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P glycoproteins (Pgp), members of the ABC transporter superfamily, play a major role in chemoresistance.
In nematodes, Pgp are responsible for resistance to anthelmintics, suggesting that they are Pgp substrates, as
they are in mammalian cells. However, their binding to nematode Pgp and the functional consequences of this
interaction have not been investigated. Our study showed that levamisole and most of the macrocyclic lactones
(MLs) are Pgp substrates in nematodes. Ivermectin, although a very good substrate in mammalian cells, is
poorly transported. In contrast to their inhibitory effect on mammalian Pgp, these drugs had a stimulatory
effect on the transport activity of the reference Pgp substrate rhodamine 123 (R123) in the nematode. This may
be due to a specific sequence of nematode Pgp, which shares only 44% identity with mammalian Pgp. Other
factors, such as the affinity of anthelmintics for Pgp and their concentration in the Pgp microenvironment,
could also differ in nematodes, as suggested by the specific relationship observed between the octanol-water
partition coefficient (log P) of MLs and R123 efflux. Nevertheless, some similarities were also observed in the
functional activities of the mammalian and nematode Pgp. As in mammalian cells, substrates known to bind
the H site (Hoechst 33342 and colchicine) activated the R site, resulting in an increased R123 efflux. Our
findings thus show that ML anthelmintics, which inhibit Pgp-mediated efflux in mammals, activate transport
activity in nematodes and suggest that several substituents in the ML structure are involved in modulating the
stimulatory effect.

P glycoproteins (Pgp) are large membrane proteins belong-
ing to the ABC (ATP binding cassette) superfamily (23). They
function as ATP hydrolysis-dependent transporters whose sub-
strates include a wide range of chemically unrelated com-
pounds. Pgp play an important role in drug transport by pump-
ing drugs out of cells and are thus often responsible for
therapeutic failure in humans and animals. They have been
studied mainly for their role in chemoresistance to antitumor
agents. However, they have been described for their role in
other biological models, including protozoan and nematode
parasites of humans and animals (17).

Pgp-encoding genes have been identified in nematodes (55).
Active Pgp was later detected in the gastrointestinal nematode
Haemonchus contortus (31) by use of UIC2 monoclonal anti-
body (MAb), which specifically binds the active form of the
protein (40). The role of Pgp in xenobiotic transport has also
been demonstrated in this nematode by use of rhodamine 123
(R123) (29) as a specific Pgp substrate (44).

The role of Pgp in the transport of antiparasitic drugs has
been studied less extensively but has been demonstrated in vivo
in mice (56) and dogs (39, 52). Recently, a major group of
anthelmintics, the macrocyclic lactones (MLs), were shown to
inhibit Pgp function in mammalian cells, thus increasing the
intracellular R123 concentration (19, 35).

However, no data are available on the effect of anthelmintics
on nematode Pgp, whose putative protein sequence shows
about 64% similarity with mouse mdr1a and 65% similarity

with human mdr1 (65). The objectives of the present study
were to determine (i) whether anthelmintics also bind nem-
atode Pgp, (ii) whether binding depends on the different
chemical structures of anthelmintics, and (iii) the effects of
the binding of anthelmintics to nematode Pgp on the activity
of the protein. We also examined the mechanisms underly-
ing the binding of anthelmintics to nematode Pgp by compar-
ing the effects of these drugs on Pgp transport activity with the
effects of several other compounds known to interact in a
different manner with Pgp in mammalian cells.

The life cycle of H. contortus includes several developmental
stages. Free-living parasites were chosen in the present study.
They are classically used for evaluation of helminth chemo-
therapy (11, 12, 37, 64), including analysis of structure-activity
relationships of MLs in nematodes (42). Moreover, eggs can be
obtained from feces without slaughtering the donor sheep.

MATERIALS AND METHODS

Parasites. We used a Haemonchus contortus (Hc) isolate resistant (R) to
anthelmintics that was isolated from sheep in the French West Indies (Guade-
loupe [G]), referred to here as HcR-G. This isolate is resistant to benzimidazoles
and ivermectin. Its Pgp activity is higher than that of susceptible isolates (50).
Three-month-old sheep were infected with 6,000 infective larvae (L3) 5 weeks
before the experiments. The experiments complied with the current French laws
on animal experimentation and received approval. The infection procedures and
the technique for the isolation of a pure suspension of eggs without debris were
described previously (28, 29). The eggs were then stored in deionized water at
4°C until use.

Anthelmintics and other compounds. Two benzimidazole derivatives (thia-
bendazole [CAS 148-79-9] and albendazole [CAS 54965-21-8]), one imidazothia-
zole derivative (levamisole [CAS 16595-80-5]), and seven macrocyclic lactones
(abamectin [CAS 71751-41-2], doramectin [CAS 117704-25-3], emamectin [CAS
155569-91-8], eprinomectin [CAS 123997-26-2], ivermectin [CAS 70288-86-7],
moxidectin [CAS 113507-06-5], and selamectin [CAS 165108-07-6]) were used in
the various transport assays.

Known inhibitors of Pgp activity in mammalian cells, namely, verapamil (CAS
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152-11-4) and sodium orthovanadate (SOV) (CAS 13721-39-6), were used to
modulate nematode Pgp. Several other compounds previously used to identify
binding sites in vertebrate cells were also studied: daunorubicin (CAS 23541-50-
6), colchicine (CAS 64-86-8), vinblastine (CAS 143-67-9), and Hoechst 33342
(CAS 23491-52-3). All compounds were used in increasing concentrations up to
the highest concentration that could be reached without forming a precipitate
upon addition to the eggs.

R123 (CAS 62669-70-9) was the reference substrate for Pgp activity.
All of these compounds were purchased from Sigma-Aldrich (Saint-Quentin

Fallavier, France), except for eprinomectin (HalloChem Pharma, Chongqing,
China), selamectin (European Pharmacopoeia, Strasbourg, France), and
Hoechst 33342 (Invitrogen, Cergy-Pontoise, France).

All compounds were solubilized in dimethyl sulfoxide (DMSO) and then
diluted in deionized water to a final concentration of 1% in contact with eggs.

The mouse monoclonal anti-human MDR1 antibody UIC2 (1 mg/ml; clone
IgG2a) was purchased from Immunotech (Marseille, France).

Assays of P-glycoprotein-mediated xenobiotic transport. The role of active
transport mediated by ABC transporters in the efflux of xenobiotics was dem-
onstrated by inhibition tests using sodium orthovanadate or the Pgp-specific
MAb UIC2 as an inhibitor and R123 as the Pgp substrate. R123 fluorescence was
estimated after exposure of eggs to R123 for 60 min followed by three washings
at 1.5-min intervals.

Xenobiotic efflux was quantified by accumulation of R123 in eggs, which was
estimated by measuring the specific fluorescence (� for excitation � 495 nm and
� for emission � 525 nm) using a Quanta Master spectrofluorometer (PTI, NJ)
equipped with a 75-W xenon lamp. Deionized water (1 ml) containing 15,000
eggs was centrifuged and the supernatant discarded. R123 solution (2 ml of 1.5
�M R123; treated eggs) or deionized water (control eggs) was added to the eggs,
and the eggs were left to incubate for 5 min at 20°C in the dark. The various test
compounds (20 �l) were then added. Eggs were further incubated for 10 min at
20°C and then centrifuged. The supernatant was discarded, and eggs were
washed with 5 ml of ice-cold deionized water. They were centrifuged again, and
after removing the supernatant, 1 ml of deionized water was added. Eggs were
kept in the dark for 60 min before analyses. Data are given in arbitrary units
corrected for the native green fluorescence of eggs and expressed as percentages
of the green fluorescence in control eggs. Three replicates per condition were
analyzed.

The kinetics of R123 efflux was analyzed using flow cytometry at time point
zero (T0) and at 1.5-min intervals for 9 min. Deionized water (1 ml) containing
120,000 eggs was centrifuged and the supernatant discarded. Aliquots (3 ml) of
a 1.5 �M R123 solution were added to the egg pellets, which were then incubated
for 15 min at 4°C in the dark. Deionized water (control eggs) or anthelmintics (15
�l) were then added to a final concentration of 7.5 �M. Egg suspensions were
homogenized and further incubated for 45 min at 4°C in the dark. The super-
natant was discarded, and eggs were washed with 3.5 ml of deionized water
before analyses.

P-glycoprotein sequences. The protein sequences of three mammalian Pgp
(human, mouse, and sheep) known to be involved in drug transport and three
equivalent Pgp in nematodes (H. contortus, Caenorhabditis elegans, and On-
chocerca volvulus) were obtained from the Universal Protein Resource (http:
//www.uniprot.org/uniprot/) and compared using the ClustalW2 multisequence
alignment program (http://www.ebi.ac.uk/Tools/clustalw2/).

Statistics. Data were expressed as means � standard deviations, and statistical
analyses were carried out using Prism software (v5.02; GraphPad Software, San
Diego, CA).

For accumulation tests, the log agonist versus response variable-slope model
was used by calculating the following equation: y � bottom � (top � bottom)/
1 � 10∧[log (EC50 � x) � hill slope], where “bottom” is the baseline and “top”
is the maximum effect (Emax), EC50 is the dose giving half the maximum effect,
x is the anthelmintic concentration (log), and hill slope is the slope factor.
Bottom values were adjusted to 100, corresponding to the fluorescence in the
control eggs. Best-fit values were obtained for “top,” EC50, and hill slope.

For efflux tests, the dissociation kinetic model was applied using the equation
y � (y0 � NS)∧(�kx) � NS, where y0 is R123 binding at time zero, NS is the
nonspecific binding at infinite times, and k is the rate constant. The half-life is
equal to ln 2/k. Best-fit values for NS, k, and half-life were obtained.

For both statistical analyses, we calculated 95% confidence intervals for each
parameter. Curves were plotted, and the goodness of fit (R and degrees of
freedom) was estimated for each curve. Curves obtained for treated eggs were
compared to those observed for control eggs.

RESULTS

Role of active efflux in R123 transport. The role of active
transport in the observed changes in R123 fluorescence was
confirmed by inhibition tests using the Pgp-specific MAb UIC2
and SOV as inhibitors, which increased the R123 fluorescence
in eggs about 2.4 and 2.5 times, respectively, compared to that
in the control eggs (Fig. 1).

Accumulation tests. Most of the anthelmintics tested caused
an increased efflux, i.e., a decreased accumulation of R123, the
extent of which depended on the compound and concentration
used. The smallest effects were observed with the benzimid-
azole derivatives (r � 0.71, n � 7, and P � 0.05 for albenda-
zole; nonsignificant effects for thiabendazole), whereas highly
significant effects were recorded for levamisole (r � 0.97; n �
9; P � 0.001) (Fig. 2a). For the ML group, the effects differed
depending on the chemical structure of the drug (Fig. 2b). We
observed only a very slight, nonsignificant effect for ivermectin,
whereas significant effects (P � 0.01) were observed for all
other MLs, with particularly high values obtained for doramec-
tin and emamectin. The EC50 values also varied greatly be-
tween the MLs, with selamectin, emamectin, and doramectin
showing the lowest EC50 values (Table 1). Two of the MLs
(emamectin and selamectin) showed inhibitory effects at the
lowest anthelmintic concentrations.

All other Pgp substrates tested, particularly Hoechst 33342,
daunorubicin, and vinblastine, showed significant stimulating
effects on R123 transport (Fig. 3). The corresponding EC50

values for the three substrates were generally much lower than
those for anthelmintics (with the exception of selamectin and
emamectin) (Table 1). As expected, the known Pgp inhibitor
verapamil increased R123 accumulation (Fig. 3). Table 2 sum-
marizes the differences in the biological activities of the com-
pounds between mammalian cells and nematodes.

Kinetics of R123 efflux. R123 efflux was rapid, with 50% of
the compound being eliminated within less than 3 min in the
control eggs (Fig. 4). R123 efflux was significantly inhibited by
the UIC2 MAb, confirming the important role of Pgp in R123
elimination. Treatment with levamisole caused a highly signif-
icant (P � 0.00001) increase in R123 efflux, and ivermectin had

FIG. 1. R123 is transported by Pgp in Haemonchus contortus eggs.
Increased green fluorescence (arbitrary units [au]) indicates inhibition
of R123 efflux in the presence of the Pgp-specific MAb UIC2 or the
ATPase inhibitor SOV.
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a very slight, but nevertheless significant, effect (P � 0.0001).
The rate constant k (0.36 for control eggs, 0.16 for UIC2-
treated eggs, and 0.74 for levamisole-treated eggs) varied ac-
cordingly, giving k values ranging from twice to half the value
obtained for eggs treated with R123 alone.

Differences according to ML structure. MLs are composed
of a 16-membered macrocycle fused to spiroketal and benzo-
furan groups (62) and differ by their peripheral substituents,
particularly at C-5, C-13, C-25, C-22, and C-23 (Fig. 5; Table

3). The inducing activities of these compounds, reflected by the
EC50s, differed significantly between the MLs. Ivermectin
had no significant effect, followed by abamectin, moxidectin,
eprinomectin, doramectin, emamectin, and selamectin (greatest
effect). The presence of a double bond at C-22–C-23 correlated
with higher inducing activity (abamectin 	 ivermectin), as did
the presence of the cyclohexyl group at C-25 (selamectin 	 all
other MLs; doramectin 	 abamectin).

The nature of the sugar moiety at C-13 also affects the

FIG. 2. Changes in efflux activity of Pgp in Haemonchus contortus eggs in the presence of various anthelmintics. Regression lines were obtained
from the log agonist versus response variable-slope model by use of Prism software. (a) Two benzimidazole derivatives (thiabendazole and
albendazole) and an imidazothiazole (levamisole). A significant effect was observed for levamisole (P � 0.001). (b) Seven MLs with different
structures. Regression analysis revealed significant effects for six of these compounds (P � 0.001) but not for ivermectin.
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inducing activity (eprinomectin/emamectin 	 ivermectin/
abamectin). Selamectin is the only ML tested with a monosac-
charide at C-13; it also differs from the other MLs by contain-
ing a ketoxime instead of a hydroxyl radical at C-5 and having
a single bond at C-22–C-23. Moxidectin, a milbemycin com-
pound, does not have a sugar substituent at C-13, and it has an
intermediate inducing activity. However, its substituents at

C-23 and C-25 are also different from the substituents in this
part of the structure of avermectins.

Pgp sequences in mammals and nematodes. Compared to
human Pgp, nematode Pgp show low similarities (53 to 64%),
while the three mammalian Pgp show 90 to 91% similarities.
The transmembrane domains (TM), especially those classically
implicated in drug binding in mammalian Pgp (TM5, TM6,
TM11, and TM12), differ highly between mammals and nem-
atodes (Fig. 6). Fewer than 50% of the residues are similar in
these domains, and their sequences indicate two distinct sub-
groups. However, sequences corresponding to the nucleotide
binding domain (NBD) and linker regions (Walker A and
Walker B motifs) appeared to be highly conserved (sequences
not shown).

Biochemical properties of drugs and stimulatory effects. We
studied the characteristic biophysical properties of the drugs
tested. The octanol-water coefficient (log P) appeared to be
associated significantly with the hill slope calculated from the
relationship between the stimulatory effect of the drug on Pgp
activity and the drug concentration (Fig. 7). Selamectin could
not be included in the curve due to its curve having very
different coordinates.

DISCUSSION

We found that Pgp transport the fluorescent dye R123 in
nematodes as in mammalian cells (36). Nematode Pgp possess
similar functional features, such as inhibition by the ATPase
inhibitor sodium orthovanadate or the monoclonal antibody
UIC2, which is highly specific for the active conformation of
Pgp (40), as previously observed (29). In addition, we exam-
ined compounds never studied in nematodes by cotreating the
parasites with R123 and antiparasitic drugs belonging to the
main groups of anthelmintics or other compounds known to
bind Pgp in other biological models. None of these compounds
affected the excitation or emission spectra of R123 fluores-

TABLE 1. Stimulatory effects of anthelmintics and other
compounds on R123 transport by Pgp

Compound Mean log EC50
a SE Hill slope SE

Selamectin �2.016 0.721 0.118 0.034
Emamectin �0.425 0.016 2.228 0.166
Hoechst 33342 0.862 0.065 0.941 0.12
Vinblastine 1.168 0.106 0.588 0.089
Daunorubicin 1.56 0.065 0.099 0.099
Albendazole 1.787 0.538 0.383 0.199
Doramectin 2.086 0.084 0.648 0.087
Eprinomectin 2.416 0.253 0.295 0.059
Levamisole 2.951 0.143 0.36 0.042
Moxidectin 3.217 0.163 0.402 0.042
Colchicine 3.431 0.507 0.240 0.062
Abamectin 3.465 0.196 0.486 0.062

a The EC50 (�M) is the concentration of compound giving a response halfway
between the baseline (bottom) and maximal (top) responses.

FIG. 3. Effects of classically used Pgp substrates on R123 efflux by
Pgp in Haemonchus contortus eggs. Verapamil is both a substrate and
an inhibitor. Other compounds are known to bind to the R site (dauno-
rubicin), the H site (Hoechst 33342 and colchicine), or both (vinblas-
tine) in other eukaryotic models. The regression lines, obtained from
the log agonist versus response variable-slope model by use of Prism
software, were significant for all compounds (P � 0.001).

TABLE 2. Effects of MLs and Pgp modulators on transport activity
of Pgp in nematodes and mammalian cells

Compound
Effluxa

Reference(s)
Nematodesb Mammalian cellsc

Selamectin � � 19
Emamectin � ?
Hoechst � � 61
Vinblastine � � 61
Daunorubicin � � 61
Albendazole (�) 0 41
Doramectin � ?
Eprinomectin � ?
Levamisole � 0 14, 25
Moxidectin � (�) 46
Colchicine � � 61
Abamectin � � 13
Ivermectin 0 � 13, 45, 57
Thiabendazole 0 � 21
Verapamil � � 16, 26, 54

a �, increased efflux; �, decreased efflux; (�) or (�), low-level increased or
decreased efflux.

b Results from the present study.
c Results from the literature.
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cence (data not shown). Thus, all observed changes in fluores-
cence resulted from increased or decreased transport of R123.

Our findings demonstrate that most anthelmintics that are
active against nematodes interact with nematode Pgp and
modify R123 transport. A broad range of substrates have been
described for mammalian Pgp, including xenobiotics with var-
ious chemical structures and modes of action (3), such as
ivermectin (45, 57), rhodamine 123 (44), and verapamil (16, 26,
54). In addition to ivermectin, several other macrocyclic lac-
tones were also demonstrated to affect R123 transport, using
two vertebrate cell lines transfected with murine or human Pgp
genes (35). We thus showed that anthelmintics can also be
substrates for nematode Pgp.

Nevertheless, our findings showed some major differences
from vertebrate cells, in which ivermectin strongly inhibits Pgp

transport and increases R123 accumulation (45). In nema-
todes, the transport of R123 was stimulated by most of the
MLs tested, except for ivermectin. The differences between
ivermectin and other MLs seemed to be attributable to the
chemical structure of MLs, as discussed below. The stimulatory
effect in nematodes may be due either to an upregulation
resulting in an increase in the number of active Pgp proteins
recruited to the surfaces of the parasites (for a review, see
reference 59) or to an increased rate of efflux by Pgp already
present at the time of addition of R123 coupled with anthel-
mintics or other compounds. Several chemically unrelated
compounds have been identified as “inducers” of Pgp synthe-
sis, such as colchicine (24, 26, 66), daunorubicin (8, 57), vin-
blastine (1, 54, 57), and vincristine (54, 66). However, our study
of the dynamics of R123 efflux, observed within a few minutes
after addition of anthelmintics, is not compatible with such
upregulation but rather points to Pgp already present near or
at the surface of the parasite. Under the latter conditions, the
affinity of anthelmintics for Pgp could be a determinant of the
modulatory effect, as described for a large number of com-
pounds for vertebrate Pgp (19, 33, 45, 58).

Affinity depends on both the structure of the substrate and
the nature of the binding sites. For nematodes, these sites have
not yet been identified. Comparison of Pgp sequences from
mammalian Pgp and nematode Pgp showed that except for the
ATP binding cassette, the overall sequence similarity is low.
Nevertheless, one can expect that the binding sites are local-
ized in the same part of the molecule. The transmembrane
domains TM5-TM6 and TM11-TM12 have been shown to be
part of the drug-binding domains in vertebrate Pgp (18, 59, 66).
The sequences of these putative TMs in H. contortus, O. vol-
vulus, and C. elegans present very low similarities with those in
mammalian Pgp. Different patterns of resistance have been
attributed to a single amino acid substitution (10, 20, 27, 53).
Thus, since many residues differ between nematode and mam-

FIG. 4. Kinetics of R123 efflux by Pgp in Haemonchus contortus eggs in the presence or absence of levamisole, an anthelmintic that activates
R123 efflux by Pgp (significant; P � 0.001); ivermectin, an example of an anthelmintic that very slightly activates R123 efflux by Pgp (significant;
P � 0.001); or MAb UIC2, which inhibits R123 efflux by Pgp with a very high specificity (significant; P � 0.001).

FIG. 5. Structures of the MLs studied with respect to their C-5,
C-13, C-23, and C-25 substituents and the double bond at C-22–C-23,
which are known to play significant roles in anthelmintic properties.
The substituents at C-25 and the double bond at C-22–C-23 also
seemed to play a role in rhodamine 123 transport by P-glycoprotein.
(Adapted from PubChem [http://pubchem.ncbi.nlm.nih.gov/].)
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malian Pgp, it seems likely that the binding properties of the
drug recognition pocket, and thus the effects of this binding on
Pgp activity, also differ.

The mechanisms underlying the increase in R123 efflux in
nematodes remain to be elucidated. Shapiro and Ling (61)
suggested a functional model for Pgp containing at least two
cooperative sites, the “H” site for Hoechst 33342 and the “R”
site for rhodamine 123. They showed that drugs binding the H
site, for example, Hoechst 33342, colchicine, and quercetin,
activate the release of R123 and that drugs that bind the R site
activate the release of Hoechst 33342. By comparison, the
effects of the compounds tested here which activated R123
efflux could be explained through binding to an H site. The
results obtained for Hoechst 33342 and colchicine are consis-
tent with this assumption. Daunorubicin and vinblastine, which
bind the R site in mammalian Pgp, activated R123 efflux in
nematodes and thus probably bound an H site in this model.
This could also be explained by more complex interactions
with three or four binding sites, some of which could be “reg-
ulatory” sites, some with a “regulatory” function allowing ac-
tivation of the efflux of Hoechst 33342 and R123 (60). Consid-
ering this model, anthelmintics may thus also bind “regulatory”
sites due to the specific composition of Pgp in nematodes.

The stimulatory effect also depends on the chemical group
and the structures of the drugs. Levamisole and macrocyclic
lactones, except for ivermectin, were the most stimulatory an-
thelmintics. Ivermectin and some other MLs are good sub-
strates for mammalian Pgp (34, 45), whereas levamisole has
not been identified clearly as a Pgp substrate (14, 25). How-
ever, several imidazothiazole drugs have been shown to be
reversing agents for MDR, suggesting that they can interact
with Pgp (38, 43). Of the two benzimidazole derivatives tested,
only one, albendazole, showed a very slight (but nonsignifi-
cant) stimulatory effect.

The effects produced by MLs differed according to the mol-
ecule, suggesting a role of the peripheral substituents. The
number of drugs studied here was not sufficient to determine
the structure activity relationship (SAR) in nematodes. How-
ever, the results can help to identify differences compared to

mammalian Pgp. A distinguishing feature of MLs is the pres-
ence or absence of a sugar moiety known to influence the drug
activity against parasites (42) or drug transport by Pgp in the
host. Using mammalian cell models, Lespine et al. (35) ob-
served a large inhibitory effect on Pgp activity for ivermectin
(containing a sugar moiety), in contrast to a very small inhib-
itory effect of moxidectin (not containing a sugar moiety). In
nematodes, near all MLs tested had a stimulatory effect on Pgp
activity, and no direct relationship was observed with the pres-
ence or absence of a sugar moiety. Most of the MLs used here
were disaccharide compounds but nevertheless showed signif-
icant differences, from no effect for ivermectin to a very large
inducing effect for doramectin. Moreover, emamectin, a mono-
saccharide compound, showed the highest level of activity.
Moxidectin, with no sugar moiety, had an intermediate effect.
Thus, other chemical features or minor differences in the sugar
moieties seemed to play a more determinant role in the stim-
ulatory effect. This is illustrated by the largest inhibitory effect
correlating with the presence of two different saccharides in
eprinomectin and emamectin (
-L-lyxo-hexapyranosyl and 
-L-
arabino-hexapyranosyl), in contrast to the two identical sac-
charides (
-L-arabino-hexapyranosyl) in ivermectin, abamec-
tin, and doramectin, which showed the lowest activities.

Our results also highlighted other chemical features associ-
ated with high inducing activity, such as an oxime substituent at
C-5, a cyclohexyl substituent at C-25, and a double bond at
C-22–C-23. In the brain barrier, Pgp have been associated with
ivermectin elimination. A mutation in Pgp sequence in collie
dogs resulted in higher toxicity (39). However, when the hy-
droxyl group in C-5 was replaced by a ketoxime, the toxicity
was reduced (63). This seems compatible with the inducing
activity of selamectin, with a ketoxime at C-5, compared to no
effect with ivermectin, which has a hydroxyl group at C-5.

Other biophysical properties may also play a significant role
in the drug-Pgp interaction within the cell membrane. Pgp
transport lipophilic or amphiphilic compounds. Polar substitu-
ents at C-13 or cyclohexyl at C-25 could favor the insertion of
drugs into the lipid membranes, and thus binding to Pgp.
These substituents have been shown to diminish anthelmintic

TABLE 3. Substituents in MLsa

ML Substituent at C-5 Sugar at C-13 Bond at C-22–C-23 Substituent at C-25

Ivermectin Hydroxyl 
-L-Arabino-hexapyranosyl Single Isopropyl/sec-butyl

-L-Arabino-hexapyranosyl

Abamectin Hydroxyl 
-L-Arabino-hexapyranosyl Double Isopropyl/sec-butyl

-L-Arabino-hexapyranosyl

Moxidectin Hydroxyl No sugar Single � oxime or methoxyimino? Dimethyl-butenyl

Eprinomectin Hydroxyl �-L-Lyxo-hexapyranosyl Double Isopropyl/sec-butyl

-L-Arabino-hexapyranosyl

Doramectin Hydroxyl 
-L-Arabino-hexapyranosyl Double Cyclohexyl

-L-Arabino-hexapyranosyl

Emamectin Hydroxyl �-L-Lyxo-hexapyranosyl Double Isopropyl/sec-butyl

-L-Arabino-hexapyranosyl

Selamectin Ketoxime 
-L-Arabino-hexapyranosyl Single Cyclohexyl

a The main differences are shown in bold.
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activity in mammals (62). More generally, the entry of drugs
into the membrane depends on the partition coefficient log P,
as demonstrated for phenothiazine-type multidrug resistance
modifiers (22). In nematodes, the MLs with the highest log P
values were associated with the largest increases in the stimu-
latory effect as a function of drug concentration. This could be
interpreted as a “log P-response” relationship, as previously
described for Pgp inhibitors (22), but attributing an inverse
effect to the biological model. Pgp recognizes its substrates in
the inner region of the cell membrane (4). The lipid environ-
ment may thus regulate Pgp transport (9). Nematode enve-
lopes (eggshells and cuticles) differ from cell membranes in
their lipid composition, in sterol and phospholipid (PL) con-
tent in particular, which plays a key role in drug resistance (47).
In particular, the interactions of drugs with PLs influence drug
absorption, tissue distribution, subcellular distribution, and
protein activity (2). The amount of xenobiotics embedded
within the bilayer may depend on the presence of anionic PLs
(15). In nematodes, phosphatidic acid is more abundant in
resistant parasites (47). A number of features suggest a pos-

sible a role of this PL in drug transport. Indeed, this mole-
cule can bind to xenobiotics and can help to capture proteins
by forming recruitment sites for cytosolic molecules and
translocating them to the plasma membrane. Such interac-
tions may be dependent on the partitioning of xenobiotic
molecules in membranes and envelopes. The level of resis-
tance to anthelmintics has also been shown to depend on the
free cholesterol concentration in nematodes (47). Choles-
terol acts as a modulator of Pgp localization and a promoter
of Pgp function (32, 51).

Conclusions. The present experiments did not directly assess
the changes in drug activity against nematodes resulting from
the interaction between drugs and nematode Pgp. Neverthe-
less, previous results clearly demonstrated the relationships
between nematode Pgp activity and drug efficacy against par-
asites (7, 30, 31, 48). The obtained results should thus be useful
in finding structural refinements to enhance the effectiveness
of MLs as anthelmintic agents while limiting drug resistance
mechanisms.

Free-living worms, which are not the clinically relevant

FIG. 6. Protein sequence alignment of the 12 TMs of ABCB1 P-glycoproteins from three mammals (human, mouse, and sheep) and three
nematodes (Haemonchus contortus, Caenorhabditis elegans, and Onchocerca volvulus). Two subgroups (mammals and nematodes) can be distin-
guished. The GenBank accession numbers for the sequences used are as follows: human, P08183; mouse, P21447; sheep, A2VBC7; Caenorhabditis
elegans, O01495; Onchocerca volvulus, Q9U8G3; and Haemonchus contortus, O61301.
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stage, were chosen for study here. Even if the results remain to
be confirmed with parasitic organisms, previous results show-
ing the presence of active Pgp in eggshells and cuticles of both
free-living and parasitic worms (49) allow us to expect similar
effects in adult worms.

H. contortus, a sheep parasite, was chosen as a model for
parasitic nematodes of ruminants. However, Pgp have also
been identified in human nematode parasites, such as On-
chocerca volvulus. Mass treatment with ivermectin is a primary
part of the Onchocercosis Control Program (OCP). Intensive
use of ivermectin has restricted the genetic variation of the H.
contortus-homologous O. volvulus Pgp (OvPGP) gene (5). As a
consequence, selection for ivermectin resistance is presently
occurring in O. volvulus populations isolated in West Africa
(6). The use of livestock nematodes, which are more appropri-
ate for experimental purposes, can result in useful information
for identifying mechanisms which are expected to be close
considering the molecular similarity of Pgp genes in nematodes
(H. contortus, O. volvulus, and C. elegans) to those in mammals.
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