neurones against anthelmintic molecules (Prichard
and Roulet, 2007). P-glycoproteins have been implicated
in resistance to broad spectrum anthelmintics; the ben-
zimidazoles (Beugnet et al., 1997; Kerboeuf et al., 2002),
and MLs (Xu et al., 1998), although little is known about
Pgp function in parasitic nematodes. Work examining the
inhihition of ABC transporters (Lespine et al.,, 2007; Bartley
et al., 2008) and cytochrome P450 (CYP; Kotze et al,
2006) activities in vitro via the use of specific interfer-
ing compounds such as verapamil hydrochloride (VER),
ketoconazole (KET) and rotenone has been reported. These
studies have demonstrated that in tests assessing larval
feeding or development, it is possible to increase the sensi-
tivity of gastrointestinal nematodes to anthelmintics with
reversing agents. These in vitro results suggest that non-
specific mechanisms may assist the larvae toresist the toxic
action of MLs and benzimidazoles in the parasite isolates
examined.

The incorporation of ABC transporter andfor CYP
inhibitors with chemotherapeutic agents in vivo hias been
conducted. Preliminary work is encouraging with signif-
icantly higher plasma ML concentrations being abserved
in non-parasitised sheep that were co-administered lop-
eramide (Lifschitz et al., 2002), quercetin (Dupuy et al.,
2003), VER (Moiento et al, 2004; Pérez et al., 2010) or
itraconazole {Ballent et al,, 2007) with ivermectin (IVM)
or moxidectin (MOX) compared to individuals admin-
istered ML alone. The use of KET in combination with
VM doubled the AUC for this product in dogs (Hugnet
et al., 2007), Because the concentration of ML in plasma
is directly related to drug efficacy, these results strongly
suggest that ML co-administration with Pgp inhibitors
will improve anthelmintic efficacy, Few studies have been
performed in vivo to examine the effect of Pgp inhibitor
co-administration on anthelmintic efficacy. In sheep,
work to investigate the co-administration of IVM with
loperamide (Lifschitz et al,, 2010a,b), triciabendazole and
piperonyl butoxide {Virkel et al., 2009) increased systemic
availahility of anthelmintic and, in the case of loperamide,
an improvement in efficacy. On the basis of our previous

work showing that ketoconazole (KET) and Pluronic P85
(P85) were able to reverse resistance in nematode in vitro
(Bartley et al, 2009), the aim of this study was to assess
the in vivo effect of co-administration of KET, a Pgp and
CYP inhibitor (Sandstrém et al,, 1999}, and P85, a Pgp
inhibitor, on the pharmacokinetics of IVM and the efficacy
of this anthelmintic against H. contortus infectien in
sheep.

2. Materials and method
2.1. Ethical approval

All experimental procedures described in this
manuscript were examined and approved by the Moredun
Research Institute Experiments and Ethics Committee
and were conducted under approved British Home Office
licenses in accordance with the Animals {Scientific Pro-
cedures) Act of 1986. The Home Office licence number
is PPL 60/03899 and experimental code identifier was
EQ7/13.

2.2. Experimental design

Table 1 contains details of the trial design including the
time-scale for treatment and necropsy. [n brief, thirty-six,
g-month-old Suffolk Greyface-cross parasite naive lambs
(20 males and 16 females) were challenged with 5000
infective larvae (L2 ) of a multiple resistant isolate of H. con-
tortus (White River strain designated as MHco4 throughout
the rest of the manuscript; Van Wyk and Malan, 1938). Pre-
vious work had shown that the isolate was highly resistant
to IVM, with less than a 50% reduction in worm burdens
compared to untreated controls when treated at 0.8 mg/kg
body weight {BW; unpublished data).

Faecal egg counts (FEC) were conducted prior to the
start of the trial to confirm worm-free status. On day 25
post-infection (Pl), lambs were weighed and FEC deter-
mined to allow allocation of the animals into six groups
matched on FEC, weight and, where possible, sex. The
lambs were allacatad into either an untreated control, IV
only (IVM; Oramec®, 0.2 mg/kg BW, Merial), KET only con-
trol (KET: 10 mg/kg BW, ICN Biomedical), P85 only control
(P85; 4 mg/kg BW Sigma Aldrich), IVM +KET or VM + P83
groups (treatments administered at rates as stated earlier).
Both the KET and P85 compounds were suspended in dis-
tilled water and administered once daily to the appropriate
groups per os by syringe on days 26-30 Pl inclusive. Iver-
mectin was administered orally once on day 28 Pi for all
appropriate groups, i.e., the [IVM, IVM + KET and IVM + P85
groups. On the basis of previous work {Ballent et al,, 2007)
KET or P85 were administered orally once daily over five
days (two days prior to the administration of the IVM and
two days after) in order to maintain inhibitor concentra-
tion at [avels in the host in order to maximise interaction
with IVM. The two compounds have different disposition
in the plasma with short persistence when compared with
IVM that has an especially long residence time in the host
organism. Combination treatments were, where necessary,
administered sequentially within a minute of each other.
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Table 1
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Trial designs for the controlled efficacy tests including; treatment regime, number and sex of lambs per group, infective dose of White River isolate of
Haemonchus contortus (MHcod), timings of treatment{s) and necropsy (P.M.),

Treatment nfsex Dose (L3) Day post infection

26 27 28 29 30 35
Control — untreated 3iM 3/F 5000 - - - - - o
Pluronic P85 (P&5)° 4/M 2/F 5000 a a a a a M
Ketoconazole (KET)E 4/M 2/F 5000 h b b i) b M
lvermectin {IYM)© 3/M 3/F 5000 - - C - - |
[VM*©+P852 3/M3JF 5000 a a ac a a PM
[VME + KET® 3/M 3/F 5000 b b e b b PM

M - male; F - fernale; PM — post mortem. Anthelmintic and inhibitors when used alone or as patt of a combination with inhibitors administered at dose

rates of:
2 Pluronic P85 (4 mg/kg);
b Ketoconazole (10 mgfkg);
¢ lvermectin {0.2 mg/kg).

The treatments were not mixed prior to being administered
to the lambs.

2.3. Samples collected

Faecal samples were taken per rectum throughout the
course of the trial and FEC conducted using a modifica-
tion of the technique described by Jackson (1974), Venous
blood was collected vig jugular venepuncture into 10ml
fhieparinised Vacutainer tubes (Becton Dickinson vacutain-
ers systems) at 0, 4, 8, 24, 48, 120, 144 and 1681 post
adminristration of IVM. The samples were immediatety cen-
trifuged at 1272 x g for 15 min; plasma was recovered and
stored at —20 *Cprior te analysis. Abomasal tissue folds and
mucosal scrapings were collected at necropsy and stored at
—20*C for tissue [VM concentration determination,

2.4, Necropsy and worm recovery

All of the animals were necropsied on day 35 PI using
the post morter and worm recovery methods described
previously (Patterson et ai, 1998). The total worm bur-
dens were estimated from a 2% sub-sample of the abomasal
washings and saline digests. Recovered worms were staged
using the development criteria described by Ministry of
Agriculture Fisheries and Food {198G). Two folds were
excised from along the central line of the greater curvature
of the abomasa to provide material for tissue and mucus
VM concentration estimations. Twenty, randomly selected
female worms from each individual animal, where avail-
able, were photographed (Leica DFC490) and measured
using Image-Pro Express for windows (2003; Media Cyber-
netics).

2.5, Ivermectin concentration and kinetic analysis

Ivermectin concentrations were determined in plasma,
abomasal tissue and mucus by high performance lig-
uid chrematography {HPLC} with flucrescence detection
according to previously described and validated metheds
{Alvinerie et al., 1998). Data were analysed using a non-
compartmental approach with version 4.2 of the Kinetica
Tm computer program{innaPhase, Philadelphia, USA}. The
partial area under the plasma concentration-time curve

(AUC) from Iy to g Was calculated by the linear trape-
zoidal rule. Ty, half life of elimination, and Crmax, maximal
concentration, were then determined. Data are expressed
as mean + standard error of the mean (SEM).

2.6. Statisticai analysis

Worm burdens and FEC were square-root trans-
formed to stabilise the variance prior to analysis
(Kolmogorav-Smirnav, P>0.05), A repeated measure anal-
ysis with first-order power model was employed to model
the FEC data of individual lambs over the course of the
trial. The transformed FEC at day 26 was included as
covariate in the model and considered as the baseline.
The mode! included treatments and days post treatment
as fixed effects. The parameters in the model ware esti-
mated using the REML directive (GenStat version 11, V5N
International} and P values wers estimated using the mod-
ified F-statistics. The worm burdens were analysed with
a linear madel under the analysis of variance framework
cansidering the treatment and gender of the worm as fixed
effects. The percentage efficacy (P.E.) of the treatment was
calculated in the controlled efficacy test using the egua-
tion: {1-—(TIC)) x 100, where C and T are the agsithmetic
mean total worm burdens of the control and treated groups
respectively (Coles et al., 1992). Statistical analysis for the
comparison of mean AUC values was performed using one-
way ANOVA followed by Fisher's least significant difference
(LSD) test (Statview software, Abacus concepts, Berkeley,
CA, USA), Statistical significance was accepted as p <0.05.

3. Results

3.1. Ivermectin concentration in plasma and in abomasal
tissue

Fig, 1 shows the mean plasma concentrations versus
time of IVM after oral administration of IVM alone or
co-administerad with KET or with P85 {semilogarithmic
scale), In all three groups, IVM was detected in the plasma
until seven days post treatment, correspending to the ast
sampling time, Concomitant administration of KET or P85
induced substantial increases in plasma concentrations of
IVM resulting in a significant increase in the AUC{p<0.05,
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100

M plasma concentrafion
(ng/ml)

0 T T T T T El 1
0 1 2 3 4 5 8 7

Time (days)

Fig. 1. Semilogarithmic plasma profile of ivermectin concentration in
sheep infected with Haemenchus contortus (MHco4) and treated orally at
time O with IVM alone {0.2 mg/kg BW, A) or co-administerad with Pluronic
P85 (4mg/kg BW, &) or ketoconazole (10 mg/kg BW, ). Inhibitors were
administered on days 26, 27, 28, 29 and 30 post-infection. Values are
mean +5.D. of 6 animals.

Table 2). The ¢, of IVM, which is the half-life of elimi-
nation of the compound, was unchanged by co-treatment,
whilst the Cmax Was increased after co-administration of
KET or P85. The increase of Cmax Was statistically significant
for [VM +P85 when compared with IVM alene (p<0.05).
At saven days post-treatment, in both the IVM +P85 and
IVM + KET groups, there was on average a two-fold increase
of IVM concentration in mucosal scrapings and in abomasal
tissue but these changes were not significant because of
the high variability of drug concentration in those tissues
{(Fig. 2).

3.2. Parasitology

3.2.1. Controlled efficacy test

The average percentage establishment of the isolate
was 65% (3233 worms), 65% (3242 worms) and 48%
(2408 worms} in the untreated, P85 and KET cantrol lambs
respectively. Treatment with IVM, IVM + P85 and IVM + KET
resulted in reductions in average total worm burden of
16%, 51% and 16%, respectively, compared to untreated
controls (Table 3). IVM+P85 treatments improved mean
total worm burden reductions by 34% and 51% compared
to IVM and P85 alone, respectively, whereas combinations
of IVM +KET showed no improvement compared to IVM
alone. The treatment had marginal statistically significant

Table 2

Pharmacokinetic parameters of ivermectin after oral administration in
sheep. Sheep were infected with Haemonchus contortus (MHco4) and
treated on day 28 post infection (1} with a single dose of ivermectin (TVM)
alone (0.2 mgfkg BW) or co-administered with Plurenic P85 (4 mg/kg BW)
or ketoconazole (10mgfkg BW). Inhibitors were administered on days
26, 27, 28, 29 and 30 Pl Data are expressed as group average (n=6).
Values + standard error of the mean (S.E.M.).

AUC(agd/ml)  Cpax (ng/mi)  Typ{d)

VM alone 224 4 3.0 75424 1.6+ 02
VM +Plurenic P85 42,1 & 7.5° 23.14+77% 1.7+03
IVM + Ketoconazole 43,2 + 5,87 151 + 2.0 1.8+ 0.3

A p<0.05 versus IVM alone,

25 1

20

16 4

10 1

VM concentration [nglg)

-

Abomasal tissue

Ahomasal mucosal
scrapings

Fig, 2. Ivermectin concentration in abomasal mucosal scrapings and abo-
rmasai tissue seven days pest-treatment in Haemonchus contortus (MHco4)
infected sheep arally treated with ivermectin alone (JVM alone; 0.2 mg/fkg
BW, white bars) or co-administered with Pluronic P85 (P85; 4 mgfkg BW,
grey bars) or ketocenazole (KET; 10mg/kg BW, black bars). Inhibitors
were administered on days 26, 27, 28, 29 and 30 post-infection. Data are
mean + S.EM. of § animals.

effect on the numbers of male (P=0.049) and female
(P=0.060) parasites as well as the total parasitic count
(P=0.049). Although IVM +P85 resulted in the greatest
improvement in efficacy this did not differ significantly
from the lambs treated with IVM alone, Treatment did not
significantly alter female worm lengths (Table 3), with the
exception of the KET groups in which female worms were
found to be smaller than the untreated and VM group
worms {p<0.05) and the P85 worms that were smaller
{p<0.05) than the untreated group.

3.2.2. Faecal egg count reduction

Prior to the administration of any treatment {day
26 PI}, the average FEC of all animals was 3957 (range
3067-4604) eggs per gram. Twenty-four hours following
administration of the inhibitors there appeared to be
suppression in egg output and this continued until day
30 Pl (Fig. 3). After the initial suppression in egg output,
the mean FEC of all groups rese steadily for the next five

7500 4

5000 -

2500 -

Faecal egy count {eggs per gram)

0 T T T 3 T ¥ T El T T T T T 1
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Days post infactlon

Fig.3. Arithmetic mean faecal egg counts of the six groups of lambs 21-35
days post-infection with 5000 Haemonchuis contorius {MHced) infective
larvae. The groups are untreated control (a); ivermectin alone (IVM, A%
Pluronic P85 alone (PBS #); ketoconazole alone (IKET, W); IVM+P85 (0}

and VM + KET (O). ¥ [vermectin treatment, *Illhlbltul’ treatment,
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Arithmetic mean {£5.E.M.) Haemonchus contortus (MHco4) worm counts, range of counts, differentiation of worm burdens into males and female worms,
and percentage efficacy (P.E) of anthelmintic treated groups of sheep relative to untreated control lambs seven days post-treatment,

Treatment Arithmetic mean worm M:F ratio” Average female werm  Per capita Percentage
burden (£S.E.M.) [range] length {mm £ S.E.M.) fecundity "# efficacy (P.E.)~
[number])
Male Female Total
] 1692 {+186) 1542 (£129) 3233 (+307) 19.840.1
Untreated (950-2300] [1000-1850]  [1950-4100] 1 1120] 4 NA
. 1200 (= 146) 1500 (£249) 2700 (+351) 19.7:0.1
Ivermectin (IVM} (800-1700] [650-2400]  [1450-4100] ©2 1o 4 18
‘ 1550(£207) 1692 (£295) 3242 (+494) 19.4.£0.1
Pluronic P85 (P83) (465 5as0|  [400-2350]  [1200-4600] 1) 105 3 0
1267(£210) 1142 (£101) 2408 (£292) 18.7£02
Ketoconazole (KET) 1355 Yasn (g50-1350]  [1150-3200] - 11z 8 26
858(+£213) 742(4237) 1600 (= 438) 196402
(VM + P85 [200-1400] [100-1600]  {300-2000] 'O (72 3 51
1483 (+138) 1217(+£232) 2700 (=335) 197402
(VM +KET [900-1850] [550-1850]  [1650-3650] | [1g2] 7 16

NA: Not applicabie.
* Ratio basad on arithmetic mean of individual counts.

# Estimate calculated using faecal egg count (eggs per gram) at post mortem divided by number of adult female worms.
abeNyjffarent subscripts within the worm length column denote statistical significant differences (P< .05}

~ Estimated using the centrol versus treated counts.

days. Seven days post-treatment, FEC were reduced by 0%,
8%, 23%, 25% and 30% for P85; KET; WM +P85; IVM and
VM +KET respectively, when compared to the untreated
control groups (Table 4). The treatment had statistically
significant effect (P=0.003) on the FEC in lambs. Although
the FEC of the VM +KET and IVM + P85 were [ower, they
did not differ significantly, from the IVM alone group.
However, the mean FEC in IVM + P85 differed significantly
from that of KET {P=0.0004} and P85 (P=0.009] alone.

4, Discussion

The results from this trial demonstrate that the co-
administration of P85 or KET, known ABC transporter
inhibitors, with IVM showed a stafistically significant
increase in the kinetic disposition in plasma AUC of IVIM and
a trend to increasing of IVM concentrations in, mucous and
abomasal tissues in parasitised lambs compared with those

Table 4

treated with [VM alone. The association of ABC transporter
inhibitors with chemotherapeutic agents have been shown
to increase drug availability in the human {Pérez-Tomads,
2006) and veterinary fields. Significantly higher plasma
ML concentrations were observed in non-parasitised sheep
when Pgp and CYP inhibitors were co-administered with
ML {Molento and Prichard, 1999; Lifschitz et al., 2002;
Dupuy et al,, 2003; Molento et al., 2004; Balient et al., 2006,
Alvinerie etal, 2008, Virkel et al., 2009) or benzimidazoles
(Lanusse and Prichard, 1992; Benchaoui and McKellar,
1996) resulted in improved pharmacokinetic profiles com-
pared to individuals administered the anthelmintics alone.
Improvements made in anthelmintic disposition in var-
ious compartments of the host were found to correlate
with enhanced treatment efficacies { Lanusse and Prichard,
1992), therefore, improvements in [VM plasma and tissue
kinetics are expected to lead to the parasites being exposed
to a more potent concentration of the drug and, one would

Arithmetic mean {+5.E.M,) Haemonchus contortus (MHco4) faecal egg counts, range of counts, and percentage efficacy {P.E.)} and 95% confldence intervals
of anthelmintic treated groups of sheep relative to untreated control lambs at day 28 and 35 post infection, Ivermectin treatiment was administered on day
28 wheare appropriate. % Different subseripts within the columns denote statistical significant differences {p < .05).

Treatinent Faecal egg counts (£S.EM.) [range] P.E.(95% CL)
Days post infection
28 35
‘ 2333{£457) 5943 ( 1182 yede _
Untreated [1053-3726] [3096-10.404]
. 5120( 41863 4428 ( = 507 )2
Ivermectin {IViv) [1098(43 572)] 31 86(—6408]) 25.5(0,53)
. 33275804 G191 x 1802)%
Pluronic P85 (P85} [792}5426] ) [2502(_13 518% 0.0(0, 49}
. 4047 { 1451 5471{£1060)*®
[(etoconazole (KET) [99_1{0 404] } [1485(—92881 ) 8.0(0, 48)
5205 £1374) 4550 ( + 1656)¢
(VM + P83 [594-10,926] [162-11.358] 233(0.67)
3572 { £456) 4146 { £ 670
(VM + ICET [2034-4950] (19955386 302 (0, 59
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expect, lead to an improvement in efficacy. The challenge
remains to find an efficient and safe reversing agent able
to increase not only the concentration in the host but more
importantly the efficacy against the parasite.

Despite the commonly observed significant increases
in plasma ML concentrations in varieus efficacy tri-
als, they have not always translated into statistically
significant reductions in parasitological parameters in
particular worm burdens in previous trials. Loperamide
co-administerad with ML improved treatment efficacy in
naturally infected sheep {Lifschitz et al, 2010a) and cat-
tle (Lifschitz et al., 2010Db). The degree of improvement in
treatment efficacies compared the anthelmintic treatment
alone ranged from around 18% against a Trichostrongylus
colubriformis population (Lifschitz et al., 2009), 27% against
a predominantly Cooperia population (Lifschitz et al.,
2010b), to around a 72% improvement against a wholly IVM
resistant H. contortus isolate (Lifschitz et al,, 2010a). The
results obtained in our study with co-administration of [IVIV
and P85 were encouraging and compare favourably with
these findings, with a 34% increase in efficacy compared
to IVM alone and are in agreement with previous results
reporting improved treatment efficacies of compounds
administered with pluronics in humans and rodents (for
review, see Sharma and Garg, 2010).

Pluronic block copolymer P85 is often used in drug
formulation for greater permeabilizing ability (Batrakova
et al., 1999}, specifically when co-administered with a sub-
strate of an ATP-dependent efflux mechanism (Batrakova
et al, 1999, 2001). The reasons for VM concentration
improvements have been attributed to the capacity of P85
to bind to cell membranes, to alter microviscosity and to
strongly inhibit Pgp activity (Kabanov et al,, 2005). P85 has
also been found to interfere with several other multi-drug
resistance (MDR)} mechanisms, multi-drug resistance pro-
teins (MRP1 and MRP2), in addition to Pgp (Shaik et al,,
2008), although the effects on the former are less than that
seert against Pgp (Batrakova et al,, 2003).

Ketoconazole and other imidazole derivatives are orally
active broad-spectrum systemic antifungal agents used in
veterinary medicine, They are well known inhihitors of
cytochrome P450 3A activity in human hepatic microsomes
(Maurice et al., 1992) and increased the AUC of several Pgp
substrate drugs (Ward et al., 2004; Kageyama et al., 2005)
including IVM (Ballent et al, 2006; Hugnet et ai, 2007),
reducing the clearance of the drug. Although the IVM +KET
group showed an increase in IVM AUC, as expectad and
similar to the one measured with P85 co-administration,
no improvement of anthelmintic efficacy was observed.
The lack of improvement in treatment efficacy in the
VM +KET group is intriguing because the concomitant
administration of compounds that inhibits both Pgp and
CYP activity leading to higher circulatory concentration of
the co-administered drug and would be expected to lead to
improved efficacy (Fischer et al,, 1998, 2005). Thus, the dif-
ferent efficacy results obtained with KET and P85 suggest
that ivermectin concentration in the host is not the only
factor invelved in the improvement of drug efficacy, but
other effects on the nematodes and specifically on nema-
todes transporters may also occur in vivo, in the presence
of P85 that do not happen with KET.

The simplest explanation of why the P85 treatment
combination improved anthelmintic efficacy whilst the
IVM + KET one did not would be that there was insuffi-
cient inhibitor present at the appropriate time to influence
the activity of the IVM, although the pharmacological
parameters would indicate that the concentration of the
anthelmintic was significantly higher in the IVM+KET
group compared to the [IVM alone group. There is the pos-
sibility that the inhibition of one defence mechanism may
lead to the rapid activation of other systems such MRP1 and
MRP2 or breast cancer resistance proteins (BCRP1) follow-
ing administration of xenobiotic compounds (Dantzig et al,
2003}, Work in yeast and humans have demonstrated that
defence mechanisms can be activated and up-regulated
quickly under environmental stress compared with “nor-
mal” cellular circumstances {Lee et al, 2002; Luscombe
et al., 2004). A further complication could be the activa-
tion of more than one superfamily of Pgp or concomitant
expression of Pgp and/or CYP in response to treatment
(Matheny et al,, 2001). Pluronic P85 has also been found to
interfere with several MDR mechanisms, MRP1 and MRP2,
in addition to Pgp, whereas KET interferes with Pgp and
CYP3A4. The possibility exists that MRP is more important
than CYP in host and/or nematodes for handling xenobi-
otic stresses; MRP analogue expression is strongly induced
in IVM resistant C elegans {James and Davey, 2009} The
possibility also exists that there may actually be a degree
of competitive binding infat the worm by KET resulting
in lower concentrations of IVM in the parasite and there-
fore reduced worm mortality. It would greatly improve our
understanding of the mechanisms involved in anthelmintic
resistance if it was possible to identify how IVM kinet-
ics are affected in the worm, in order to defermine what
effect that MDR resistance inhibitors are having. The effect
at the level of the nematode could be due to a specific
effect of P85 on the relevant nematode transporters rather
than to improvement of IVM concentration in the host.
Also, the mode of action receptors, which are like the ABC
transporters membrane proteins can be modulated by P85,
These points require further investigation at the nematode
level.

Individual treatment efficacies were variable within the
trial, with individual IVM, TvM+KET and VM +P85 effi-
cacies ranging hetween 0-55%, 0-49%, and 10-91% with
median efficacies of 19, 20 and 47%, respectively. This
was not totally unexpected because, although no work has
been conducted with ruminants, the relationship between
multi-drug resistant and/or CYP phenotype and expres-
sion can greatly influence the efficacy of administered
xenobiotic compounds (Zeng et al.,, 1998) and is regulated
independently resulting in varying protein concentration
and enzymatic activity, between 6- and 11-fold among
individuals {Lown et al,, 1994). If this level of variability
occurs in sheep, then this may help explain the difference
in the treatment efficacies in the inhibitor groups seen
in this trial. A further confounding factor in interpreting
the results was that although not statistically significant
there appeared to be gender differences observed in the
hosts to.the appropriate treatments. In pharmacological
terms, there appeared to be differences between male and
female hosts; one example being that the average VM
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AUC figures for female hosts were 184% and 69% of those
observed in male hosts for the [VM +P85 and IVM +KET
groups, respectively. Host gender differences in response
to drug administration have been reported in cattle {Janus
and Antoszek, 2000), sheep (Cristofol et al., 1998, Capece
et al,, 2000; Hosking et al,, 2010) and goats {Capece et al.,
2009},

A further factor that may have strongly influenced the
results was the use of the high resistant “White River strain”
H. contortus isclate within the trial, the isolate is extremely
refractory to IVM treatment, having been shown within
the faboratory to be able to tolerate four times the rec-
ommended dose rate of IVM (unpublished data). With the
isolate being extrerely refractory to VM treatment, it is
very likely that the non-specific mechanisms of drug han-
dling such as Pgp are only one component of the parasites
arsenal for surviving IVM treatment but as is known, ML
resistance in gastro-intestinal nematodes is complex and
a number of other mechanisms have been put forward
to explain the phenomenon (Wolstenholme et al., 2004),
The work illustrates that once a parasite has developed an
extremely high level of resistance to a particular compound
that reversion back to fully effective treatment with that
compound is unlikely even with the use of ABC modulators,
although at what level this occurs will vary from isclate to
isolate.

The use of combinaticas, particular those containing
muitiple actives, and their ability to slow resistance is an
area that hasreceived much discussion recently, The debate
centres on the degree of selection exerted on a popula-
tion by the use of combination treatments compared to the
use of singly administered treatments either solely until
they are no longer efficacious or in an annual rotation but
could be broadened to include the inhibitors of non spe-
cific mechanism in combination with presently available
anthelmintic compounds. Combinations have frequently
been shown to be extremely effective at controlling resis-
tant populations (Anderson et al,, 1888, 1991). Simulated
mathematical models (Barnes et al., 1995; Leathwick, in
press; Learmount et al,, 2012) suggest that the use of com-
binations under the appropriate conditions will slow down
the selection of resistance but that the effect is greatest
when the initial frequency of resistance alleles is low and
under conditions of modest/high refugia. Dogma would
suggest that if the genes for resistance are carried on two
separate loci at low frequencies, then the likelihood of a
single individual carrying both is small and this is reduced
further if three compounds are used (Roush, 1993). The
counter argument is that if parasites are exposed to two
or more compounds simultaneously, then the selection
pressures will force them into developing solid multiple
resistance or face extinction (Van Wyk, 2007, electronic
debate}, and this can be predicted to happen when com-
pounds are both Pgp substrates. The resuits achieved with
the VM + P85 combination are encouraging and show that
the efficacy of ML can be altered in vivo by administra-
tion of ABC transpeort modulators. The apparent increased
anthelmintic efficacy, obtained in this study, warrants
further work (o investigate the reversal of anthelmintic
resistance in other host-parasites systems, and research
at the level of the mechanisms in the nematodes,
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