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Abstract The aim of the present work was to evaluate
the in vitro efficacy of the flubendazole (FLBZ) and
ivermectin (IVM) combination against Echinococcus
granulosus protoscoleces and metacestodes. Protoscoleces
and groups of ten peritoneal cysts obtained from BALB/c
mice were incubated with the two drugs, either separately
or in combination, at the following final concentrations:
10 pg/mL FLBZ, 1 pg/mL FLBZ, 1 pg/mL IVM, 10 pg/
mL FLBZ + 1 pg/mL IVM, and | pg/mL FLBZ + 1 pg/
mL IVM. The maximum protoscolicidal effect was found
with the combination 10 pg/mL FLBZ + 1 ug/mL IMV.
After 1 day of incubation, the presence of numerous blebs
in the tegument of protoscoleces was observed. Ultra-
structural studies revealed that the primary site of damage
was the tegument of the parasite. The effect of the two
drugs on hydatid cysts obtained from mice was more
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rapidly detected in cysts treated with the combination of
FLBZ + IVM than when drugs were used separately.
Ultrastructural studies revealed that the germinal layer of
treated cysts lost the multicellular structure feature and
underwent considerable degenerative changes after in
vitro treatment. The outcomes obtained demonstrated the
favorable effect of the combination of FLBZ and IVM
against E. granulosus.

Introduction

Cystic echinococcosis (CE) caused by the larval stage of
the cestode Echinococcus granulosus is a life-threatening
disease of serious public health and economic concern of
global proportion (Eckert and Deplazes 2004). Traditional-
ly, the treatment of echinococcosis relies primarily on
surgery and/or chemotherapy, and the treatment strategy
depends largely on different factors, such as metacestode
size and location, viability status, the interaction between
the expanding parasite and the adjacent host tissue,
complicating bacterial or fungal infection, and potential
complications related to cyst rupture and spillage of
protoscoleces (Kern 2003, 2006).

Mebendazole (MBZ) and albendazole (ABZ) were
initially tested in animal models and were first used in
humans in the late 1970s (Bekhti et al. 1977; Schantz et al.
1982; Morris et al. 1983). Approximately 20-40% of cases
do not respond favorably to such chemotherapy. Praziquan-
tel (PZQ), a heterocyclic pyrazinoisoquinoline derivative,
has been proposed for use together with benzimidazoles in
CE patients (Cobo et al. 1998).

MBZ, ABZ, its metabolite albendazole sulfoxide
(ABZSO), and flubendazole (FLBZ) were shown to be
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active against protoscoleces and metacestodes of E.
granulosus under in vitro and in vivo conditions (Chinnery
and Morris 1986; Morris et al. 1987; Pérez Serrano et al.
1994, 1997; Casado et al. 1996; Elissondo et al. 2006,
2007; Ceballos et al. 2006). On the other hand, PZQ
exhibits a high efficacy against protoscoleces and meta-
cestodes in animal experiments (Urrea-Paris et al. 1999,
2000, 2002) and it was suggested that PZQ exerts a
substantial effect against metacestodes and protoscoleces
when applied in combination with ABZ (Urrea-Paris et al.
1999).

Ivermectin (IVM), a macrocyclic lactone endectocide, is
used to control nematode and arthropod parasites that cause
diseases such as lymphatic filariasis, strongyloidosis, and
scabies in humans and parasitic gastroenteritis in farm
animals and different ectoparasites as well (McKellar and
Benchaoui 1996). Campbell et al. (1983) suggested the
total lack of efficacy of IVM on cestodes. However, Casado
et al. (1989) found a marked protoscolicidal effect in in
vitro incubations. These contradictory results may be
explained by the different methodologies used. Thus,
Martinez et al. (1999) observed an alteration in heat shock
proteins after the in vitro incubation of E. granulosus
protoscoleces with IVM, and Pérez-Serrano et al. (2001)
later found a tegumental depolarization on the protoscole-
ces incubated in vitro with IVM that could be fundamental
for the survival of the parasite.

Casado et al. (2002) studied the combination of IVM
with ABZ and they demonstrated an improvement of IVM
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Fig. 1 Survival of E. granulosus protoscoleces after exposure to
FLBZ, IVM, and the combination of both drugs. Each point represents
the mean percentage of vital protoscoleces from three different
experiments
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efficacy when it is combined with ABZ. This treatment also
killed protoscoleces and metacestodes in less time than
ABZ alone.

In previous works, we reported the in vitro effect of
FLBZ on E. granulosus protoscoleces and metacestodes
(Elissondo et al. 2006, 2007). The aim of the present work
was to evaluate the in vitro efficacy of the FLBZ and IVM
combination against E. granulosus protoscoleces and
metacestodes.

Materials and methods

Protoscoleces collection and culture

Hydatid cysts from the liver and lungs of naturally infected
cattle were obtained from an abattoir located in the
southeast of Buenos Aires Province, Argentina. Protosco-
leces were collected aseptically and washed several times

Fig. 2 Light microscopy of E. granulosus protoscoleces incubated in
vitro with FLBZ + IVM. a Control protoscoleces (x100). b Altered
protoscoleces after 1 day p.i. with 10 pg/mL FLBZ + 1 pg/mL IMV
(x100)
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Fig. 3 SEM of E. granulosus
protoscoleces incubated in vitro
with FLBZ and IVM. a Evagi-
nated control protoscolece. b
Protoscolece incubated with
IVM alone (1 pg/mL) during
12 days. Note tegumental alter-
ations of the soma region. ¢
Altered protoscoleces after

12 days p.i. with the combina-
tion 1 pg/mL FLBZ + 1 ug/mL
IVM. d-f Protoscoleces incu-
bated with 10 pg/mL FLBZ +

1 pg/mL IVM (12 days p.i.).
Note the loss of morphology,
rostellar disorganization, loss of
hooks, shedding of microtriches,
and formation of tegumental
vesicles

with phosphate-buffered saline (pH 7.2). Viability was
assessed by the methylene blue exclusion test (Elissondo et
al. 2004). Moreover, other criteria, such as muscular
movements, morphological perfectness of the whole body,
and motility of flame cells, were taken into account to
confirm the viability.

Mouse infection and collection of cysts

BALB/c mice (8 weeks old at the start of the experiments)
were infected by intraperitoneal infection of 1,500 proto-
scoleces in 0.5 mL of medium 199 to produce experimental
secondary hydatid disease. The animals were housed in a
temperature-controlled (22+1°C), light-cycled (12-h light/
dark cycle) room.

At 8 months post-infection, mice with experimental
secondary CE were euthanized, and necropsy was carried
out immediately thereafter. At necropsy, the peritoneal

1S5kU 1,888 180

cavity was opened and the hydatid cysts were carefully
removed.

Drugs and in vitro incubation procedures

FLBZ (kindly provided by Janssen Animal Health,
Beerse, Belgium) and IVM (Sigma, USA) were dissolved
in dimethyl sulfoxide (DMSO) at a drug concentration of
1 and 0.1 mg/mL. The two drugs were added to the
medium either separately or in combination at the
following final concentrations: 10 pg/mL FLBZ
(31.9 uM), 1 pg/mL FLBZ (3.19 uM), 1 pg/mL IVM
(1.14 uM), 10 pg/mL FLBZ + 1 pg/mL IVM, and 1 ug/
mL FLBZ + 1 pg/mL IVM.

Protoscoleces (1,500 per Leighton tube) were cultured in
medium 199 (Gibco), supplemented with 100 IU penicillin,
100 pg/mL streptomycin, and 4 mg/mL glucose. Cultures
were performed in 10 mL of incubation medium at 37°C
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Fig. 4 TEM of E. granulosus
protoscoleces incubated in vitro
with FLBZ + IVM. a Soma
region of a control protoscolece
(12 days p.i.; g glycocalix, dc
distal cytoplasm; x6,700). b
Treated protoscolece (12 days
p.i., 1 pg/mL IVM). Note the
presence of large vacuoles (v) in
the distal cytoplasm. ¢—d Proto-
scolece incubated with 10 pg/
mL FLBZ + 1 pg/mL IVM

(12 days p.i.). Internal tissue
was severely affected. ¢ Note
the presence of vacuoles (v) and
lipid droplets (/; x6,700). d
Residual lamellar bodies (b;
%10,000)

without changes of medium (Elissondo et al. 2006).
Protoscoleces incubated with culture medium containing
20 pul DMSO served as controls. Each experiment was
repeated three times.

Groups of ten peritoneal cysts obtained from BALB/c
mice were also placed in Leighton tubes containing 10 mL
of culture medium. The tubes were maintained at 37°C
without changes of medium during the entire drug
incubation period (Elissondo et al. 2007). The cysts
incubated with the culture medium containing DMSO
were used as controls. Each experiment was repeated three
times.

Evaluation by light and electron microscopy

Culture tubes with protoscoleces were followed up micro-
scopically everyday to determine the appearance of morpho-

logical alterations. Samples of protoscoleces (approximately
70-90 protoscoleces in 0.5 mL of incubation medium) from
each of the dosing groups and the controls were taken every 5
to 6 days for viability assessment using the methylene blue
exclusion test. Additionally, ultrastructure studies with scan-
ning and transmission electron microscope (SEM and TEM,
respectively) were performed. For ultrastructure studies,
protoscoleces cultures were processed as described by
Elissondo et al. (2000).

Culture tubes with cysts were followed macroscopically
and microscopically everyday. Samples of cysts from each
of the dosing groups and the control were taken every
6 days for up to 12 days and then fixed for electron
microscopy. The criteria for cysts vitality assessment
included loss of turgidity, collapse of cysts, and ultrastruc-
tural observation of the germinal layer as described by
Elissondo et al. (2007).

Table 1 Time of appearance (days p.i.) of different indicators of tissue damage on E. granulosus murine cysts, after their incubation with FLBZ

and IVM, under in vitro conditions

Parameters Days p.i.
of the study

Drug concentrations (ug/mL)

Control 1 FLBZ 10 FLBZ 1 1IVM 1 FLBZ + 1 IVM 10 FLBZ + 1 IVM
Loss of cyst turgidity - 9 6 2 1
Appearance of collapsed cysts - 10 9 6 2
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Fig. 5 SEM of E. granulosus
metacestodes incubated in vitro
with FLBZ + IVM. a Control
murine cyst with an intact ger-
minal layer (12 days p.i.; g/
germinal layer, // laminar layer).
b Murine cyst incubated in vitro
with 10 pg/mL FLBZ + 1 pg/
mL IVM (12 days p.i.). Note the
extensive damage of the germi-
nal layer. Only cellular debris
could be observed. ¢ Murine
cyst (1 pg/mL FLBZ + 1 pg/mL
IMV, 12 days p.i.). The germinal
layer is altered. d Murine cyst
(1 pg/mL IVM, 12 days p.i.).
Germinal layer showing disinte-
grated areas

Results
Effects of FLBZ + IVM on E. granulosus protoscoleces

The survival of E. granulosus protoscoleces after exposure
to FLBZ, IVM, and FLBZ + IVM combination is shown in
Fig. 1. Control protoscoleces viability was 96.1+0.8% after
24 days of incubation (Fig. 1). Viability decreased slowly,
reaching 77.7+7.5% at day 60. The maximum protoscoli-
cidal effect was found with the combination 10 pg/mL
FLBZ + 1 pg/mL IMV (Fig. 1); viability was reduced to
4.4+0.3% after 24 days of incubation compared with 14.5+
4.7% with 1 pg/mL FLBZ + 1 pg/mL IMV, 18.2+4.8%
with 1 pg/mL IVM, 22.2+0.8% with 10 ng/mL FLBZ, and
26+1.1% with 1 pg/mL FLBZ.

The results of the viability tests coincide with the tissue
damage observed at the structural level. Protoscoleces
incubated with DMSO (control group) revealed no changes
in structure throughout the experimental period (Fig. 2a).
After 1 day of incubation, the presence of numerous blebs
in the tegument of protoscoleces treated with 10 pg/mL
FLBZ + 1 pg/mL IVM was observed by inverted
microscope (Fig. 2b). Other alterations such as rostellar
disorganization, loss of hooks, and contraction of posterior
region could be seen after 2 days of incubation. With the
other concentrations and combinations of drugs, the same
alterations could be observed later, between 3 and 6 days
post-incubation (p.i.).

These results were confirmed on the ultrastructural level
by SEM and TEM. Control cultures exhibited no ultra-
structural alterations in parasite tissue during the whole
incubation period (Figs. 3a and 4a). In contrast, morpho-
logical and ultrastructural damages were detected in treated
protoscoleces. The primary site of damage was the
tegument of the parasite.

At 12 days p.i., observations by SEM and TEM of
protoscoleces incubated with IVM alone revealed the
presence of tegumental alterations, contraction of the
soma region (Fig. 3b), and the presence of large vacuoles
in the distal cytoplasm (Fig. 4b). On the other hand,
microtriches remained unaltered. The ultrastructural
effects observed after FLBZ + IVM incubation were
greater than those caused by the drugs incubated sepa-
rately, although vitality percentages at that time were
rather similar (Fig. 1). Moreover, the combination 1 pg/
mL FLBZ + 1 pg/mL IVM produced less marked
alterations than 10 pg/mL FLBZ + 1 pug/mL IVM
(Fig. 3c—f). The ultrastructural changes included tegumen-
tal alterations (Fig. 3c), rostellar disorganization, loss of
hooks, and shedding of microtriches of the scolex region
(Fig. 3d). Formation of tegumental vesicles was observed
in several protoscoleces (Fig. 3e). In some protoscoleces,
loss of morphology was evident (Fig. 3f). Ultrastructural
studies by TEM revealed the severely affected internal
tissue, resulting in an increase of vacuoles and lamellar
residual bodies (Fig. 4c, d).
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Fig. 6 TEM of E. granulosus metacestodes incubated in vitro with
FLBZ + IVM. a Control cyst (// laminar layer, m¢ microtriches, g/
germinal layer; x7,500). b Treated murine cyst (12 days p.i., 1 pg/mL
FLBZ + 1 pg/mL IVM). The internal tissue is altered with the presence
of lipid droplets (/; x8,000). ¢ Murine cyst incubated during 12 days
with 1 pg/mL IVM. Note the presence of numerous vacuoles (v)

Effects of FLBZ + IVM on E. granulosus cysts

The in vitro results of the incubation of hydatid cysts obtained
from mice with the different drugs are shown in Table 1. The
effect was more rapidly detected in cysts treated with the
combination of FLBZ + IVM than when drugs were used
separately.

Control cultures exhibit no ultrastructural alterations
in parasite tissue during the whole incubation period
(Figs. 5a and 6a). Studies by SEM revealed that the
germinal layer of treated cysts lost the multicellular

@ Springer

structure feature (Fig. 5b—d). There was a correlation
between the intensity of damage and the drug and/or
combination assayed. This fact coincides with the macro-
scopic changes presented in Table 1. As was mentioned
for protoscoleces, the combination 10 pg/mL FLBZ +
1 pg/mL IVM produced greater ultrastructural effects than
when the drugs were incubated separately (Fig. 5b).

These results were confirmed on the ultrastructural level
by TEM (Fig. 6). After 12 days p.i., treated metacestodes
underwent considerable degenerative changes after in vitro
treatment. The presence of numerous vacuoles and lipid
droplets was observed (Fig. 6b, c).

Discussion

In previous studies (Elissondo et al. 2006, 2007), the in vitro
and in vivo effect of FLBZ on E. granulosus protoscoleces
and metacestodes has been established. The present work is
the first report of the effect of FLBZ and IVM combination
against E. granulosus protoscoleces and metacestodes.

There are very few studies on the effects of IVM on
cestodes. Casado et al. (1989) demonstrated a rapid
protoscolicidal activity of IVM at 100 and 10 pg/mL.
Moreover, Pérez-Serrano et al. (2001) recorded a depolar-
ization of the protoscolex tegument which precedes the
cestodicidal effect. Later on, Casado et al. (2002) reported
that the effects of the in vitro IVM and IVM + ABZ
combined treatment against protoscoleces and metacestodes
were different. They studied the combination of ABZ +
IVM in order to check for possible synergic effects. A
higher susceptibility of the parasite was observed when it
was incubated with the drug combination.

FLBZ was shown to be more effective and killed
protoscoleces and metacestodes in less time than ABZ
(Elissondo et al. 2006, 2007). In this work, the
combination FLBZ + IVM not only exerted a marked
effect on the larval stages of the parasite, but this effect
was also observed early compared with the ABZ + IVM
combination.

Protoscoleces cultured with FLBZ + IVM were killed
considerably faster than protoscoleces cultured with ABZ +
IVM. After 18 days of exposure to FLBZ + IVM, viability
was approximately 20+1.4% and it was reduced to 4.4+
0.3% after 24 days of incubation. Casado et al. (2002)
reported a vitality of 35% after 18 days of culture with
ABZ + IVM, but they did not describe what happened after
18 days of incubation.

Metacestodes incubated with FLBZ + IVM underwent
considerable degenerative changes in less time than when
the drugs were used separately. Moreover, the observed
changes were identical to those reported by Casado et al.
(2002). In contrast, they observed loss of turgidity after
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3 days in cysts incubated with ABZ + IVM. In this work,
these changes were observed during the first day of the
experiment.

As evidenced in our experiments, the incubation of
drugs separately, as well as in combination, produced
ultrastructural alterations with the tegument of the
parasite as the primary site of damage. However,
treatment efficacy was considerably improved by apply-
ing the FLBZ + IVM combination. Ultrastructural
changes observed in protoscoleces included tegumental
alterations, rostellar disorganization, loss of hooks,
shedding of microtriches of the scolex region, and the
internal tissue being severely affected.

On the other hand, the ultrastructural effects on cysts
were observed on the germinal layer. An increased
vacuolization of the distal cytoplasm and the presence of
lipid droplets were observed. The intensity of the damage
depends on the drug and/or combination assayed. The
combination 10 pug/mL FLBZ + 1 pg/mL IVM produced
profound morphological and degenerative changes, killing
almost all cells of the germinal layer.

Our results at the ultrastructural level are consistent
with those reported by Casado et al. (2002). In this
work, they suggested that the treatment with ITVM
produced a depolarization on the surface of the tegument
in the initial stage of incubation (3 h), before the
ultrastructural changes occur. This depolarization, together
with the ultrastructural effects, is, however, not enough to
produce the death of the parasite. But, since the tegument
is the contact surface of the parasite with the drug, its
depolarization, together with the effect of benzimidazole
carbamate on the protoscoleces tubulin, could cause more
damage to the parasite tissue leading to death.

The outcomes obtained demonstrated the favorable
effect of the combination of FLBZ and IVM against E.
granulosus. However, the IVM concentration (1 pg/mL)
used in the present experimental work was much higher
than that observed in the plasma of [VM-treated humans in
which, after a dose of 15 mg/kg, an IVM peak plasma
concentration of 0.045 pg/mL was reported (Fink and
Porras 1989). Further thorough studies of FLBZ + IVM
chemotherapeutic effect in vitro at a concentration lower
than 1 pg/mL should be undertaken.

Additionally, after the in vivo coadministration of both
FLBZ and IVM, potential pharmacokinetic interactions
between components may occur and need to be addressed.
In fact, pharmacokinetic interaction between ABZ and [IVM
has been recently reported in sheep (Alvarez et al. 2008).
Although it was unclear at which level ABZ/metabolites
and IVM interact, two possible explanations were as
follows: (1) IVM-induced inhibition of ABZ metabolism
or (2) drug-to-drug interaction via drug efflux transporters-
mediated mechanisms. Moreover, in vivo studies will be

required to evaluate the potential of the combination as a
useful option for the treatment of human CE.
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