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Fig. 3. The maximum-likelihood estimates of N (¢) on the effective number of infections with HCV genotype 1b in Japan for Schistosoma japonicum
(S))-positive group (a) and Sj-negative group (b) separated in the phylogenetic tree (Fig. 2). The parametric model is indicated by the grey line and
stepwise plots by the black line that represents corresponding nonparametric estimates of N (¢) (number as a function of time). Genetic distances are
transformed into a time scale of year using estimates of the molecular clock in the NS5B region.

other risk factors such as blood transfusion were found in
older people excluding at least children.

A disease possibly caused by schistosomal infection in
Japan is documented in a book written some 300 years ago.
In 1847, the clinical picture of this disease was precisely
described by Yoshinao Fujii in the book ‘Katayama-ki’ that
documented an endemic disecase in Katayama area as
Katayama’s disease (equivalent to schistosomiasis).
Water-borne epidemics of schistosomiasis prevailed in
inhabitants around rivers (the tributaries of the Fuji river
in Yamanashi, the Takaya river in Hiroshima and the
Chikugo river in Saga/Fukuoka) in Japan, mediated by

small shellfish (Miyairi-kai) serving as the natural host.
More than 200,000 individuals were estimated to have been
infected with §j in Yamanashi Prefecture alone during 1965
through 1990 [16] and approximately 1,000,000 patients in
the entire Japan since 1920s [17]. To cope with these
endemics, more than 10 million intravenous injections with
antimony compounds had been given in Japan since 1921
[17]. Thus, Japan would have started ahead of any other
countries, in terms of HCV spread in association with
schistosomiasis, wherein intravenous drugs were invented.
Although acute schistosomal infection has disappeared in
Japan since long ago, there are still elderly people with
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Abstract

The therapeutic effects of artesunate against experimental Schistosoma mansoni infection in mice were analyzed. Previous studies showed that
artesunate is highly effective against S. japonicum infection, but the action of this drug against S. mansoni remained uncovered. The present study
examines the optical conditions for artesunate against S. mansoni and evaluates the effects of inhibiting the sexnal maturation of adult worms.
Mice infected with S. mansoni were orally administered with artesunate according to different schedules. Four consecutive administrations of 300
mg/kg of artesunate at 2-week intervals conferred almost total protection without the development of pathological lesions in the liver. The
significant reduction in the number of eggs produced by surviving worms and the status of egg maturation suggested that artesunate inhibits sexual
maturation. Electron microscopy revealed that artesunate caused morphological damage, especially on the worm tegument. Artesunate was also
very effective in iron-deficient mice. Furthermore, the efficacy of artesunate was equal to or better than that of artemether against S. japonicum

infection. Considering that artemether is more toxic, artesunate is currently one of the most efficient drugs against immature S. mansoni.

© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Schistosomiasis remains an important parasitic disease in
terms of large endemic area and the number of infected indi-
viduals [1]. Among the five major species of human schisto-
somes, Schistosoma mansoni is the most prevalent, being
endemic in 55 countries mainly of sub-Saharan Africa as well
as in some parts of South America [2].

Metrifonate, oxamniquine and praziquantel have been used to
treat schistosomiasis over the past few decades [3]. Among
these, praziquantel is presently the only drug that is highly
effective against the adult stage of all human schistosome

Abbreviations: CMC-Na, sodium carbonyl methylcellulose; FWRR, female
worm reduction rate; PBS, phosphate buffered saline; PI, post infection; SD,
Standard deviation; WRR, Worm reduction rate.
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species with no or minimal side effects [4—6]. However, a series
of recent laboratory studies and clinical trials has indicated that
schistosomes are developing resistance to praziquantel [7—10].
Thus, the present widespread use of praziquantel might
eventually negate the benefits of this drug. Considering that
the current state of vaccine development is still far from practical
application [11], effective drugs for the prophylaxis and therapy
of schistosomiasis are urgently required.

Artesunate (dihydroartemisinin-10-a-succinate) is a deriva-
tive of artemisinin that has improved solubility and chemical
stability, as well as enhanced anti-malarial activity [2,12,13]. It
was originally synthesized and used as an anti-malarial drug in
China in 1987 [14]. It has low toxicity and no mutagenicity
[15]. Li et al. discovered that artesunate could kill schistoso-
mula and that it had prophylactic properties against S.
japonicum [16]. Malic dehydrogenase, 6-phosphate mannosi-
dase and acid phosphatase are inhibited in S. japonicum and
tegument damage arises in worms after exposure to artesunate
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[17-20]. The worm reduction rates (WRR) were 77.5~99.5%
when S. japonicum-infected mice (300 mg/kg), rabbits (2040
mg/kg) and dogs (30 mg/kg) were orally administrated with
artesunate once each week for 4 consecutive weeks [21].
Patients infected with S. japonicum in endemic areas of China
were treated with praziquantel, and then divided into one group
that was inoculated with 6 mg/kg of artesunate and another that
received a placebo [22]. The protective rates of artesunate were
83.9--100% and 68.2% in areas of light to moderate, and heavy
endemic infection, respectively. Recently, artesunate has also
been reported to be effective against S. mekongi infection [23].

The efficacy of artesunate against infection with S. mansoni
as opposed to S. japonicum remains controversial. An early
study by Araujo et al. showed that artesunate obviously
meodified the reproductive organs of S. mansoni [24]. The
results of our preliminary study showed that artesunate was
therapeutically effective against S. mansoni infection in mice.
We investigated details of the prophylactic and therapeutic
aspects of artesunate against S. mansoni infection with a view
of expanding the use of this drug. Since recent report has
suggested that artesunate is less effective against S. mansoni
than artemether, we attempted to reproduce these findings [25].
Chronic S. mansoni infection is associated with a latent iron-
deficiency and iron is thought to be important for the activities
of artemisinin-derivatives [26~28]. We therefore studied the
effects of artesunate against S. mansoni infection in iron-
deficient and in normal mice.

2. Materials and methods
2.1. Parasites and infection of mice

Cercariae of Puerto Rican strain of S. mansoni were released
from Biomphalaria glabrata snails after exposure to artificial
light for 3—5 h. BALB/c female mice weighting about 20 g
(SRL, Hamamatsu, Japan) were infected with 200 cercariae by
the tail dipping method. Developmental stages of the parasites
were divided into the following: pre-lung stage at <7 days after
infection, lung stage at 7-8 days after infection, post-lung
stage at 2—3 weeks after infection, young adult stage at 4-5
weeks after infection, and adult stage at 6 or more weeks after
infection. The Ethical Committee for Animal Experiments,
Nagoya City University Graduate School of Medical Sciences,
approved our experimental protocol,

2.2. Treatment protocol

Artesunate provided by the Guilin Pharmaceutical Corp (lot
#021205) (Guilin, China) was suspended in 1% sodium
carbonyl methylcellulose (CMC-Na) for treatment of S
mansoni-infected mice. Mice were administrated orally with
the aid of stainless stomach tube attached to a syringe, In each
experiment, there was a control group(s) being administrated
with 1% CMC-Na alone. In all experiments described below,
one group contained 6 or 7 mice.

The first experiment was to determine which developmental
stage of the parasite was most susceptible to artesunate. Five

groups, each of which contained 7 mice, were orally
administrated with dose of 300 mg/kg for 2 consecutive days
on the day 7-8, 14-15, 21-22, 28-29, or 35-36 post
infection (PI). This covered different developmental stages (7—
36 days) of the parasite. Adult worms were collected by
perfusion method 56 days P The dosage of 300 mg/kg was
referenced from our previous resulis from testing S. japonicum
and S. mansoni [19,24].

In the second experiment, 6 groups, each of which again
contained 6 or 7 mice, were treated orally in different time
schedule at the dose of 300 mg/kg. Comparisons were made for
three points: start of treatment (14 or 21 days PI), frequency of
treatment (3 or 4 times), and interval of treatment (every 2
weeks or 3 weeks). Adult worms were collected by perfusion
method 70 days PI.

For electron microscopic observation and for in vitro
oviposition study, we prepared mice with sub-optimal artesu-
nate treatment, because full-dose treatment of artesunate
eliminated almost all worms. For this purpose, mice were
treated orally with 100 mg/kg of artesunate on 14 days PI,
followed by two consecutive treatments on day 28 and 42.
Adult worms were collected by perfusion method 56 days PI.

2.3. Iron-deficient mice

To test the efficacy of artesunate in the iron-deficient host
animals, 2 groups had been fed with normal or iron-deficient
feeding for 7 weeks, and we tested the iron concentration
serum every week by Fe-IC diagnostic kit (Wako, Osaka,
Japan). After Fe level in the serum decreased significantly,
groups of mice were infected with S. mansoni, and then given
the drug on day 14 PI at dose of 300 mg/kg once a week for 4
consecutive weeks. WRR were compared between the two
groups as described below.

2.4. Assessment of the therapeutic effects

Mice were sacrificed and worms were recovered by portal
perfusion with phosphate-buffered saline (PBS). The reduction
rates of total and female worms were calculated by comparing
the mean worm number with that of control group. The whole
small intestine and almost all of the liver, from which a small
part was removed for histological examination, were digested
in 4% KOH ovemight at 37 °C in separate tubes. The number
of eggs were counted after centrifugation and washing. The
fecundity of female worm was assessed by the parameter of
eggs per female worm calculated as follows: total number of
eggs recovered from mice was divided by the number of female
worms. Paraffin-embedded sections of the liver were examined
histologically to assess the hepatic lesions due to S. mansoni
infection. Wet weight of the liver from each mouse was
measured.

2.5. Scanning electron microscopic analysis

Adult worms obtained from the group treated with
artesunate and from the cormresponding control group were
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Fig. 1. Optimal time for artesunate prophylaxis against S. mansoni infection.
Artesunate was orally administrated at the dose of 300 mg/kg to infected mice
at different times from day 7/8 to day 35/36 after infection. Parasites were
collected by perfusion 8 weeks after infection. WRR was highest at 21 days
after infection.

tested for electron microscopic observation. The worms were
collected by perfusion method 56 days PI, and processed for
scanning electron microscopic analysis according to standard
methods [18]. Briefly, samples were fixed with 1-2%
glutaraldehyde, washed, and post fixed in 0.1 M osmium
tetroxide, dehydrated using ethanol, coated with gold-palladi-
um and then examined with a scanning electron microscope (S-
4800, Hitachi, Japan).

2.6. In vitro evaluation of artesunate on oviposition by adult
worms

Adult S. mansoni pairs of 8 weeks PI were obtained from
control or artesunate-treated mice, and were cultured in vitro to
compare their egg production in vitro. Two worm pairs were
dispensed to each well of 24 well plates (Nunc, Roskilde,
Denmark) in RPMI 1640 (Sigma, St Louis, USA) supplemented
with 10% fetal bovine serum (FBS; GIBCO BRL, Rockville,
USA) and 100 pg/ml streptomycin, 100 U/ml penicillin and 20
mM L-glitamine (GIBCO). After incubation for 3 days with 50
pg/ml of hemin in CO, incubator at 37 °C, produced eggs were
collected and compared microscopically between the worms

Table 2
Effect of artesunate (300 mg/kg) with different regimens on oviposition and
hepatomegaly in S. mansoni infection

Group N Administration Eggs/female® = SD Mean liver
(days) weight (g)+SD
1 6 - 4449+ 641 2.00+0.40
2 5 14-28-42 448+91° 1.14+0.02"
3 4 14-35-56 155+26" 1.15£0.01"
4 4 14-28-42-56 270+33* 1.28+0.11"
5 5 21-35-49 702+226" 1.17£0.04
6 6 21-42-63 1339+320 1.28+0.13"
7 6 21-35-49-63 684+150" 1.23£0.16°
Cont® 4 - - 1.10£0.01°

# Number of eggs deposited in the intestine and the liver divided by number
of female wornmns recovered.

® Cont: Age-matched no infection control.

* p<0.01 (vs Group 1).

from artesunate-treated and non-treated mice. Results were
shown as mean egg number per one worm pair.

2.7. Statistical analysis

Student’s ¢-test was employed to assess the statistical
difference between treatment group and control group.
Differences were considered when p values were <0.05.

3. Results
3.1. Susceptible stages of S. mansoni

Fig. 1 shows the susceptibility of S. mansoni at various
developmental stages to artesunate in mice. The anthelmintic
effect was significant at a WRR of 41% in the group
administered with artesunate at the lung stage (days 7-8 PI),
and reached a maximum of 93% WRR in the group medicated
at the post-lung stage (days 14-15 and 21-22 PI). The
efficacy decreased when mice were treated after day 21 PI, but
the effect against the young adult stage remained significant
(days 35-36 PI) at a WRR of 46% (p<0.01).

3.2. Optimal protocol for artesunate treatment

To identify a suitable treatment schedule, groups of mice
were initially given artesunate on either of day 14 or 21 PI, and

Table 1

Effect of artesunate (300 mg/kg) with different regimens against S. mansoni infection

Group N Administration (days) Total worms +SD WRR (%) Female worm #SD FWRR (%)
1 7 - 25.0£11.2 6.43+2.63

2 6 14-28-42 3.17£3.58+% 87 1.67£1.77* 73

3 6 14-35-56 4,16+2.61+* 83 2.33+1.89* 63

4 6 14-28-42-56 0.67+0.90* 97 0.33£0.51* 95

5 6 21-35-49 4.83£2,90%° 81 2.17£1.48* 66

6 6 21-42-63 8.50+4.17%% 66 3.16£1.91* 50

7 6 21-35-49-63 1.00+1.63* 96 0.50£0.80* 92

All mice were sacrificed 70 days PL
*p<0.01 (vs Group 1), *p <0.05 (vs Group 4), and 35 <0.05 (vs Group 7).

WRR: worm reduction rate, percent reduction in worm burden compared with Group 1.
FWRR: female worm reduction rate, percent reduction in female worm burden compared with Group 1.
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repeatedly medicated at different frequencies and intervals. The
WRR and FWRR were highest in mice given 4 doses of
artesunate at 2-week intervals (Groups 4 and 7), regardless of
whether drug administration was started 14 or 21 days PI (Table
1). The WRR values for the groups given 4 consecutive doses
were significantly elevated compared with given 3 consecutive
doses (p <0.05). Artesunate was more effective when adminis-
tered at 2-week than at 3-week intervals, although the difference
was not statistically significant. The reduction in oviposition of
all groups given artesunate was statistically significant com-
pared with the control group (Table 2) (p<0.01). The
diminished egg production indicated a pathological improve-
ment, because morbidity is mainly due to eggs being deposited
in the liver and other organs. Mice that did not receive artesunate
developed apparent hepatomegaly, whereas no changes were
evident in infected mice given artesunate compared with
uninfected mice (Table 2). Histological observations revealed
that liver sections from mice treated with artesunate contained
neither eggs nor circurnoval granuloma (data not shown).

3.3. Efficacy of artesunate in iron-deficient mice

After 50 days of feeding with an iron-deficient diet, the
mean serum iron concentration in mice decreased to 6312 g/

(a)

(d)

dl, compared with 272+19.9 pg/dl in mice fed with a normal
diet. Table 3 shows that worms were not recovered from either
normal or iron-deficient groups treated with artesunate, while
the worm burden was high in non-treated mice. The worm
burdens in mice fed with iron-deficient and normal control
diets did not differ. These results indicated that a serum iron-
deficiency at the level tested here did not influence the efficacy
of artesunate against S. mansoni infection.

3.4. Electron microscopic observation

Scanning electron microscopy revealed that artesunate
induced damage mainly on the worm tegument. Fig. 2a and
b shows normal tubercles with small sharp spines on the
tegument of control 8-week-old adult worms and alterations on
the tubercles of 8-week-old adult worms treated with artesu-
nate, respectively. The tubercles on the surface of male worms
were retracted and small, and the sharp spines were shortened
or absent, although the sensory structures were unaffected. The
suckers of both male and female worms were damaged and
collapsed (Fig. 2c) and the tegument ridges were focally
swollen and fused (Fig. 2d). Host leukocytes adhered to the
damaged tegument, although cellular characterization of those
leukocytes was not clarified (Fig. 2e).

Fig. 2. Morphological damage observed by scanning electron microscopy. Worms were collected 8 weeks after infection from mice treated with artesunate at sub-
optimal dose (100 mg/kg) on 14 days PL (a) Normal tubercles on tegument of male worms from control group. (b) Alterations on tubercles of male worms from
group given artesunate. (c) Damage to the oral sucker of treated group. (d) Focal swelling and fusion of tegumental ridges of treatment group (arrow). () Host
leukocytes adhered to surface of parasites treated with artesunate, although cells were not characterized. Bars: 100 pm.
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Table 3

Effect of artesunate on S. mansoni infection in iron-deficient or normal mice .

Group N Fe-deficient Artesunate® Total worms recovered WRR (%) No. of female worms FWRR (%)
E-1 6 + — 24.8+3.9 13.3£2.3

F2 6 + + 0 100 0 100

N-1 6 - - 28.8+9.1 14.0£4.0

N-2 6 - + 0 100 0 100

All mice were sacrificed 70 days PL

 Artesunate was treated at the dose of 300 mg/kg on day 14-21-28-35 PL

* p<0.01 vs artesunate non-treated groups.

3.5. Inhibitory effects of artesunate on egg production in vitro

The number of eggs and degree of egg maturation were
compared between adult pairs of S. mansoni recovered from
mice with or without artesunate treatment. Worm pairs from
control mice produced significantly more eggs in vitro than
those from mice given a sub-optimal dose of artesunate
(45.0+£3.6 vs 12.3+1.8 eggs/pair, p<0.01). Over 80% of eggs
produced by worms from control mice were mature and/or
normally developed, whereas worms from mice treated with
artesunate did not produce any mature eggs in vitro.

4. Discussion

The present study found that attesunate prominently
affected the immature stages of both S. mansoni and S.
Japonicum but at different levels of efficacy, since S. mansoni
was the most susceptible to artesunate 1 or 2 weeks later than S.
Japonicum in a previous study in mice [21]. The lung stage
schistosomula of S. japonicum were the most susceptible to
artesunate [21], whereas immature adult S. mansoni worms at
the post-lung stage were most affected by the drug. This
coincides with their growth profiles: S. mansoni takes
approximately one week longer than S. japonicum to develop
from the schistosomula to the adult stage. A common
metabolic profile, which is sensitive to artesunate, might be
expressed in the highest level at a particular developmental
stage of schistosome parasites, but there might be a time lag of
one week between the two parasite species. Our resulis
regarding the effectiveness of artesunate are equal to the
efficacy of artemether reported by Xiao et al. [29]. The
difference in developmental time course could explain the
different time schedule for effective drug prescription between
S. mansoni and S. japonicum. To combat S. japonicum
infection, the first medication should be given 7 days after
infection and 3 consecutive administrations once a week are
recommended [21], although early diagnosis method should be
developed when we implement the protocol. For S. mansoni,
drug administration starting 14 or 21 days after infection
followed by 3 repeated doses at 2-week intervals provided
optimal protection. Considering the lengthy exposure period in
heavy endemic areas, a treatment regimen with long intervals
might be practical for field application. Other morphological
observations have shown that damage caused by a single
administration of artemether recovers within one week [24],
indicating a need for repeated administration.

In addition to immature worms, artesunate also seems to kill
mature adults, because the WRR was enhanced when
additional doses were administered at 8 or 9 weeks after
infection (Group 4 vs Group 2, or Group 7 vs Group 5: Table
1). The mechanism of the effects of artesunate has not been
defined. Electron microscopy showed that artesunate caused
morphological changes in S. mansoni, especially tegument
damage similar to that caused by artemether [18,20,30]. The
adhesion of host leukocytes to the surface of the parasites
suggests that parasite antigen is released and these cells could
cause immune-mediated damage, although no direct evidence
is available.

Artesunate not only diminished the number of eggs
produced, but also retarded their maturation. Although the
reduced worm burden and inhibition of sexual maturation
might be responsible for preventing the development of hepatic
lesion, one study has shown that artesunate protects against
liver injury induced by acetaminophen and carbon tetrachloride
by stimulating hepatic-metabolizing enzymes {31]. Artesunate
also inhibits the growth of hepatocellular carcinoma by
inducing cancer cells to undergo apoptosis and by increasing
topoisomerase activities [32,33]. We speculate that the schis-
tosomicidal effects suppressed hepatic lesions, but an addi-
tional mechanism of hepatic cell protection conferred by
artesunate could not be ruled out.

Iron-dependent free radicals generated by interaction be-
tween artemisinin and a high concentration of heme generated
by extensive hemoglobin digestion might be toxic for the
parasite [26]. Iron is an important factor for artesunate action.
Mansour et al. suggested that chronic S. mansoni infection is
associated with a high incidence of latent iron-deficiency [34].
Artesunate exerted striking schistosomicidal effects against S.
mansoni in iron-deficient mice at levels comparable to those in
control mice with normal iron levels. We thus conclude that
even a severe iron-deficiency would not influence the efficacy
of the artesunate.

Among several artemisinin derivatives, artesunate and
artemether are usually used as anti-malarial drugs. Artesunate
is less toxic than artemether [35], but a recent study has
reported that artemether is more effective than artesunate
against S. mansoni [25], although the experimental design in
these studies and artesunate lots in the present study differed.
Further studies are required to conclude which should be
recommended for use as an anti-schistosome drug in humans.

In conclusion, artesunate is a promising prophylactic and
therapeutic agent with which to combat S. mansoni infection,
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and human trials should be implemented in the near future. In
view of the short half-life of artesunate, parasite will probably
not develop tolerance or resistance. Nevertheless, artesunate
should be extensively applied in areas where malaria and
schistosomiasis are co-endemic to minimize any latent risk of
resistance.
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