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Abstract: It has been demonstrated that continuous exposure to amodiaquine (AQ) alone elicits in vitro
antischistosomal activities at concentrations of 1–10 μg/ml. However, orally administered drugs reach a peak
blood concentration within one or two hours and then gradually decrease. The blood concentration does not remain
at a constant level over several days as in vitro concentration of continuous drug exposure. In vitro activities by
one day exposure to AQ better reflect the actual antischistosomal activities after oral administration than those
elicited by continuous exposure.
The objective of the present study is to compare the antischistosomal potential of one-day exposure to AQ with
that to praziquantel (PZQ), a current antischistosomal drug. Schistosoma mansoni adult worm pairs were incubated
with 0 (control), 1, 2, 5 and 10 μg/ml AQ as well as 0.01, 0.02, 0.05 and 0.1 μg/ml PZQ for the first day, and were
subsequently incubated in drug-free media for a period of 14 days. The one-day exposure to AQ significantly
reduced the daily egg output of the worm pairs at 1–10 μg/ml. The inhibitory effect on egg production continued at
5 and 10 μg/ml but proved temporary at 1 and 2 μg/ml. Furthermore, AQ-induced specific morphological
alterations (severe swelling and/or localization of hemozoin) were observed in the worms at 5 and 10 μg/ml. The
AQ-specific appearance of the male worms gradually faded during subsequent incubation in drug-free media,
although the female worms showed elongation. Meanwhile, PZQ inhibited the egg output of adult worm pairs at
concentrations of 0.01–0.1 μg/ml during exposure. The inhibitory effect on egg production continued at 0.05 and
0.1 μg/ml but proved temporary at 0.01 and 0.02 μg/ml. Furthermore, PZQ induced a visible contraction and
shortening of the male and female worms at 0.05 and 0.1 μg/ml during exposure, but the PZQ-specific alterations
quickly disappeared during subsequent incubation in drug-free media. To our knowledge, this is the first report
showing that one-day exposure to AQ inhibits the egg production of adult worm pairs at 1–10 μg/ml and induces
specific morphological alterations in the worms at 5 and 10 μg/ml. The present findings have important
implications for the evaluation of the therapeutic effects of both AQ monotherapy and combination therapy with
artesunate on schistosomiasis in clinical field trials.
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INTRODUCTION

Schistosomiasis remains one of the most prevalent
parasitic diseases in the world [1]. In spite of sustained
efforts to date, an estimated 779 million people are still at
risk of the disease [1], and 207 million people are currently
infected. Praziquantel (PZQ) has been cited as the only
current drug of choice for the treatment of schistosomiasis
[2], and mass chemotherapy using PZQ remains the main
strategy for schistosomiasis control. However, the exten-
sive use of PZQ in treatment programs has raised concern
about the possible emergence of PZQ-tolerant and/or
resistant strains of schistosomes [3–5]. Thus, the study and

development of new antischistosomal drugs that can serve
as an alternative are urgently needed.

Bouglanger et al. reported a high cure rate of 100%
after combination therapy using artesunate (ART) and
amodiaquine (AQ) in Schistosoma haematobium-infected
children [6], while Keiser et al. showed that ART mono-
therapy yielded a low cure rate of only 21% [7]. These
findings suggested that AQ exerted antischistosomal
effects synergistically with ART. Mitsui and Aoki, and
Kato et al. demonstrated that continuous exposure to AQ
exerted antischistosomal effects in vitro at concentrations
of 1–10 μg/ml and proposed that the drug was a promising
candidate for the treatment of schistosomiasis [8, 9].
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However, orally administered AQ reaches the blood
stream within one or two hours, achieves a peak blood
concentration and then gradually decreases [10]. The blood
concentration of the drug does not remain at a constant
level as in vitro concentration of continuous drug expo-
sure. In vitro activities by one day exposure to AQ better
reflect the actual antischistosomal activities after oral
administration than those elicited by continuous exposure.
In preparation for clinical field trials of the drug, therefore,
the in vitro antischistosomal effects of one-day exposure to
AQ provide information that is more useful than those
observed in continuous exposure.

The objective of the present study is to compare the in
vitro antischistosomal effects of one-day exposure to AQ
and PZQ at concentrations of 1–10 μg/ml and 0.01–0.1
μg/ml, respectively. The in vitro antischistosomal effects
of AQ were examined as compared with those of PZQ
regarding 1) daily egg output of S. mansoni adult worm
pairs, 2) their survival and 3) the gross morphological
alterations caused by the drugs and observed under a dis-
secting microscope.

MATERIALS AND METHODS

Chemicals and medium
AQ · 2HCl and PZQ were purchased from MP

Biomedicals Inc. (Fountain Parkway Solon, Ohio, USA)
and Alexis Corporation (San Diego, CA, USA), respec-
tively. AQ was diluted in deionized water (DW) at a con-
centration of 5 mg/ml (free base) as a stock solution. PZQ
was dissolved in DW containing 1% ethanol to a concen-
tration of 50 μg/ml as a stock solution. Each stock AQ or
PZQ solution was then added to NCTC 135 medium
(Sigma, St. Louis, Missouri, USA) containing a 0.5% solu-
tion of antibiotics (penicillin 10,000 units and streptomy-
cin 10,000 μg/mL, Gibco, Langley, Oklahoma, USA). In
the experiment using PZQ, ethanol was contained at a
maximum concentration of 0.002% in media supplemented
with 0.1 μg/ml PZQ. The ethanol concentration did not
affect the viability or morphology of S. mansoni adult
worms in vitro culture as compared with those in ethanol-
free media.

Parasite strain
A Puerto Rican strain of S. mansoni (NIH-Sm-PR-1)

had been routinely maintained by passage through Mongo-
lian jirds (Meriones unguiculatus; MGS/Sea, Kyudo Co.,
Ltd., Saga, Japan) and Biomphalaria glabrata snails
(Newton’s NIH Puerto Rican/Brazilian M-line) in the
Animal Research Centre at the Institute of Tropical
Medicine, Nagasaki University. At eight weeks post-

infection, adult worms were obtained by the perfusion
technique as previously described by Smithers and Terry
[11] and washed twice with NCTC 135 medium.

Ethical Statement
The present investigation was approved by the Ethics

Review Committee for Animal Experimentation of
Nagasaki University School of Medicine, and all animal
experiments were performed in accordance with the animal
experimentation guidelines of the Animal Research Centre
for Tropical infections in the Institute of Tropical
Medicine, Nagasaki University.

Schistosomes incubation
The incubation was conducted as previously descri-

bed by Mitsui et al. [12], except for the differences in the
test drugs and incubation period. Before exposure to the
drugs, each S. mansoni adult worm pair was preincubated
for one day in a single well of a 24-well multi-well plate
(Sumitomo Bakelite Co. Ltd., Osaka, Japan) with 0.5 ml of
NCTC 135 medium alone in 5% CO2 incubator at a tem-
perature of 37°C. Subsequently, 54 adult worm pairs were
randomly assigned to nine groups: 0 (control), 1, 2, 5 and
10 μg/ml AQ and 0.01, 0.02, 0.05 and 0.1 μg/ml PZQ.
Then, each worm pair was transferred into a well contain-
ing 0.5 ml of NCTC 135 medium alone for control or sup-
plemented with 1, 2, 5 and 10 μg/ml AQ and 0.01, 0.02,
0.05 and 0.1 μg/ml PZQ. The plates were incubated in the
5% CO2 incubator at 37°C on the first day and subse-
quently with daily replacement of the media alone over a
period of 14 days. The number of eggs produced daily by
each adult worm pair was counted, and the worm appear-
ance was also observed visually under a Nikon SMZ 800
stereoscopic microscope (Nikon Corporation, Tokyo,
Japan) equipped with a digital Senamal C-mount camera
(Microscope Network, Kawaguchi, Saitama, Japan). The
“dead or alive” status of adult worms was determined
according to the criteria of Mitsui et al. [12].

Data analysis
The data were analyzed using Epi-Info software

(Centers for Disease Control and Prevention, Atlanta,
Georgia, USA). The daily egg output per female adult
worm was expressed as the arithmetic mean (± standard
error). The Mann-Whitney test was used to compare daily
egg output between the treated and control groups.
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RESULTS

Effects of one-day exposure to amodiaquine and
praziquantel on the daily egg production of
Schistosoma mansoni adult worm pairs

The in vitro effects of one-day exposure to AQ and
PZQ on the daily egg output of S. mansoni adult worm
pairs are shown in Fig. 1. After the adult worm pairs were
exposed to AQ at 5 or 10 μg/ml for one day (Fig. 1-a), the
mean daily egg output was continuously reduced to zero
on day two. The daily egg output also showed a significant
decrease on day two or three in the 1 and 2 μg/ml AQ
groups as compared to that in the control group. Subse-

Fig. 1. Effects of one-day exposure to amodiaquine (AQ) and
praziquantel (PZQ) on daily egg output of
Schistosoma mansoni adult worm pairs. (a) Paired
adult worms were incubated for one day with zero for
control (closed circle), 1 (closed square), 2 (closed
diamond), 5 (closed triangle), or 10 (cross) μg/ml AQ,
or (b) with zero for control (closed circle), 0.01
(closed square) 0.02 (closed diamond), 0.05 (closed
triangle), or 0.1 (cross) μg/ml PZQ, and subsequently
incubated with daily replacement of media on the
other days. Each bar shows the arithmetic mean ±
standard error of daily egg output. *P < 0.01, **P <
0.05, compared with the corresponding control group
by the Mann-Whitney test. †one day pre-incubation
before worms were exposed to the drugs.

quently, the egg output gradually recovered to a level simi-
lar to that in the control group. Moreover, one-day
exposure to PZQ significantly reduced the daily egg output
at concentrations of 0.01–0.1 μg/ml on the first day of
exposure as compared to that of the control group (Fig. 1-
b). The daily egg output immediately recovered after incu-
bation in drug-free media in the 0.01 and 0.02 μg/ml PZQ
groups, but it remained depressed to zero or near zero in
the 0.05 and 0.1 μg/ml PZQ groups.

Effects of one-day exposure to amodiaquine and
praziquantel on the survival of Schistosoma mansoni
adult worm pairs

When S. mansoni adult worm pairs were incubated
with the drugs and also continuously incubated in drug-
free media over a period of 14 days, all the male and
female worms survived in all the 1, 2, 5, 10 μg/ml AQ,
0.01, 0.02, 0.05, 0.1 μg/ml PZQ and control groups.

Gross morphological alterations of Schistosoma
mansoni adult worms caused by the one-day exposure
to amodiaquine and praziquantel

When adult worm pairs were continuously cultivated
in media alone (control group), the black content, namely
hemozoin [13], in the body of all male and female worms
gradually disappeared over a period of three days (Fig. 2-a
and -b). However, one-day exposure to AQ induced a
severe swelling and/or localization of hemozoin in male
worms, and a localization of hemozoin in female worms at
10 μg/ml on day one or two (Fig. 2-d and -e). Subse-
quently, the male worms gradually regained a normal
appearance similar to that of the control group (Fig. 2-c
and -f), while the localization of hemozoin was still
observed in the female worms. The AQ-specific morpho-
logical alterations were also observed in all of the male
and female worms incubated at 5 μg/ml but not at 1 and 2
μg/ml.

During exposure to PZQ at 0.1 μg/ml, the male and
female adult worms showed a visible contraction and
shortening (Fig. 2-g). The PZQ-specific morphological
alterations immediately disappeared with subsequent incu-
bation in media alone over a period of one day (Fig. 2-h).
One-day exposure to 0.05 μg/ml AQ also slightly induced
the PZQ-specific alterations. However, the PZQ-specific
alterations were not observable at 0.01 and 0.02 μg/ml.

DISCUSSION

When S. mansoni adult worm pairs were exposed to
AQ for the first one day and subsequently incubated in
drug-free media, the inhibitory effect of one-day exposure
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to AQ on the daily egg output continued at 5 and 10 μg/ml
but proved temporary at 1 and 2 μg/ml. Thus, the minimal
concentration of AQ that inflicts irreversible damage on
the egg production of female adult worm is presumed to lie
between 2 and 5 μg/ml. Furthermore, the one-day exposure
to AQ also induced the specific alterations (severe swel-
ling and/or localization of hemozoin) in the male and
female adult worms at 5 and 10 μg/ml. The alterations
were the same as those caused by continuous exposure to
AQ [9]. With subsequent incubation in drug-free media, all
the female worms maintained the AQ-specific morphologi-
cal damage during the 14-day incubation period, while the
male worms gradually regained their normal appearance.
The female worms were apparently more susceptible to
AQ than the male worms. This result was consistent with
experimental evidence that the treatment of S. mansoni-
infected mice with chloroquine, which is similar in struc-
ture to AQ [14], caused morphological damage in female
worms but not in male worms. In addition, the present
study revealed that more than 2 μg/ml was required for AQ
to inflict continuous damage on the female adult worms.
However, after oral administration of a regular dose of AQ
for the treatment of malaria in humans (10 mg/kg of body
weight, once daily for three days) [15], the blood concen-
tration of AQ and the major metabolite of N-
desethylamodiaquine (DEAQ) may reach a level close to 1

Fig. 2. Effects of one-day exposure to amodiaquine (AQ) and
praziquantel (PZQ) on the gross appearance of
Schistosoma mansoni adult worm pairs. Paired adult
worms were incubated drug free (control) or with 10
μg/ml AQ or 0.1 μg/ml PZQ on the first day and
subsequently incubated with daily replacement of
drug-free media on the other days. The male and
female signs indicate male and female worms,
respectively. Small and large arrows show the
localization of hemozoin in female worms and the
swelling in male worms, respectively.

μg/ml [10, 16]. Thus, it is surmised that the standard dose
of AQ for the treatment of malaria may not be sufficient to
produce the desired therapeutic effect in the treatment of
schistosomiasis.

PZQ inhibited the daily egg output of adult worm
pairs and induced specific morphological alterations in
adult worms at lower concentrations than AQ. As shown
by Pica-Mattoccina and Cioli [17], one-day exposure to
PZQ also induced a visible contraction and shortening of
worms at 0.1 μg/ml during the period of exposure. One
day after subsequent incubation in drug-free media, the
specific alterations quickly disappeared. All the male and
female worms survived the 14-day period of incubation.
The morphological alterations of the worms induced by
PZQ occurred and disappeared more quickly than those
caused by AQ. Pica-Mattoccina and Cioli also showed that
all the adult worms exposed in vitro to PZQ overnight at a
concentration of 0.125 μg/ml survived for seven days [17].
Thus, it is surmised that one-day exposure to PZQ also
fails to inflict irreversible damage on adult worms at a con-
centration of 0.1 μg/ml. In addition, Shaw and Erasmus
demonstrated that although PZQ caused damages to the
reproductive system of in vivo paired female worms, the
damaged reproductive system completely redeveloped and
eventually resumed egg production [18]. The in vitro
inhibitory effect of PZQ on egg production observed in the
present study may not imply irreversible damage to the
reproductive system of paired female worms.

Although the mechanism of PZQ activity has not
been elucidated in detail, experimental evidence suggests
that the drug induces a rapid contraction of schistosomes,
accompanied by an increasingly rapid permeability of the
cell membrane towards calcium ions [19]. On the other
hand, Oliver et al. showed that chloroquine [14], one of the
4-aminoquinoline derivatives similar in structure to AQ,
exerted antischistosomal activities by inhibiting the forma-
tion of hemozoin, a detoxification product of free haem
metabolized from haemoglobin. Similarly, it has been sur-
mised that the free haem caused by AQ may be responsible
for damaging the reproductive system of female worms
and inducing the specific morphological alterations of
male and female worms [9]. The differences in the mode
of action of AQ and PZQ are thought to contribute to dif-
ferences in the specific morphological alterations caused
by the two drugs, as well as in the onset of morphological
alterations. The great differences in the mode of action
shown by the two dugs suggest that AQ may be effective
on PZQ-tolerant and/or resistant strains of schistosomes.
Therefore, AQ deserves further investigation as a promis-
ing new candidate for the treatment of schistosomiasis.

Some field trials have revealed the strong antischisto-
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somal effects of artemisinin-based combination therapies
(ACTs) and underlined the antischistosomal activity of the
current antimalarial drugs used in those trials [6, 7, 20, 21].
The in vitro antischistosomal effects of mefloquine, AQ,
primaquine and so on have also been investigated, evi-
dence that the current antimalarial drugs are attracting
attention as promising new antischistosomal drugs [8, 22,
23]. Since the distribution of both malaria and schistoso-
miasis exhibits a large geographical overlap in sub-
Saharan Africa [24], the use of AQ alone or ACT with AQ
for the treatment of malaria may produce an additional
therapeutic effect on schistosomiasis. Thus, the present
findings are noteworthy and can be expected to encourage
further research and evaluations regarding the therapeutic
effect of AQ on schistosomiasis in field trials. However, it
is possible that the extensive use of AQ may raise concerns
about the emergence of AQ-tolerant and/or resistant strains
of schistosomes, as has been seen in the use of PZQ [3–5].
Therefore, the use of AQ for the treatment of schistoso-
miasis should be carried out with ample caution regarding
the emergence of AQ-tolerant and/or resistant strains of
schistosomes.
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