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Abstract
Schistosomiasis, a neglected tropical disease, affects millions of lives and accounts for thousands of deaths each year. The 
Schistosoma parasites depend on two hosts during their lifecycle: snails as intermediate hosts and human beings as definitive 
hosts. Therefore, to control and ultimately eliminate schistosomiasis relies on the reduction of snail populations as well as the 
prevention and treatment of schistosomiasis infections. Praziquantel is the primary drug for prevention and treatment, and 
although it is considered safe and efficacious, concerns exist regarding emerging drug resistance due to mass drug admin-
istration. For this reason, novel antischistosomal drugs are in need and the genus Artemisia might be a promising source. 
Notably, Artemisia species not only have been evaluated for their antischistosomal effects against Schistosoma parasites, 
but also for their molluscicidal effects against the snail vectors. Extracts of Artemisia afra seem to be the most active, with 
 IC50 values comparable with the positive control, praziquantel. The antimalarial drug artemisinin, obtained from A. annua, 
and its semisynthetic derivatives artemether, artesunate, and artemisone have also been evaluated against both schistosomes 
and snail vectors. Artemether and artesunate have been found to be notably active against the adult and juvenile stages of 
schistosomes, whereas artemisone was shown to be effective in treating hosts harboring juvenile schistosomes. Artemisinin 
on the other hand in combination with praziquantel presents as a good lead combination in curing schistosomiasis.

Keywords Bilharzia · Artemisinin · Artemisinin derivatives · Phytochemicals, Sesquiterpene lactone, Sweet wormwood

Introduction

Schistosomiasis, more commonly known as snail fever or 
bilharzia, is an infectious acute and chronic disease caused 
by trematode parasites belonging to the genus Schisto-
soma (Colley et al. 2014; WHO 2022; Saber et al. 2022). 
This disease is considered to be one of the most devastat-
ing neglected tropical diseases (NTDs), which globally 
affects approximately 240 million individuals (de Moraes 
et  al. 2014; Center for Disease Control and Prevention 
2018; WHO 2022). Annually, this disease accounts for 
approximately 200,000 deaths, and those at risk of becom-
ing infected with schistosomiasis exceeds 700 million, as 

estimated by the World Health Organization (WHO) (Verjee 
2020; WHO 2022). This NTD occurs in low- and middle-
income countries in the tropical and sub-tropical regions of 
the world (Li et al. 2019; WHO 2022). In Africa, the Middle 
East, South America, the Caribbean, and Asia, schistoso-
miasis remains a major cause of mortality and morbidity 
(Ross et al. 2017). Transmission of schistosomiasis has been 
reported in more than 70 countries, and due to increased 
tourism and migration, this disease is spreading to what 
once were uninfected areas (Enk et al. 2003; Boissier et al. 
2015; Murta et al. 2016; Lingscheid et al. 2017; Bekana 
et al. 2022; WHO 2022).

Schistosoma Species and Their Lifecycle

The three most common Schistosoma species that cause 
human disease are S. mansoni, S. japonicum, and S. haema-
tobium (Caffrey 2007; Colley et al. 2014; Center for Disease 
Control and Prevention 2018; McManus et al. 2018). Other 
Schistosoma species less likely to cause human disease 
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include S. intercalatum, S. guineensis, and S. mekongi 
(Center for Disease Control and Prevention 2018; Verjee 
2020). The geographical distribution of these Schistosoma 
species is mainly defined by the habitat of the specific inter-
mediate snail host required for maintenance of the parasite’s 
lifecycle (Colley et al. 2014) (Table S1). Urogenital and 
intestinal pathologies of schistosomiasis are also depend-
ent on which Schistosoma species causes infection (Center 
for Disease Control and Prevention 2019; WHO 2022; Ojo 
et al. 2021).

Two different hosts are required during the lifecycle of 
the Schistosoma species (Fig. 1), an intermediate host snail 
and a human being as the final host (Li et al. 2019). In 
freshwater, snail hosts become infected with free-swim-
ming miracidia (immature schistosome larvae), which 
multiply asexually inside the snail for up to 6–8 weeks to 
produce cercariae, the infectious form for humans. Cer-
cariae then return to the water source, from where they 
penetrate the skin of the human host and transform into 
schistosomula (maturing larvae). These schistosomula 
migrate through the vascular system to the final maturation 
site, the perivesicular venous system for S. haematobium, 

and mesenteric and hepatic portal venous systems for S. 
mansoni, S. japonicum, and the others. They then mature 
over 5–7 weeks into adult female and male worms. These 
worms then mate and produce fertilized eggs that are either 
cast back into the environment through urine (S. haemato-
bium) or feces (S. mansoni, S. japonicum, and the others) 
or retained inside the body (bladder or intestines), lead-
ing to inflammation and ultimately morbidity (urogenital 
or intestinal schistosomiasis). The excreted eggs reach-
ing freshwater sources hatch and produce free-swimming 
miracidia, from which a new lifecycle starts (Caffrey 2007; 
Colley et al. 2014; Center for Disease Control and Preven-
tion 2019).

Clinical Manifestations

The basis for morbidity due to schistosomiasis is the reaction 
by the body to the schistosome eggs in the infected body 
tissue, and not by the adult Schistosoma worms themselves 
(Colley et al. 2014). For the most part, infections are usually 
asymptomatic. However, a cutaneous hypersensitive reaction 

Fig. 1  Schistosoma species life cycle. (1) Eggs are eliminated with 
feces or urine from infected human. (2) The eggs hatch and release 
miracidia, which swim and penetrate specific snail intermediate hosts 
(3). The stages in the snail include two generations of sporocysts (4) 
and the production of cercariae (5). Upon release from the snail, the 
infective cercariae swim, penetrate the skin of the human host (6), 
and shed their forked tails, becoming schistosomulae (7). The schis-

tosomulae migrate via venous circulation (8) to lungs, then to the 
heart, and then develop in the liver, exiting the liver via the portal 
vein system when mature (9). Male and female adult worms copulate 
and reside in the mesenteric venules of the bowel and rectum (10). 
Reproduced from Center for Disease Control and Prevention https:// 
www. cdc. gov/ paras ites/ schis tosom iasis/ biolo gy. html

https://www.cdc.gov/parasites/schistosomiasis/biology.html
https://www.cdc.gov/parasites/schistosomiasis/biology.html
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may occur at the site where the cercariae penetrate the skin 
(Center for Disease Control and Prevention 2019). In schis-
tosomiasis-endemic regions, immigrants or travellers may 
develop acute schistosomiasis (Katayama syndrome) weeks 
to months after being exposed to infested water sources for 
the first time. Those with Katayama syndrome may present 
with malaise, headache, fatigue, eosinophilia, abdominal 
pain, and a sudden onset of fever that lasts for 2 to 10 weeks 
(Colley et al. 2014).

Chronic schistosomiasis, the most prevalent form of this 
disease, arises after repeated exposure to the parasites (Col-
ley et al. 2014). The two main infection areas associated 
with urogenital and intestinal schistosomiasis are either the 
urinary tract or the intestines. Haematuria (urine contain-
ing blood) is the first sign of an acute urogenital infection. 
Other possible acute symptoms may include nodules in the 
vulva, vaginal bleeding, genital lesions, and painful sexual 
intercourse in women, while in men the pathology of the 
prostate, seminal vesicles, and other organs may be affected. 
Chronic urogenital schistosomiasis leads to complications 
including ureter and bladder fibrosis, kidney damage, as 
well as bladder carcinoma and infertility. On the other hand, 
bloody stools, pain in the abdomen, and diarrhoea are sig-
nificant symptoms of intestinal schistosomiasis that often 
are associated with hepatosplenomegaly, abdominal blood 
vessel hypertension, and fluid accumulation in the peritoneal 
cavity (Colley et al. 2014; WHO 2022).

Prevention and Control

Use of vaccines historically has been considered the most 
economical way to prevent infectious diseases. However, 
no vaccine for human schistosomiasis is currently available 
(Molehin 2020). The prevention and control of this disease 
primarily relies on alternative measures such as avoid-
ing water sources infested with Schistosoma parasites and 
eliminating the snail population through use of mollusci-
cides (Inobaya et al. 2014; De Albuquerque et al. 2020). 
In endemic regions, the avoidance of water sources is not 
always possible. Therefore, the WHO recommends the use 
of preventative chemotherapy to control this disease through 
mass drug administration of the anthelmintic drug praziqu-
antel (Inobaya et al. 2014; WHO 2022).

Treatment Options

The WHO estimated that 236 million people required treat-
ment for bilharzia in 2019. Roughly 90% of these people live 
in Africa. The primary treatment option available consists of 
a racemic mixture of ( ±)-praziquantel, which was approved 
in 1982 in the USA, and is sold under the brand name 

Biltricide. The activity of praziquantel is based almost exclu-
sively on R-praziquantel (1) and that neither S-praziquantel 
nor the metabolites significantly contribute to the therapeu-
tic effect (Meister et al. 2014). Praziquantel is efficacious 
against all etiological Schistosoma species (Summers et al. 
2022). Two alternatives, ( ±)-oxamniquine (2) and metri-
fonate (3), however, are active only against S. haematobium 
and S. mansoni, respectively (Xiao et al. 2018). Besides their 
restricted bioactivity, drawbacks including ineffectiveness 
and emerging drug resistance for oxamniquine (da Silva 
et al. 2017), and logistical, including toxicity, problems for 
metrifonate led to the removal of the latter from the WHO’s 
list of essential medicines, and doubt exists for the future use 
of the former (Fenwick and Utzinger 2017).

Praziquantel has thus become the first-line treatment for 
schistosomiasis and is now recorded on the WHO’s list of 
essential medicines (Liu et al. 2011; WHO 2019). It is gener-
ally seen as a safe and effective medication and is therefore 
included in various control programmes (Center for Dis-
ease Control and Prevention 2018; McManus et al. 2018). 
The main disadvantage of praziquantel is its ineffectiveness 
against the immature and egg phases of the flatworms (Xiao 
et al. 2018; WHO 2019). Even though it is considered the 
safest among all anthelmintic drugs, the potential for the 
emergence of drug resistance and its ineffectiveness against 
the immature and egg phases of the parasite warrant a search 
for new drugs that will be effective against all stages (Cioli 
et al. 2014).

Over the years, medicinal plants have served as traditional 
remedies for treating various ailments, including parasitic 
diseases (Kingston and Cassera 2022). One such plant spe-
cies without a doubt is Artemisia annua L., Asteraceae, or 
sweet wormwood, which has been used to treat malaria in 
the form of tea, pressed juice, or an infusion (Mueller et al. 
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2000; Sadiq et al. 2013; Septembre-Malaterre et al. 2020). 
However, A. annua is not only against malaria (Mesa et al. 
2015; Feng et al. 2020) but also displays activity against 
various parasitic diseases such as leishmaniasis (Machín 
et al. 2021), trypanosomiasis (Naβ and Efferth 2018), and 
schistosomiasis (Gruessner et al. 2019). Artemisinin, the 
antimalarial compound explicitly isolated from A. annua 
leaves, has also shown antischistosomal activity and its 
derivatives artemether and artesunate are approved for use 
as prophylactic schistosomal drugs by the Chinese Ministry 
of Health (Liu et al. 2011; Bergquist and Elmorshedy 2018).

The aim of the present review was, therefore, to provide 
a comprehensive overview on in vitro and in vivo studies 
conducted with Artemisia species against schistosomiasis, as 
well as artemisinin (4) and its derivatives tested for antisch-
istosomal activities. A systematic review is presented where 
all available information regarding scientific research that 
has been conducted on Artemisia species, artemisinin, and 
its derivatives against Schistosoma as well as the snail vec-
tors is discussed.

Search Strategy

This literature review was compiled by searching five sci-
entific databases: Elsevier ScienceDirect, Scopus, Web of 
Science, Google Scholar, and PubMed were search using 
the terms “Artemisia AND Schistosomiasis” and “arte-
misinin AND Schistosomiasis”. Literature published in 
English from 2012 until August 2022 were also considered 
to include the most recently conducted studies. The titles and 
abstracts of all retrieved publications were first reviewed for 
relevance. Then, the full text of the selected papers was fur-
ther consulted. All duplicates were excluded. All papers that 
included preclinical studies that have been conducted with 
Artemisia species and schistosomiasis, as well as artemisinin 
and its derivatives against schistosomiasis, were considered.

Discussion

The Genus Artemisia

The Artemisia genus, Asteraceae, comprises around 600 spe-
cies distributed across all continents except Antarctica (Funk 
et al. 2005; Vallès et al. 2011). The species in this genus 
serves multiple purposes, such as being used as ornamentals, 
spices, and most importantly, traditional remedies in treating 
various ailments. The two best known species are Artemisia 
absinthium L., “wormwood”, and A. annua L., “Qinghao” 
in traditional Chinese medicine, whereby the former is used 
for treating gastrointestinal disorders and controlling pain 

during childbirth, and the latter for treating cough, cold, 
diarrhoea, fever, and malaria (Nigam et al. 2019).

Asia has the greatest number of Artemisia spp., with 
around 150 species found in China, 50 species in Japan, and 
approximately 174 species in Russia (Taleghani et al. 2020). 
In Africa, A. afra Jacq. is prevalent and is distributed across 
Kenya, Tanzania, Uganda, and as far north as Ethiopia. It 
is a very common plant and is widely distributed through-
out South Africa, Namibia, and Zimbabwe (Liu et al. 2009; 
Kane et al. 2019). A few species are also found in South 
America (Abad et al. 2012). Species of this genus may be 
perennial, biennial, or annual herbs, subshrub or shrubs and 
are usually quite fragrant, with upright or ascending, some-
times decumbent stems (Taleghani et al. 2020).

Scientific studies on Artemisia species have led to the 
identification of many compounds (Abad et al. 2012), with 
roughly six hundred compounds from A. annua alone having 
been identified (Brown 2010). This genus contains chemical 
constituents from various chemical classes such as terpe-
noids, phenolics, coumarins, steroids, flavonoids, monoter-
penoids, triterpenoids, sesquiterpenoids, and sesquiterpene 
lactones (Shahrajabian et al. 2020). As can be expected, the 
chemical constituents differ between the different Artemisia 
species, as well as within the same species depending on 
time of collection, and collection sites, among other factors 
(Bilia 2014; Zhang et al. 2017). The distinct difference in 
chemical profiles enables the same species to be used for 
different purposes in different locations (Zhang et al. 2017).

Artemisinin and Derivatives

In 1972, the bioactive compound artemisinin (4), a sesquit-
erpene lactone with a 1,2,4-trioxane ring, was first isolated 
from A. annua and it was shown to have powerful antimalar-
ial properties. This compound and its semisynthetic deriva-
tives are now used worldwide for the treatment of malaria. 
Artemisinin is still mainly obtained by isolation from A. 
annua, with Vietnam and China roughly producing 80% of 
the global supply. However, the production of artemisinin 
is not sufficient to meet global requirements, and demand 
continues to outstrip supply. This problem will be aggra-
vated once artemisinin and its derivatives are adopted for 
treatment of other diseases including cancer, other parasitic 
diseases such as bilharzia, and viral infections. The semisyn-
thetic derivatives currently used are dihydroartemisinin (5), 
artemether (6), and artesunate (7) that were first prepared by 
Chinese scientists from artemisinin. Because of their short 
pharmacological half-lives, they are used in fixed-dose arte-
misinin combination therapies (ACTs) with longer half-life 
antimalarial medications such as mefloquine, piperaquine, 
and pyronaridine, among others (Wells 2010; Angus 2014; 
Meiyi and Guoqiao 2017).
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New hybrids derived from praziquantel/artemisinin deriv-
atives with dual action represent an interesting strategy in 
the development of new and more effective schistosomicidal 
agents with reduced risk of drug resistance (Duan et al. 
2012). Derivative DW-3-15 (8) was prepared by binding the 
artesunate to praziquantel by inserting a hydroxyl group at 
position C-10 in praziquantel. Its activity against the young 
worms is comparable to that of artesunate, but significantly 
higher than praziquantel. More importantly, the derivative 
has the same effectiveness as praziquantel against adult S. 
japonicum (Dong et al. 2014).

Antischistosomal and Molluscicidal 
Activities

Extracts and Infusions

Methanolic extracts prepared from 45 Egyptian plant spe-
cies, including A. monosperma Delile, were screened for 
their in vitro antischistosomal and antimicrobial activities 
against adult S. mansoni worms and microorganisms, respec-
tively. The A. monosperma extract, at a concentration of 
200 µg/ml, showed moderate antischistosomal activity after 
a 24-h incubation period (Abdel-Hameed et al. 2008).

Extracts of Solanum villosum Mill. (syn. S. sinaicum 
Boiss), Solanaceae, and A. judaica Lour. have been screened 
for their molluscicidal potencies against Biomphalaria alex-
andrina snails (S. mansoni–specific intermediate hosts) and 
their eggs (Bakry et al. 2011). The most toxic to the snails 
were the ethanolic extracts of S. siniacum  (LC50 14.8 ppm), 
while A. judaica required twice the concentration for its 
lethal dose  (LC50 38 ppm). These two extracts were fur-
ther subjected to tests against the snails’ reproduction rate 
(R0), fecundity (Mx), and S. mansoni miracidia infectiv-
ity. A significant reduction in snail reproduction (73.69%), 
survival (52%), and fecundity (12.2 eggs/snail) rates were 
observed after B. alexandrina snails were exposed to  LC25 
(32 ppm) of an ethanolic extract of A. judaica. Also, a con-
siderable reduction (46.15%) in the snails infected with S. 
mansoni miracidia was observed. Also, a reduction in the 
number of cercariae per snail (710 ± 11.1), prepatent period 
(22.7 ± 2.2 days), and shedding duration (6.2 ± 1.23 days) 
were observed. The authors of the study concluded that  LC25 
(32 ppm) of A. judaica ethanolic extract could be useful in 
snail control.

Crude extracts of A. absinthium L. and Tanacetum par-
thenium Sch.Bip. were assayed for their schistosomicidal 
activities in vitro against adult S. mansoni worms at concen-
trations of 12.5, 25, 50, 100, and 200 µg/ml. After incuba-
tion periods of 24, 48, and 72 h, A. absinthium at 200 µg/ml 
caused 100% mortality of all S. mansoni worms, as well as a 
significant reduction in motor activity and tegumental altera-
tions in all worms. The same effects were also observed at 
50 µg/ml and 100 µg/ml concentrations of A. absinthium 
after 48- and 72-h incubations. Extracts of A. absinthium 
submitted to chromatographic fractionation provided two 
pure compounds, artemetin and hydroxypelenolide. How-
ever, assay of the compounds against S. mansoni adult 
worms at 100 µM indicated that these were inactive (de 
Almeida et al. 2016).

An ethanolic extract of the leaves of A. dubia Wall. 
was screened in vitro for its molluscicidal activity against 
juvenile and mature Oncomelania hupensis quadrasi (S. 
japonicum–specific intermediate snail host) (Tercinõ et al. 
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2020). Different concentrations of the ethanolic extract were 
used in the molluscicidal assay against mature and juvenile 
snails. Even though the exact method of sample preparation 
and dilution was not apparent, they reported that the high-
est concentration (6.3%) of the A. dubia ethanolic extract 
against the mature snails displayed a mortality rate of 92%, 
which was statistically comparable with the positive con-
trol, niclosamide (p > 0.05). For the juvenile snails, mortality 
rates of 94, 95, and 98% were obtained with concentrations 
of 10, 11.22, and 12.59% of the A. dubia ethanolic extract, 
respectively. These results were also statistically comparable 
with the positive control (p > 0.05). The ethanolic A. dubia 
extract was also profiled for its secondary metabolites, which 
revealed tannins, saponins, and terpenoids. The mollusci-
cidal activity of the ethanolic A. dubia extract may thus be 
attributed to these secondary metabolites, either indepen-
dently or in combination.

Methanolic and aqueous extracts of A. annua were evalu-
ated for their mortality effects on Biomphalaria pfeifferi (S. 
mansoni–specific intermediate snail host) and inhibitory 
effects against the shedding of S. mansoni cercariae after 
24 h of exposure. Inhibitory effects at the highest concentra-
tions were 63.06% ± 1.84 at 1.77 mg/µl and 55.75% ± 1.94 at 
2.73 mg/µl for the methanolic and aqueous extract, respec-
tively. Inhibitions of 22.41% ± 2.17 and 21.80% ± 1.45 were 
obtained, respectively, for the lowest concentrations of the 
methanolic (0.12 mg/µl) and aqueous (0.23 mg/µl) extracts. 
The effects on cercariae in B. pfeifferi snails were concen-
tration dependent, and a substantial difference (p < 0.05) 
existed between the mean of the treatment group and that of 
the control group (Ado et al. 2021).

The prophylactic effects of traditional A. annua extract 
and artemisinin itself were evaluated in experimental mice 
infected with S. japonicum cercariae (40 ± 1). Mice were 
given 300 mg/kg A. annua extract once a week for a total of 
4 weeks, commencing at day 7 post-infection. The mice in 
the artemisinin prevention group were treated the same as 
those in the A. annua extract group. The artemisinin con-
tent in the A. annua extract was roughly 20%, measured 
by HPLC. Both artemisinin and the A. annua extract had 
extremely significant (p < 0.0001) worm and egg reduc-
tion rates. Artemisinin reduced worms and liver eggs by 
95.65 and 98.40%, respectively, and the A. annua extract by 
98.26 and 100%, respectively. No pathological changes were 
detected in the treated mice, and their physiological indexes 
were consistent with the normal control group’s mice, which 
indicates the efficacy of artemisinin and the A. annua extract 
in curing and preventing schistosomiasis (Yang et al. 2022).

Studies in vitro and in vivo evaluated the antischistosomal 
activities of crude aqueous extracts of A. annua, Nigella 
sativa L., Ranunculaceae, and Allium sativum L., Amaryl-
lidaceae, against Egyptian strains of S. mansoni (Fadlad-
din 2022). The in vitro study included the evaluation of 

different concentrations of aqueous plant extracts against 
adult S. mansoni worms of both sexes. The mating, motility 
rate, and mortality of the treated worms were monitored and 
recorded at certain time points throughout a 48-h incuba-
tion period. The A. annua extract at concentrations of 125, 
250, and 500 μg/ml showed a slight decrease in the worms’ 
motility. Regarding mating, about 89% of worms were 
separated in the first 2 h at the highest concentrations (250 
and 500 μg/ml) of the A. annua extract. At concentrations 
of 125 and 62.5 μg/ml, 77% were separated after 4 h, and 
55% were separated after 12 h at the lowest concentration 
(31.25 μg/ml) of the A. annua extract. The mortality effects 
of the extracts were directly dependent on the concentrations 
used and the duration of incubation. One hundred percent 
of the adult S. mansoni worms were killed after 6, 12, and 
24 h of incubation with 500, 250, and 125 μg/ml of the A. 
annua extract, respectively. The A. annua extract was the 
most effective extract compared to the effects of the other 
extracts on the adult worms. The in vivo study involved 30 
adult S. mansoni–infected hamsters, which were divided into 
6 treatment groups. The hamsters in the A. annua treatment 
group received an oral dose of 300 mg/kg aqueous A. annua 
extract. After treatment, the hamsters were slaughtered, and 
their kidneys, livers, and spleens were examined for granu-
lomas. After treatment with all plant extracts, including A. 
annua, the hamsters’ tissues revealed calcification, a reduc-
tion in the size of granulomas, as well as damage to the eggs 
of the S. mansoni worms in the spleen and liver.

Crude aqueous, methanol, hexane, and acetone extracts 
of seven traditional Kenyan medicinal plants, including A. 
annua, were screened against newly transformed schisto-
somula (NTS) and adult S. mansoni worms at 100 μg/ml. 
After a 24-h exposure, the A. annua acetone extracts com-
pared to the negative control exhibited a remarkable 97.9% 
decrease in the viability of S. mansoni NTS. Moreover, adult 
S. mansoni worm exposure to A. annua acetone extracts 
resulted in a 48% reduction in worm viability at 24 h, which 
increased by ± 10% at 48 h. Far lower killing activity against 
NTS were exerted by the methanol and hexane A. annua 
extracts, which were thus excluded from the adult worm 
assay. Terpenoids, steroids, and anthraquinones were identi-
fied by chemical analysis as the main compounds present in 
the A. annua acetone extracts (Ndegwa et al. 2022). These 
results signify that the acetone A. annua possesses potent S. 
mansoni NTS mortality activity.

Traditional aqueous infusions, dichloromethane (DCM), 
and hexane extracts, as well as organic extracts of the infu-
sions of A. afra and A. annua, were tested against NTS and 
mature S. mansoni worms in vitro (Taljaard et al. 2022). 
Overall, the aqueous infusions as well as the organic extracts 
(DCM and hexane) of both Artemisia spp. exhibited good 
activity against NTS at 100 µg/ml, after a 72-h treatment 
period. The organic extracts of A. afra exhibited potent  IC50 
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values of 1.8 µg/ml (hexane) and 1.7 µg/ml (DCM) against 
NTS. Compared to praziquantel  (IC50 1.5 µg/ml), both of 
these organic extracts were remarkably active against NTS. 
Infusions and extracts of A. afra were also submitted to 
assays with mature S. mansoni worms. After 24, 48, and 
72 h of treatment, both organic extracts of A. afra showed 
total clearance (100% inhibition) of mature worms at 100 µg/
ml. Moderate  IC50 values of 10.4 µg/ml and 8.9 µg/ml were 
also obtained for the A. afra hexane and DCM extracts, 
respectively.

Antischistosomal Activity

In Vitro and In Vivo Activities

Immunomodulation and inflammation are responses 
to many infectious diseases, including schistosomiasis 
(Gruessner et al. 2019). Immunomodulation directly influ-
ences the pathogenesis of this disease, as it is responsi-
ble for activating changes in the profile of humoral and 
cellular immune responses in the human host via trig-
gering complex mechanisms, which are dependent on 
the sensitization of CD4 + T cells (Schwartz and Fallon 
2018). Artemisinin alone has demonstrated a potent anti-
inflammatory activity (Zhu et al. 2012; Kim et al. 2015; 
Shi et al. 2015; Wang et al. 2017). This anti-inflammatory 
capacity is the result of the inhibition of pro-inflammatory 
cytokine expression, such as TNF-α and IL-6, by blocking 
the NF-κB and MAPK signaling cascades (Zhu et al. 2012; 
Wang et al. 2017), as illustrated in Fig. 2.

Artesunate (7) has been evaluated for its effects on 
schistosome cytochrome-C peroxidase (CcP) and thiore-
doxin glutathione reductase (TGR). The inhibition of these 
two defensive enzymes makes the parasite vulnerable dur-
ing its different stages to the attack by the host generated 
reactive oxygen species (Abdin et al. 2013). In an in vivo 
study with Swiss albino mice infected with S. mansoni, 
4 groups of 50 mice each comprising a control group, 
an artesunate treatment group, a praziquantel treatment 
group, and a group treated with artesunate followed by 
praziquantel were used. The artesunate and praziquan-
tel monotherapy groups revealed a much lower decrease 
in total worm count than the combined AS-praziquantel 
treatment group. Furthermore, the combined artesunate-
praziquantel therapy also remarkably eliminated all tissue 
eggs, whereas reduction rates of 68.4% and 95.4% were 
recorded in the praziquantel and artesunate treatment 
groups, respectively. A significant reduction in expres-
sion of schistosome CcP and TGR was revealed by semi-
quantitative rt-PCR values in mice treated with artesunate 
compared to those in the control group. In this context, 
the present results revealed that praziquantel had no effect 
on expression of schistosome TGR and CcP; however, 
praziquantel has been established to cause intense mus-
cular paralysis due to a rapid influx of calcium ions in the 
parasites. Therefore, this combination therapy comprising 
artesunate and praziquantel may completely cure schisto-
somiasis (Abdin et al. 2013).

The antischistosomal efficacies of different dosing proto-
cols of the artemisinin-naphthoquine phosphate (ANP) com-
bination against S. mansoni in its juvenile and adult stages 

Fig. 2  Artemisinin inhibition of inflammation through NF-κB and 
MAPK signaling cascades in human host cells after parasite infec-
tion. Abbreviations: TNF-α tumor necrosis factor alpha, NF-kB 
nuclear factor kappa-light-chain-enhancer of activated B cells, MAPK 
mitogen-activated protein kinases, IKK I kappa B kinase, IkB-alpha 

inhibitor of kappa B alpha, Ub ubiquitin, Yellow p’s indicate phos-
phorylation of protein, ERK extracellular signal-regulated kinases, 
JNK c-Jun N-terminal kinases. Reproduced from Gruessner et  al. 
2019 with permission by Springer
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were evaluated (El-Beshbishi et al. 2013a). Infected mice 
treated with a single oral dose of 400 mg/kg ANP on the  7th 
day post-infection (p.i.) had a 95.07% reduction in worms. 
No eggs could be found in the liver and the intestines after 
mice were treated with 600 mg/kg on the  21st day p.i., due 
to the mortality of all female worms. Mice treated with the 
same dose (600 mg/kg) on the  42nd day p.i. revealed 94.17 
and 93.36% reductions in female and total worm burdens, 
respectively. For intestinal and hepatic tissue egg loads, 
76.73 and 80.18% reductions, respectively, were observed 
with ANP combination treatment.

In a separate study, ANP was evaluated in vitro against 
adult S. mansoni worms (Egyptian strain), free larvae, and 
B. alexandrina snails (El-Beshbishi et al. 2015). The dose 
effect of ANP in response to time was assessed, resulting in 
100% mortality of all S. mansoni worms at 40 and 20 µg/
ml ANP after incubation periods of 48 and 72 h, respec-
tively. The molluscicidal effects at a  LC50 value of 16.8 µg/
ml caused complete mortality of S. mansoni cercariae and 
miracidia after 15 and 90 min, respectively. After a 24-h 
incubation, all adult B. alexandrina snails exposed to 40 µg/
ml ANP were killed and therefore shows promising antisch-
istosomicidal and molluscicidal potential.

Likewise, the antischistosomal activity of artemether 
against the early juvenile stages and mature stages of S. 
mansoni in infected mice was evaluated (El-Beshbishi et al. 
2013b). A single oral dose of 400 mg/kg artemether was 
administered to the mice at three time points (days 7, 21, and 
49 p.i.). After the first treatment point (day 7 p.i.), the mean 
worm burden was reduced by 85.94%. The most significant 
reductions were obtained after the second treatment point 
(day 21 p.i.), where 90.57 and 91.52% of female and mean 
worm burdens were reduced, respectively. Lower reduc-
tion rates of 66.51 and 55.17% were obtained for the female 
and mean worm burdens, respectively, at the last treatment 
point (day 49 p.i.). Additionally, artemether treatment also 
led to a significant decrease in tissue egg load and altered 
the oogram patterns within the mice, while killing more eggs 
and reducing the numbers of juvenile eggs. The authors con-
cluded that artemether possessed significant schistosomi-
cidal activities, especially against schistosomulae older than 
21 days.

The immunomodulatory action of artemether compared 
to that of praziquantel in mice infected with S. mansoni has 
been evaluated by administration of a single intramuscular 
dose of 50 mg/kg artemether at 7, 14, 21, and 45 days p.i. 
(Madbouly et al. 2015). Optimal effects were observed dur-
ing the interference of artemether treatment with schisto-
somula that were 14 or 21 days old. It was concluded that 
artemether causes a reduction in worm burden and therefore 
is a promising lead in the control of schistosomiasis.

The elimination of S. mansoni in infected mice by slow 
release of artemisone (9), an artemisinin derivative with an 

amino-substituted group at C-10, has been demonstrated 
(Gold et al. 2017). Various dosage regimes were evaluated, 
namely, artemisone suspension administered by (i) gav-
age (400–450 mg/kg); (ii) subcutaneous injection of a gel 
containing artemisone (115–120 mg/kg); (iii) subcutane-
ous insertion of artemisone incorporated in a solid poly-
mer (56–60 mg/kg); and (iv) intraperitoneal injection of 
artemisone solubilized in DMSO (115–120 mg/kg). Strong 
antischistosomal effects of 73.1 and 95.9% reduction in 
mice treated with artemisone in gel 7 and 14, and 21, 28 and 
35 days p.i. were found. The results indicate that artemisone 
has potent antischistosomal activity and seems effective in 
treating hosts harboring juvenile schistosomes, before egg-
deposition and induction of deleterious immune responses.

Perspectives and Future Directions

Schistosomiasis affects millions of lives mainly in tropical 
regions and accounts for many deaths each year. In combination 
with other neglected tropical diseases, it not only causes human 
suffering, but it is also having a profound negative impact on 
economic activity in these regions. Therefore, controlling and/
or eliminating schistosomiasis will have to focus on the reduc-
tion of snail populations as well as the development of safer and 
more effective treatment options. Novel antischistosomal drugs 
are needed, and the genus Artemisia, as presented in this review, 
seems to be a promising source. Work published within the last 
few years has revealed several promising results regarding Arte-
misia species (Table S2) and their constituents, and especially 
with artemisinin and its derivatives (Table S3) against either the 
snail vectors, adult worms, or developing larvae of Schistosoma 
species. Given the remarkable antiparasitic activity of artemisinin 
and its derivatives, it is of concern that so little research has been 
conducted on Artemisia spp. as a possible source for new drug 
leads for the treatment of neglected diseases. Interestingly, it does 
appear that A. afra seems to be more active than A. annua and/or 
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artemisinin (Taljaard et al. 2022). It is known that A. afra does 
not contain the compound artemisinin, and clearly one or more 
compounds possessing antiparasitic activity are biosynthesised 
by A. afra. It is of importance to identify these compound(s) in 
A. afra and further investigate other Artemisia spp. for bioactivity 
against schistosomiases.

Conclusions

Artemisia afra, A. annua, and artemisinin derivatives seem 
to be the most promising avenue for further scientific inves-
tigation, but it must be noted that only six Artemisia species, 
out of the approximately 600 species distributed worldwide, 
have been tested for activity against schistosomiasis or its 
vectors. It can therefore be concluded that this promising 
genus, which has already yielded the valuable antiparasitic 
compound artemisinin, is completely understudied and 
deserves more intense scientific scrutiny in order to iden-
tify possible new effective and safe treatment options for 
schistosomiases.
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