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Abstract

Schistosomiasis, also called bilharziasis, is a neglected tropical disease induced by schistosomes that infects hundreds
of millions of people worldwide. In the life cycle of schistosomiasis, eggs are regarded as the main pathogenic factor,
causing granuloma formation in the tissues and organs of hosts, which can cause severe gastrointestinal and liver
granulomatous immune responses and irreversible fibrosis. Increasing evidence suggests that the gut microbiome
influences the progression of schistosomiasis and plays a central role in liver disease via the gut-liver axis. When

used as pharmaceutical supplements or adjunctive therapy, probiotics have shown promising results in preventing,
mitigating, and even treating schistosomiasis. This review elucidates the potential mechanisms of this three-way
parasite—host-microbiome interaction by summarizing schistosome-mediated intestinal flora disorders, local immune
changes, and host metabolic changes, and elaborates the important role of the gut microbiome in liver disease

after schistosome infection through the gut-liver axis. Understanding the mechanisms behind this interaction may
aid in the discovery of probiotics as novel therapeutic targets and sustainable control strategies for schistosomiasis.
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Background

Schistosomiasis is a globally neglected tropical disease
(NTD) that affects both humans and animals, and is
prevalent in tropical and subtropical regions [1]. Accord-
ing to estimates from the World Health Organization
(WHO), at least 251.4 million people required preventive
treatment in 2021 to combat this disease [2—4]. The main
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schistosomes infecting humans are Schistosoma man-
soni, which is transmitted by Biomphalaria snails and
causes intestinal and hepatic schistosomiasis in Africa,
the Arabian peninsula, and South America; Schistosoma
haematobium, transmitted by Bulinus snails and causing
urinary schistosomiasis in Africa and the Arabian pen-
insula; and Schistosoma japonicum, transmitted by the
amphibian snail Oncomelania and causing intestinal and
hepatosplenic schistosomiasis in China, the Philippines,
and Indonesia. The life cycle of schistosomes involves a
human or other mammal as a final host and a freshwa-
ter snail as intermediate host [1]. The human popula-
tion is infected with schistosomes through contact with
contaminated water, including cercariae. Schistosome
infections can result in host damage caused by various
stages of the parasite’s life cycle, including cercariae (lar-
val stage), larvae, adult worms, and eggs. The secretions

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-024-06245-1&domain=pdf

Hong et al. Parasites & Vectors (2024) 17:185

and excretions of each of these stages can be used as anti-
genic substances to induce a series of humoral and cel-
lular immune responses that can cause complications of
infection [5]. Adult worms of S. japonicum and S. man-
soni inhabit the portal-mesenteric venous system, while
adult worms of S. haematobium primarily parasitize the
bladder plexus. Eggs are the main pathogenic factors of
schistosomiasis, and S. japonicum and S. mansoni eggs
are deposited mainly in the intestinal wall and liver tis-
sue of the host, causing gastrointestinal and hepatos-
plenic diseases, while S. haematobium eggs are deposited
mainly in the bladder wall and genital organs of the host,
causing urogenital diseases [3].

Intestinal schistosomiasis is one of the complications
caused by schistosome infections. The adult worms of S.
mansoni and S. japonicum live in the mesenteric veins,
and their mating and egg-laying behavior can cause
intestinal schistosomiasis. Symptoms of intestinal schis-
tosomiasis are related to the migration or deposition of
eggs through or in the intestinal tissues. Eggs retained in
the intestinal wall secrete a series of antigenic mixtures
that promote the convergence of immune cells and the
infiltration of inflammatory factors, which results in the
formation of granulomas in the tissues around the site
of egg deposition, accompanied by ulceration and super-
ficial hemorrhage [6]. This disease is characterized by
symptoms such as abdominal pain, loss of appetite, and
diarrhea [3], and if left untreated, it can lead to extensive
fibrosis and even liver and spleen disease. The mamma-
lian gut harbors a diverse community of microbiota that
play a crucial role in regulating host immunity through
their surface antigens or small-molecule metabolites [7].
Accumulating evidence indicates that many gut micro-
organisms may influence multiple aspects of host physi-
ology, such as metabolism and immunity [8, 9]. These
resident microorganisms maintain homeostasis within
arthropod vectors via a variety of immune mechanisms
while playing intricate roles in the regulation of host sus-
ceptibility to schistosomes in direct and/or indirect ways
[9]. The intestinal tract of mammals is a pivotal site for
the life cycle of schistosomes, in which metabolites of the
intestinal flora can modulate the host immune response
and thereby reduce the severity of schistosomiasis and
its complications [10]. Such intricate interactions among
hosts, their symbiotic microbiota, and schistosomes have
recently garnered considerable attention, as the micro-
biota could be exploited for disease transmission control.

At present, there is no targeted vaccine available in
clinic, and the control strategy for schistosomiasis relies
primarily on the administration of a single anthelmin-
tic drug, praziquantel (PZQ), in a mass dosing program
[11]. At the WHO-recommended dose of 40 mg/kg,
the cure rate (CR) for PZQ was reported at 73.6% for S.
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haematobium, 76.4% for S. mansoni, and 94.7% for S.
japonicum [12]. However, while PZQ is effective in treat-
ing the disease, it exhibits low killing efficacy on juvenile
worms, and the potential emergence of its drug resist-
ance is a continual concern [13]. Therefore, new and sus-
tainable strategies are needed to control schistosomiasis.
While worm eggs and host immune response are the
two most important factors driving granuloma forma-
tion, recent studies have identified gut microbiota as a
third factor. Recent evidence suggests that the host gut
microbiota plays a crucial role in the interaction between
schistosomes and host immunity [10]. Schistosome infec-
tions lead to granuloma and fibrotic lesions in the intes-
tine, which is also the site of survival for the intestinal
microbiota [3]. The relationship between schistosome
infections and host intestinal microbiota is a vigorously
investigated area of research, and it has the potential to
provide new insights into the course of infection of the
disease.

In this paper, we review the current research on schis-
tosome infections and host gut-microbial interactions,
and recent progress in studies on the role of the gut
microbiota in the regulation of schistosome infections.
Understanding these sophisticated interactions may offer
new strategies for the prevention of this neglected tropi-
cal disease.

Schistosome infections disrupt the host intestinal
microorganisms

Understanding the host’s gut microbial composition and
the factors that influence it is crucial to unraveling the
intricate relationship between the human body and its
resident microorganisms. The intestinal flora of mam-
mals is dominated by Firmicutes, Bacteroidetes, and
Proteobacteria, with Lactobacillus having the highest
abundance among Firmicutes. Intestinal flora structure
also varies with season, sex, reproductive status, body
mass index, host infection status, and anatomical site of
the intestine [14, 15]. When infected with schistosomes,
the diversity of the host’s intestinal flora reflects the
host’s health status, with a higher diversity index indicat-
ing better host metabolism and immune system function,
whereas a decrease in the diversity of the intestinal flora
leads to intestinal dysbiosis and a decrease in both meta-
bolic and immune function, which can lead to more seri-
ous complications [16]. Changes in host intestinal flora
diversity can be observed during schistosome infections
of the host (Fig. 1).

Specifically, it was observed that S. japonicum para-
sitizes human and mammalian venous vessels and also
significantly reduces intestinal microbial alpha diversity
in C57BL/6 mice infected with S. japonicum. On the
other hand, alpha diversity increases in acutely infected



Hong et al. Parasites & Vectors (2024) 17:185 Page 3 of 17

Schistosoma spp. Infection

2N . . .
=/ Bacterial Uninfected ileum

¢ Infected ileum
= ' « 0@ AN [

N = Vitamin E receptor Q N
S|gnaI|ng

Qg OO O &ggg

antigen
2 presentatlon @
o% o
Adlut worms o @
S o
l Th Cell ® co
(DC,macrophage) l Propionate
T Pyruvate
@ D-3-Hydroxybutyrate
VyTh: IFN-y, TNF-o SCFSs
Eggs l i
99 NLRP3 inflammasomes Taurine

. TCA cycle metabolism
$Th2 : IL-4, IL-10 compiex cy
Fig. 1 During schistosome infection, inflammatory processes play an important role in parasite—microbiota interactions and their consequences.
(1) Degradation of barrier function by the schistosome allows bacterial translocation and consequent inflammation, while microbe-driven
pro-inflammatory responses contribute to antiparasitic immunity. (2) Decrease in bacterial abundance and diversity. (3) After the eggs mature
in the worm'’s body, their constantly secreted enzymes, proteins, and sugars and other soluble egg antigens penetrate the surrounding
tissues through the microscopic pores of the eggshell, are phagocytosed and processed by macrophages and presented to T helper (Th) cells,
while secreting interleukin-1 (IL-1), which activates Th and causes it to produce a variety of cytokines, and as the schistosome infection progresses,
cytokine cascades change from aTh1 to Th2 profile. (4) Vitamin E may alleviate inflammatory damage by inhibiting the production of reactive
oxygen species and generating NOD-like receptor thermal protein domain associated protein 3 (NLRP3) immune complexes. (5) Metabolic changes
surrounding schistosome infection
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BALB/c mice [8]. Additionally, intestinal flora beta diver-
sity is increased in different mouse strains during dif-
ferent infection periods. Intestinal granulomas also play
a role in shaping the microbial communities: the abun-
dance of Firmicutes decreases, the abundance of Bac-
teroides increases during acute infection but decreases
during chronic infection, and the abundance of Lacto-
bacillus gradually decreases during the infection period
[8]. These findings align with the results reported by
Zhang et al. [9] which indicated a reduction in the diver-
sity of the intestinal microbiota in mice infected with S.
japonicum when compared to normal, uninfected mice.
Taxonomic analysis showed that the abundance of Fir-
micutes decreased with infection, while the abundance of
Bacteroidetes increased with infection [17]. In contrast,
after infection with S. japonicum, the relative abundance
of Proteobacteria increased with increasing severity of
infection. It has been well documented that the relative
abundance of Proteobacteria in the intestinal flora also
increases in other disease states, so researchers suggest
that an increased abundance of Proteobacteria could be
a diagnostic marker for intestinal flora imbalance and
potential diseases [18].

Studies have shown that during the invasive phase
of S. mansoni infection, close contact between adult
worms, eggs, or larvae and the intestinal mucosa of the
host can trigger a strong local inflammatory response
in the organism, leading to changes in intestinal flora
homeostasis, with a decrease in microbial alpha diver-
sity, an increase in Bacteroidetes, and a decrease in
Lactobacillus [19]. In mice infected with a mixture of S.
mansoni females and males, intestinal microbial alpha
diversity was reduced and beta diversity was significantly
increased, with increased abundance of Akkermansia
muciniphila, Lactobacillus, Alistipes, and Bacteroides [20,
21]. The intestinal flora of mice with mono-infection of
male worms, although also affected, was less severe than
in mixed infections, with a community structure more
like that of normal mice.

In 2021, Ajibola et al. reported that infections caused
by S. haematobium decreased the abundance of Firmi-
cutes and increased the abundance of Proteobacteria—a
shift in community structure associated with ecological
dysregulation similar to the other two schistosome infec-
tions. Specifically, the authors detected many changes
similar to inflammation-related ecological dysregulation
in lower taxa, including decreases in Clostridiales and
increases in Moraxellaceae, Veillonellaceae, Pasteurel-
laceae, and Desulfovibrionaceae [22]. Similarly, a study
found that genitourinary schistosomiasis caused by S.
haematobium was associated with changes in the abun-
dance of several gut microorganisms in preschool chil-
dren (1-5 years) in Zimbabwe. 16S rRNA sequencing
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showed that Prevotella and Aspergillus were more abun-
dant in children infected with S. haematobium than in
uninfected children. More specifically, the fecal abun-
dance of Pseudomonas, Stenotrophomonas, and Asper-
gillus increased, and the abundance of Azospirillum
decreased [23]. Summarizing previous studies, it has
been found that the infection and life history of differ-
ent strains of Schistosoma can affect the host’s intestinal
flora.

We summarize the intestinal commensal bacteria and
their association with schistosomiasis in Table 1. It has
been well documented that Firmicutes and Proteobac-
teria are the most responsive phyla in schistosomiasis
[18]. Additionally, it has been established that the rela-
tive abundance of Proteobacteria in intestinal flora
increases during other disease states. Researchers believe
that this increase can be used as a diagnostic marker for
intestinal flora imbalances and potential diseases [24,
25]. Specifically, Methylophilus is considered an aerobic,
methanol-using bacterium and one of the most impor-
tant sugar-decomposing species, expressing several anti-
oxidant enzymes [26]. These findings suggest that the
abundance of Methylophilus in schistosomiasis patients
may be a consequence of the inflammatory response to
acute schistosomiasis, and its increase could serve as a
marker for dysbiosis of intestinal flora following schisto-
somiasis infection. Furthermore, the increased relative
abundance of Turicibacter in schistosomiasis-infected
patients suggests its involvement in the development of
systemic inflammation through altered immune cell acti-
vation [27]. However, the relative abundance of Clostrid-
ium, Butyricimonas, and Veillonella was reduced in
infected patients. A previous study suggests that reduced
levels of Clostridium are associated with total choles-
terol levels [28], suggesting these taxa may play a role
in the infection by affecting lipid metabolism. Addition-
ally, the relative abundance of Butyricimonas and Veil-
lonella has been negatively correlated with the severity
of many diseases [29]. There is also a unique phylum,
Saccharibacteria (formerly TM7), that is globally dis-
tributed and is commonly associated with inflammatory
mucosal diseases in humans, and the TM7 phylotype is
able to inhibit the production of tumor necrosis factor
alpha (TNF-a), suggesting its potential immunosuppres-
sive capacity [30]. Previously unrelated to schistosome
infections, it was found to be increased in relative abun-
dance in patients with acute S. japonicum infection [18],
suggesting that increased relative abundance of TM7
may be a novel biomarker associated with S. japonicum
infection. Therefore, changes in the relative abundance
of these taxa suggest that the microbiota are associated
with changes in metabolic and immune responses during
schistosome infections.
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Table 1 Intestinal commensal bacteria and their association with schistosomiasis
Phylum Family/genus/species Host Observations References
Proteobacteria Comamonas and Psychrobacter Adults Negatively correlated with parasite burden [18]
Lachnospiraceae_NK4A136 BALB/c mice Negatively correlated with parasite burden [17]
Ruminiclostridium BALB/c mice Negatively correlated with parasite burden [17]
Methylophilus Adults An inflammatory response to acute schisto- 18]
somiasis, positively correlated with parasite
burden
Salmonella typhimurium (ATCC14028) Children Reduced the number of adult schistosomal [103]
worms and eggs and relieved symptoms
of schistosomiasis
Firmicutes Bacillus amyloliquefaciens BALB/c mice Modulated disease severity [86]
Bacillus subtilis BALB/c mice Modulated disease severity [87]
Butyricimonas and Veillonella Adults Negatively correlated with parasite burden [18]
Clostridium Adults Correlated with total cholesterol levels, nega-  [18]
tively correlated with parasite burden
Faecalibacterium Adults Negatively correlated with liver damage [104]
in patients with S. japonicum infection
Lactobacillaceae Microtus fortis A positive role in the natural resistance [9]
to schistosome infection, positively correlated
with parasite burden in Microtus fortis
Megamonas Adults A biomarker for diagnosis which helped [105]
to discriminate different stages of S. japonicum
infection
Muribaculaceae Microtus fortis A negative role in the natural resistance [9]
to schistosome infection, negatively correlated
with parasite burden in Microtus fortis
Roseburia C57BL/6 mice Positively correlated with S. mansoni infection  [66]
burden
Ruminococcus C57BL/6 mice Negatively correlated with infection burden [66]
Shuttleworthia C57BL/6 mice Negatively correlated with S. mansoni infec- [66]
tion burden
Turicibacter Adults An inflammatory response to acute schisto- [18]
somiasis, positively correlated with parasite
burden
Bacteroidetes Alistipes BALB/c mice Depleted in Salmonella-infected mice, led [31]
to the destruction of the intestinal barrier
Bacteroides Adults Activated an infectious response in the intes- 18, 31]
tine, and they were significantly more
abundant in a mouse model of S. mansoni
infection, displayed a significant correlation
with the level of hepatic granulomas
Prevotella Adults and children A biomarker for diagnosis which helped [66, 104]
to discriminate different stages of S. japonicum
and S. haematobium infection
Sphingobacterium Adults Identified as a marker in urogenital schisto- [106]
somiasis
Fusobacteriota Fusicatenibacter Adults A biomarker for diagnosis which helped [105]
to discriminate different stages of S. japonicum
infection
Veillonellaceae Akkermansia muciniphila C57BL/6 and BALB/c mice Positively associated with S. mansoni infection  [8, 20]
Saccharibacteria (TM7)  Unclassified Adults A novel biomarker associated with S. japoni- [18]
cum infection
Unclassified Subdoligranulum Adults A biomarker for diagnosis which helped [105]

to discriminate different stages of S. japonicum
infection




Hong et al. Parasites & Vectors (2024) 17:185

Based on results from mouse and human gut micro-
biomes (Table 1), the microbiota associated with fibro-
sis or granulomas, Bacteroidetes and Enterococcus,
were found to correlate with the level of S. japonicum-
induced liver injury and could be used to differentiate
between S. japonicum infections. Interestingly, patients
with acute S. japonicum infection had a higher propor-
tion of a Bacteroides-rich enterotype than healthy con-
trols [31]. This phenotype is associated with a wide range
of glycolytic potentials, including the presence of genes
encoding enzymes such as proteases, hexokinases, and
galactosidases, and given these enzymatic potentials,
it seems likely that these organisms derive energy from
dietary carbohydrates and proteins [32]. Increasing evi-
dence suggests that Bacteroidetes activate the intestinal
infection response [33], and they were significantly more
abundant in a mouse model of S. mansoni infection [20].
Based on the altered immune response in acute S. japoni-
cum infection [34] and data on intestinal microbial regu-
lation in mice after S. japonicum infections [18], studies
should examine whether altered phenotypes correlate
with the Bacteroides enterotype as a possible biomarker
for acute schistosomiasis. Subsequently, Veillonellaceae
was detected as the dominant phylum in mice, and a
significant expansion of Akkermansia muciniphila was
associated with S. mansoni infection [20]. Similar results
were found in humans after broad-spectrum antibi-
otic treatment [35]. The current findings provide addi-
tional insights into the gut microbiota of various hosts
following S. japonicum infection and demonstrate the
potentially powerful role of microbiome analysis for
the early and accurate diagnosis of schistosomiasis and
for understanding the causative mechanisms of disease
progression.

Changes in metabonomic investigation

Most microbial metabolites are derived mainly from car-
bohydrate and protein fermentation. Short-chain fatty
acids (SCFAs) are one of the most common microbial
metabolites, derived from non-digestible carbohydrates
[36]. Reduced concentrations of SCFAs such as acetate,
butyrate, and propionate are a characteristic finding in
urine samples obtained from S. mansoni-infected mice
[37]. These SCFAs are produced by bacteria in the colon
by fermenting unabsorbed dietary fiber, providing a
source of energy for metabolism in the colon and liver,
and are involved in the progression of schistosome infec-
tions. Studies have shown that both glycolipid and amino
acid metabolism are affected in hosts infected with
these schistosomes and that host gut microbial metabo-
lism is disturbed. Nuclear magnetic resonance (NMR)
analysis of urine samples from S. mansoni-infected mice
revealed a decrease in the concentration of tricarboxylic
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acid cycle (TCA cycle) intermediates and an increase in
pyruvate levels. These findings suggest that the glyco-
lytic pathway was affected, and there were disruptions in
amino acid metabolism and microbial metabolism [37].
Additionally, infected mice exhibited increased amino
acid concentrations and membrane phospholipid metab-
olites, and decreased energy-related metabolites in their
tissues [38]. Urinary metabolic profiles of S. mansoni-
infected mice were analyzed using NMR and capillary
electrophoresis, identifying 3-ureidopropionate, p-cresol
glucosinolate, phenylacetylglycine, indophenol sulphate,
isocitric acid, and trimethylamine (TMA) as markers for
distinguishing infected mice from their healthy counter-
parts [39, 40]. Further NMR-based metabolomic studies
of S. mansoni-infected populations revealed that infected
and uninfected individuals could be differentiated based
on variations in urinary metabolic profiles. Potential bio-
markers of infection were mainly associated with altered
intestinal flora, energy metabolism, and liver function
[41].

The metabolic changes induced by S. japonicum-
infected hosts were similar to those of S. mansoni, and
the metabolic response to S. japonicum infection was
generally consistent across suitable hosts. In golden
hamsters infected with S. japonicum, NMR revealed a
decrease in TCA cycle intermediates and an increase
in pyruvate levels in the urine of hamsters, and micro-
bial metabolism was affected, consistent with that of
mice infected with S. mansoni; the synthesis or utili-
zation of SCFAs was also inhibited in the former [42].
The dynamic metabolic profiles of plasma, urine, and
liver of BALB/c mice infected with S. japonicum were
analyzed using NMR assays and revealed that infection
led to increased concentrations of 3-ureidopropionate
(a uracil catabolic product) in urine, disturbances in
lipid metabolism, activation of glycolysis, inhibition
of the TCA cycle, and disturbances in the regulation
of intestinal flora. The changes in 3-ureidopropionate
and overall changes in metabolites in urine and plasma
samples were closely related to the development of
liver fibrosis [43]. The metabolic profile of BALB/c
mice infected with S. japonicum was investigated,
revealing significant alterations in amino acid metabo-
lism, DNA and RNA synthesis, phospholipid metabo-
lism, glucose metabolism, and intestinal microbial
metabolism in the serum of infected mice. Moreover,
the study identified 17 specific metabolites closely
associated with the development of schistosomiasis
[44]. However, in mice co-infected with S. japonicum
and Salmonella typhimurium, it was observed that
infection with S. typhimurium eliminated some of the
adult worms and eggs, reduced the symptoms of schis-
tosomiasis and mortality in mice, and ameliorated the
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metabolic disorders caused by schistosomiasis in mice
[45].

The most important clinical complication of schis-
tosome infections is periportal liver fibrosis, but less
research has been done on how intestinal microorgan-
isms act in the liver via the gut-liver axis after schisto-
some infections. In a S. mansoni mouse model, Wang
et al. observed impaired hepatic function of urinary
metabolites in mice at day 49 post-infection. Depleted
levels of 2-oxo isovaleric acid and 2-oxo isodecanoic
acid, derived from valine and leucine, respectively, were
observed in S. mansoni-infected mice [46], suggesting
a disturbance in amino acid metabolism. This finding is
consistent with the elevated serum levels of leucine in
patients with S. haematobium infection [47]. A decrease
in D-3-hydroxybutyrate is another indication of impaired
liver function, as the liver mainly produces D-3-hydroxy-
butyrate during fatty acid oxidation. A few studies have
examined the effect of bacterial metabolites on the pro-
gression of schistosome infections. It was recently shown
that the reduced abundance of some SCFA-producing
bacteria correlates with the progression of schistosome
infections [31]. To date, few studies have investigated the
correlation between schistosome infections and changes
in gut metabolomics, and additional studies are needed
to elucidate the possible role of gut microbial-derived

Table 2 Changes in metabolites observed in urine
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metabolites in schistosome progression. We summarized
the changes in metabolites observed in urine after schis-
tosome infections, as shown in Table 2.

Schistosoma-bacterial interactions

Schistosomes manipulate the innate and adaptive
immune system of the host for their own benefit [48].
Similarly, bacteria employ various strategies to modulate
the host immune response [49]. A study suggested that
symbiotic bacteria in the host play a significant role in
the formation of intestinal granulomas and the specific
immune response during S. mansoni infection, which
may impact the excretion of eggs. Cases of co-infection
with intestinal bacteria and schistosomes have been
reported, where intestinal bacteria, once in the blood-
stream, can reach the adult schistosome worms residing
in the mesenteric veins and establish colonization in the
parasite’s cecum [50]. The most frequently reported asso-
ciation is between Schistosoma and Salmonella infection,
with most studies consistently finding that prior schisto-
some infections enhance and prolong subsequent Sal-
monella infection. In particular, co-infected hosts show
higher bacteremia, increased virulence, higher mortal-
ity rates, and more persistent local liver or spleen infec-
tions than hosts infected with only Salmonella [51]. The
association between Salmonella and Schistosoma leads

Metabolite Related pathway Trend References
Gut microflora Dimethylamine Carbon metabolism; methane metabolism torl® [38,41]
Hippurate Bile secretion \ [38,41]
Phenylacetylglycine (PAG) Phenylalanine metabolism 1 [37,43]
Trimethylamine Carbon metabolism; methane metabolism T [41,43]
Energy metabolism 2-Oxoglutarate Citrate cycle (tricarboxylic acid [TCA] cycle) \ [37,38,107]
Acetate Citrate cycle (TCA cycle) \ [41,43]
Alanine Phenylalanine metabolism; protein digestion and absorption t [37,38]
Citrate Citrate cycle (TCA cycle) { [104 08]
Fumarate Citrate cycle (TCA cycle) \ [38, 104]
Pyruvate Citrate cycle (TCA cycle) 0 [38 41]
Succinate Citrate cycle (TCA cycle); carbon metabolism \ [38,41]
Citrate Citrate cycle (TCA cycle); carbon metabolism \ [37,43]
Liver function Acetone Amino acid metabolism - [37,43]
Creatine Amino acid metabolism 0 [41,43]
Methylguanidine ND t [41,43]
2-Oxo isocaproate Biosynthesis of amino acids v [41,43]
3-Hydroxy butyrate Degradation of amino acids \ [41,43]
Other Formate Pyruvate metabolism ¥ [41,43]
Trimethylamine N-oxide (TMAQO) Methane metabolism t [41,43]
Trigonelline Tropane, piperidine, and pyridine alkaloid biosynthesis { [38,41]

ND: No metabolic pathways involved in this metabolite were found in this study

2 Dimethylamine increased after S. japonicum infection but decreased after S. mansoni infection
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to prolonged bacterial infection, development of antibi-
otic resistance, and poor treatment outcomes for both
infections [52]. In addition, there are mixed infections
involving Helicobacter pylori, and interestingly, differ-
ent research studies have shown a “beneficial” effect of
co-infection with Schistosoma spp. and H. pylori [53, 54].
Compared to patients with single infections of either H.
pylori or Schistosoma, patients with mixed infections
exhibit less severe gastritis and reduced gastric mucosal
damage and changes in serum reactions related to the
risk of gastric atrophy [55]. During the acute phase of
schistosome infection, a decrease in the number of T
cells in the stomach is observed. In hosts infected only
with H. pylori, T cells accumulate in the stomach and
cause inflammation. The study demonstrated that schis-
tosomiasis increases the levels of chemokines in the liver,
which attract T cells to aggregate in the liver and reduce
gastric inflammation [55]. However, this influence gradu-
ally diminishes as the chronic phase begins. Another
study detected increased levels of the signaling protein
IL-13dRa2 in the blood of mice infected with H. pylori
[56]. IL-13dRa2 can offer protection against liver fibrosis
and even reverse the progression of tissue remodeling.
At first glance, the interaction during co-infection may
appear as a “beneficial” side effect: although the infected
individual suffers from two diseases, the harmful effects
of both seem to be reduced. However, co-infection may
have other consequences: the complexity of immune
responses can limit the effectiveness of vaccines [56].

The available information on the interaction between
bacteria and Schistosoma is somewhat limited. How-
ever, increasing evidence suggests that this interac-
tion deserves further attention, especially considering
the growing understanding of schistosomiasis. In vitro
experiments conducted in the 1980s demonstrated the
natural co-infection of Schistosoma and Salmonella, with
bacteria adhering to the surface membrane of S. man-
soni [57]. However, recent studies have indicated that S.
typhimurium infection in mice reduces the number of
adult schistosome worms [58]. Barnhill and colleagues
explored the potential benefits of bacterial adherence to
the schistosome’s outer shell [52]. They acknowledged
that simultaneous infection by Schistosoma and Salmo-
nella in humans is common and further investigated this
through in vitro experiments. Their experiments using
isolated adult S. mansoni demonstrated that bacteria
attached to the parasite’s surface were not affected by
antibiotic treatment. This interaction between bacteria
and Schistosoma appears to be specific, as the presence
of mammalian cells or flatworms does not provide antibi-
otic protection.

Another emerging area of interest is the microbial
communities that reside on parasitic worms, collectively
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known as the worm-associated microbiota [59]. To date,
only one study has demonstrated the presence of bac-
terial communities on the surface of adult S. japoni-
cum by fluorescence in situ hybridization (FISH) and
microbiome profiling. These bacteria on the surface of
schistosomes are distinct from the host’s blood microen-
vironment and should be regarded as an important new
component of the interaction between the host and the
parasite, although their function remains unclear [60].
Some bacterial species on the surface of schistosomes
may represent additional immune evasion mechanisms.
Streptococcus, Haemophilus influenzae, Escherichia coli
K1, and Neisseria meningitidis all have structures that
prevent antibody adhesion and complement insertion
on their surfaces [61]. Among these groups, Escherichia
coli (not K1) exists on the shell and body of the parasite.
Secretions from Gram-negative bacteria may be another
defense mechanism beneficial to schistosomes. The pres-
ence of multiple layers of membranes at the top of adult
schistosomes can make them resistant to toxins secreted
by bacteria [62], but this may also cause damage to host
cells, especially those involved in immune responses.
Based on this study, Formenti et al. from the University
of Cambridge applied FISH to investigate the occurrence
of S. mansoni-associated bacteria throughout key devel-
opmental stages [63]. They detected strong 16S rRNA
signals associated with the tip/lateral glands of eggs and
miracidia, to the acetabular glands and oral/ventral suck-
ers of cercariae, and to the gut and tegument of adult
worms [63]. This finding suggests that the reproduction
of S. mansoni-associated bacteria may occur vertically
through eggs. In addition, we suggest some mechanisms
by which bacteria may kill adult S. mansoni, including
(1) muscle damage in the parasite, (2) mechanical tis-
sue damage caused by a large number of bacteria settling
in the cerebral cortex, (3) bacterial endotoxin secre-
tion, and (4) competition for essential nutrients and/
or metabolites. The latter hypothesis implies that exter-
nally acquired bacteria may compete with schistosome-
associated bacteria for space and nutrients, leading to
significant disruptions in the microbiome balance of the
parasite.

A study from the UK has revealed an overlooked aspect
of the biology of schistosomes: adult parasites reside in
the blood of mammalian hosts, playing a positive role
in regulating the host’s immune system and obtain-
ing necessary nutrients [60]. The adult schistosome
worms appear to alter their interaction with the blood
microbiome, contributing to the interaction between
the host and schistosomes after parasitism. Research-
ers have shown that the microbiomes on the surface of
adult schistosome worms differ from those found in the
host’s blood microenvironment. The concentration of
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bacterial populations increases on the surface of schis-
tosomes, while other bacterial groups are absent, repre-
senting a newly discovered microbial niche. Furthermore,
functional differences between the microbiome of the
schistosome gut epithelium and its tegument deepen
the complex interplay between schistosomes, hosts, and
microbial populations [64, 65].

Understanding the gut-liver axis model for schistosomiasis
Schistosome infection induces ecological dysbiosis of the
gut microbiota in animals and humans, as well as acute
or chronic liver injury, such as advanced schistosomiasis,
liver fibrosis, cirrhosis, and hepatocellular carcinoma, the
most important clinical complication of which is peripor-
tal liver fibrosis, and there is growing evidence of signifi-
cant changes in the gut microbiota profile in liver disease
induced by schistosome infections [8, 18, 66]. This fur-
ther illustrates the association between schistosomiasis
gut microbiota and liver injury. In this section, we argue
that the intestinal flora play an important role in schis-
tosomiasis-mediated disease through the pathway of the
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gut-liver axis, based on the model of the gut-liver axis
in other liver diseases and the interaction between the
liver, intestine, and microbiota after schistosome infec-
tions. We also attempt to elaborate the process by which
the intestine and liver communicate through a tight bidi-
rectional connection of the biliary tract, portal vein, and
body circulation to provide a basis for the contribution
made in schistosomiasis (Fig. 2).

In recent reviews, Tripathi et al. summarize gut-liver
communication in liver diseases and suggest that liver
injury may be caused by excessive interactions between
the gut microbiota through specific molecules (e.g.,
TMA, acetaldehyde, and lipopolysaccharide [LPS]) and
the host immune system through Kupffer cell-mediated
liver inflammation. They also explore the molecular,
genetic, and microbiome relationships, and discuss the
prospects for using the microbiome to determine liver
disease staging and predict the effects of drugs, diet, and
other interventions at the population and individual lev-
els [67]. In 2018, Konturek et al. supplemented the under-
standing of the functional impairment of the intestinal

Primary bile acids

Acetaldehyde
Butyrate
Ethanol

Systemic circulation

Fig. 2 Speculation on the gut-liver axis after schistosome infections. The liver transports bile salts and antimicrobial molecules to the intestinal
lumen through the biliary tract. This process maintains gut eubiosis by controlling unrestricted bacterial overgrowth. Bile salts also act as important
signaling molecules via nuclear receptors to modulate hepatic bile acid synthesis, glucose metabolism, lipid metabolism, and energy utilization
from diet. Conversely, gut products, such as host and/or microbial metabolites and microbial-associated molecular patterns, translocate to the liver
via the portal vein and influence liver functions. Additionally, systemic circulation extends the gut-liver axis by transporting liver metabolites

from dietary, endogenous, or xenobiotic substances to the intestine through the capillary system. Owing to this medium of transport and ease

of diffusion of systemic mediators across blood capillaries, these factors could affect the intestinal barrier positively (for example, butyrate)

or negatively (for example, acetaldehyde)
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mucosal barrier (“leaky gut”) and the increased bacterial
translocation through the gut-liver axis, which may play
an important role in the progression of liver diseases.
They also highlighted the detrimental effect of gut dys-
biosis in the pathogenesis and progression of chronic
liver diseases such as non-alcoholic fatty liver disease
(NAFLD), alcoholic liver disease (ALD), immune-medi-
ated liver diseases, cirrhosis, and hepatocellular car-
cinoma. They proposed that improving the ecological
imbalance of the intestinal microbiota through the use of
prebiotics, probiotics, and fecal microbiota transplanta-
tion could enhance intestinal barrier function, offering a
promising new approach to managing chronic liver dis-
ease [68]. In 2020, Lee et al. observed significant changes
in microbiome diversity according to the severity of
fibrosis in patients with NAFLD, finding not only Rumi-
nococcaceae and Veillonellaceae as the main microbiota
associated with the severity of liver fibrosis, but in addi-
tion, elevated fecal bile acids (BAs) and propionates in
patients with significant liver fibrosis, adding to the pic-
ture of changes in metabolites in models of liver fibrosis
and providing evidence for the role of the gut-liver axis
in the pathogenesis of liver fibrosis [69]. In a 2022 study,
Tilg et al. summarized the bidirectional crosstalk of liver
diseases along the gut-liver axis controlling liver diseases
and using environmental and host mediators. Nutrients,
microbial antigens, metabolites, and BAs regulate meta-
bolic and immune responses in the gut and liver, which
mutually shape the microbial community structure and
function. This perturbation of host-microbial interac-
tions is observed in multiple experimental liver diseases
and is facilitated by a compromised intestinal barrier,
which fuels the intestinal-liver crosstalk in liver inflam-
mation (NAFLD, ALD), and in cirrhosis (a common
sequela of these diseases), molecular patterns associated
with intestinal microbiota and microbial pathogens con-
stitute hepatic inflammation and clinical complications
such as hepatic encephalopathy [70].

The microbiota in the gut and the liver communicate
through a tight bidirectional connection between the bile
duct, portal vein, and body circulation (Fig. 2). The liver
communicates with the intestine by releasing BAs and
many bioactive mediators into the biliary tract and the
body’s circulation [71]. Hepatic stellate cells (HSCs) are
one of the major sources of collagen in the liver and play
a crucial role in schistosomiasis-induced fibrosis [72].
The main function of resting HSCs is to store vitamin A,
but in response to liver tissue injury, they are activated
and transdifferentiated into myofibroblasts character-
ized by the production of extracellular matrix (ECM)
components rich in protofibrillar collagen [73]. In mice
infected with S. japonicum, activated HSCs were found
at the margins of liver granulomas. These activated HSCs
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exhibited upregulation of specific markers, including
junctional protein, smooth muscle actin (a-SMA), and
glial fibrillary acidic protein (GFAP). Moreover, these
activated HSCs may play a significant role as effector
cells in the development of granuloma-associated fibro-
sis [74]. The same predominance of GFAP-positive cells
observed in S. mansoni-infected mice suggests that HSCs
play a major role in the deposition of connective tissue
in human schistosomiasis livers [75]. Therefore, these
activated HSCs in granulomas can be used as indicators
of collagen deposition in hepatic schistosomiasis. In con-
trast, intrahepatic blastocytes (macrophages of interest)
have shown that the rapid type 2 deviation in the liver
after schistosome infections may be due to alterations in
blastocytes that induce soluble worm antigen preparation
(SWAP)-mediated type 2 development of hepatic T cells
[76].

In the intestine, hosts and microorganisms metabolize
BAs and amino acids, the products of which are trans-
ferred to the liver via the portal vein and affect liver
function. BAs are amphiphilic molecules synthesized
from cholesterol in pericentral hepatocytes. Approxi-
mately 95% of BAs are actively reabsorbed at the end of
the ileum and transported back to the liver [77, 78]. The
remaining 5% are uncoupled, dehydrogenated, and dehy-
droxylated by the colonic microbiota to form secondary
BAs, which reach the liver via passive absorption into the
portal circulation. The liver recovers BAs and secretes
them to the biliary tract, completing the so-called enter-
ohepatic circulation, an exchange system between the
intestine and the liver. SCFAs are produced by bacteria
in the colon by fermenting unabsorbed dietary fiber and
provide a source of energy for metabolism in the colon.
Butyrate, propionate (produced by bacterial fermenta-
tion), and acetate (produced by host and bacteria) are the
main SCFAs in the large intestine. Butyrate is a source
of energy for enterocytes and helps maintain the intes-
tinal barrier [79]. Schistosomiasis-induced liver injury
is thought to be marked by reduced levels of acetate,
butyrate, and propionate [80]. A reduction in butyrate is
associated with a weakening of intestinal tight junctions
and, therefore, permeability. Choline is a macronutrient
that is important for liver function, brain development,
neurological function, muscle movement, and mainte-
nance of healthy metabolism [81]. Choline is processed
by the host into phosphatidylcholine (lecithin), which
contributes to the excretion of very-low-density lipopro-
tein (VLDL) particles from the liver. This process pre-
vents the hepatic accumulation of triglycerides (hepatic
steatosis) [82]. In addition, choline can be converted to
TMA by intestinal bacteria; TMA can be transferred to
the liver via the portal circulation, where it is converted
to trimethylamine N-oxide (TMAO) [83]. An increase in
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both TMA and TMAO can be detected in schistosomia-
sis [37], and the increase in TMAO is accompanied by a
decrease in the level of phosphorylcholine produced by
the host, an imbalance specific to patients with intestinal
ecology disorders. In 2022, Lin et al. identified a series
of intestinal bacterial signatures (Mycobacterium-like,
Braconella, and Enterococcus) to distinguish schistoso-
miasis from liver injury and showed for the first time a
significant correlation with liver granulomas, fibrosis,
hydroxyproline, alanine transaminase (ALT), or aspar-
tate transaminase (AST) levels in S. japonicum infection,
providing further evidence for a relationship between
serological detection of schistosomiasis and levels of liver
injury [84]. In summary, we conclude that significant
changes in the gut microbiota profile occur in S. japoni-
cum infection-induced disease, and provide preliminary
evidence for an association between the gut microbiota
and liver injury in schistosomiasis, suggesting that the gut
flora play an important role in schistosomiasis-mediated
disease through the pathway provided by the gut-liver
axis. However, the causal relationship between intestinal
flora and schistosomiasis and the specific mechanism of
intestinal flora through the gut-liver axis in schistoso-
miasis remain obscure and deserve further investigation.

Probiotic treatments: an emerging therapeutic strategy

in schistosomiasis?

Chemotherapy is the main method for controlling schis-
tosomiasis, as there is no vaccine against it, and the
mollusks which are intermediate hosts are not easily
attacked. It is worrying to have only PZQ to treat schisto-
somiasis, mainly because it is not effective against schis-
tosomula and young worms, and resistance may develop
in endemic areas of high prevalence. The development
of drug resistance is also a concern given the extensive
repeated use of the drugs in a large number of individu-
als [85]. Given the limitations of PZQ, many groups have
been working to evaluate new therapeutic alternatives
for schistosomiasis [86—95]. Traditional treatments that
target the host’s gut flora include diet, antibiotics, fecal
microbiota transplant (FMT), and probiotics [96]. How-
ever, diet has little effect, antibiotics are susceptible to
the development of resistance, and it is critical to the
efficacy and safety of FMT therapies to establish criteria
for proper treatment and screening of donor feces, which
are currently underdeveloped. Probiotic therapy stands
out from traditional approaches [97]. Modulation of the
gut microbiota through the use of probiotics is an emerg-
ing and promising treatment for gut-liver axis dysfunc-
tion and schistosomiasis infection. Probiotics are defined
by the Food and Agriculture Organization of the United
Nations (FAO)/WHO as live microorganisms that are
beneficial to host health when administered in adequate
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amounts [98]. To date, various attempts have been made
to study the protective and therapeutic effects of ben-
eficial bacteria in mouse models utilized for the man-
agement of schistosomiasis, as shown in Table 3. In the
case of schistosomiasis, research has been conducted on
the efficacy of probiotics alone or in combination with
antiparasitic drugs [88, 94].

Studies on probiotics alone have generally confirmed
that probiotics are able to mitigate intestinal and liver
pathological injury associated with schistosome infec-
tions. In a recent study by El-Khadragy et al., the effec-
tiveness of a combination of Lactobacillus acidophilus
(ATCC 4356) and Lactobacillus delbrueckii subsp. bul-
garicus (DSM 20080) was assessed in a mouse model of
S. mansoni infection. The probiotics were administered
before or after parasite exposure, and the probiotic mix-
ture was also utilized as a yogurt treatment in a saline
buffer. The researchers observed a decrease in adult
worm burden in mice treated with either probiotics or
yogurt, both before and after infection (probiotics: 68%
and 60% reduction pre- and post-infection, respectively;
yogurt: 72% and 64% reduction pre- and post-infection,
respectively). The probiotics demonstrated comparable
efficacy to PZQ, reducing adult worm numbers by 78%.
A similar trend was observed in reducing worm egg
quantities in the liver. Notably, S. mansoni infection led
to elevated levels of hepatic matrix metalloproteinase-9
(MMP-9), lipid peroxidation, and NO, while reduced
glutathione levels were observed. However, these effects
could be prevented or reversed by both probiotic treat-
ment and PZQ. It is worth mentioning that PZQ failed
to decrease NO levels in the liver, whereas all probiotic
treatments proved successful [93]. Mice were fed probi-
otic yogurt (containing probiotic strains of Lactobacil-
lus casei, L. acidophilus, Lactobacillus plantarum, and
Lactobacillus reutrie strains) before and after infection
with S. mansoni. This strategy resulted in an increase
in body weight as well as a decrease in spleen and liver
weight of the mice to values close to those of the con-
trols. The probiotic yogurt was found to show immu-
nomodulatory effects by stimulating immunoglobulin
M (IgM) responses against soluble helminth antigens
compared to untreated controls. Although infection
increased plasma activity of AST, lactate dehydrogenase
(LDH), and gamma-glutamyl transferase, the addition of
the probiotic yogurt resulted in a significant reduction of
these enzymes in infected animals [91]. A previous study
reported that Bacillus subtilis could improve digestive
health by strengthening the intestinal barrier and limiting
the inflammatory response, helping to limit the intesti-
nal inflammatory response and homeostasis in mice [99].
And in a recent study, it was revealed for the first time
that B. subtilis attenuated liver and intestinal damage
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in S. japonicum-infected mice, implying that probiotic
supplementation may contribute to host biology during
schistosomiasis [87]. Furthermore, a recent study showed
that the use of Bacillus amyloliquefaciens was effective in
treating and alleviating the symptoms of S. japonicum,
where the early establishment of probiotic colonization
in mice infected with S. japomnicum reduced liver and
intestinal fibrosis and granulomas in the acute phase. At
the same time, it was able to reshape the intestinal micro-
environment of infected mice by modulating the relative
abundance of potentially beneficial and harmful bacteria
and the network of interactions between the intestinal
microbiota [86, 100]. In addition, a Brazilian study con-
ducted by dos Santos et al. found that the burden of S.
mansoni-infected mice was reduced with Bacillus cereus
GM by modulating the immune response. For example, it
reduced the number of worms, the number of eggs in the
liver tissue, and the volume of granulomas, and increased
the levels of some liver markers. These results indicate
the possibility of using the probiotic B. cereus GM in the
treatment of schistosomiasis, mainly in endemic areas
where the population is at risk of persistent infection
[90].

The combination of probiotics with antischistosomal
drugs has also shown significant effects. In 2012, Zowail
et al. investigated the treatment of mice previously
infected with S. mansoni using Bacillus coagulans, PZQ,
or a combination of the two. The results showed a 53%
reduction in the number of adult worms with probiotics
alone, an 89% reduction with standard PZQ treatment,
and 100% reduction with the combination treatment
[94]. As demonstrated by EI-Esawy et al., S. mansoni
infection and PZQ treatment can lead to chromosomal
aberrations and DNA damage. To mitigate this effect,
B. coagulans was used as a supplement to antiparasitic
treatment. When PZQ treatment was combined with
B. coagulans, a significant reduction in chromosomal
aberrations induced by infection or PZQ treatment was
observed [88]. These findings highlight the importance of
evaluating probiotics as adjuncts to conventional antisch-
istosomal therapy.

The findings from these experiments suggest that
certain strains of Lactobacillus and Bacillus gen-
era have the potential to serve as probiotics for the
treatment of schistosomiasis. The mode of action of
these probiotics can be strain-specific or a combina-
tion of different mechanisms. They may involve one
or more modes of action, including production of
antimicrobial substances, modulation of the mucosal
immune system, modification of the gut microbial
community, and enhancement of enzymatic activity
[101]. Specifically, we propose various mechanisms to
explain the main modes of action of probiotics against

Page 13 of 17

schistosomiasis, as follows: (1) Immunostimulation
and immunomodulation by components of the innate
or adaptive immune system are the main mechanisms
through which probiotics act against schistosomiasis.
This includes (i) modulation of cytokine expression
to reduce the burden of schistosomiasis, (ii) coun-
teracting cytokine-induced apoptosis by decreasing
chromosomal aberrations and DNA damage, and (iii)
enhancing the humoral immune responses, thereby
promoting an immune barrier in the gut. (2) Probiot-
ics increase the population of beneficial microorgan-
isms by enhancing the intestinal barrier and regulating
the balance of the intestinal microbial community,
such as Lactobacillus and Bifidobacterium, which then
inhibit the growth of harmful pathogens by competing
for attachment sites in the intestinal mucosa. (3) The
secretion of antimicrobial substances (e.g., bacterioc-
ins) and organic acids (e.g., lactic, acetic, and butyric
acids), which are mainly secreted by species of Lac-
tobacillus, may have a larvicidal effect on schistoso-
miasis. (4) Probiotics exhibit antioxidant properties
through scavenging of reactive oxygen species (ROS)
and activation of superoxide dismutase (SOD) and
catalase (CAT) to reduce oxidative stress. It is worth
noting that most of the effects observed in relation to
probiotics and schistosomes have been demonstrated
in animal experiments and in vitro cultures, with lim-
ited reports on human trials. Additionally, the molecu-
lar mechanisms underlying these beneficial microbial
actions remain poorly understood. It seems unreason-
able to propose probiotics as an alternative to classical
therapies such as drugs or vaccines against schisto-
somes, while their use in reducing the risk of infection
or as complementary therapies to classical treatments
seems more realistic and relevant. Research on the role
of probiotics against schistosomes is still in its infancy,
and further studies on host—microbe or schistosome—
microbe interactions using state-of-the-art immuno-
genetic techniques, genetic engineering, and synthetic
biology may elucidate the mechanisms of probiotic
action against schistosomiasis.

Conclusions

Because of the complicated transmission routes and
many influencing factors of schistosomiasis, the disease
is difficult to prevent and control [102]. WHO estimates
show that at least 251.4 million people need preventive
treatment, which should be repeated over several years,
and 78 countries have reported schistosomiasis transmis-
sion [4]. In the last decade, studies of schistosome—micro-
biome interactions have increasingly included models of
schistosomiasis (Table 1). In particular, high-throughput
amplicon sequencing techniques for large-scale rapid
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characterization of complex bacterial communities have
been utilized to uncover the effects of schistosome infec-
tions on the host. Based on the altered microbial profiles,
it is reasonable to speculate that the host damage from
schistosome infections may be transmitted by intestinal
microorganisms through the gut-liver axis. Schistosome
infections lead to intestinal granulomatous and fibrotic
lesions, and the dysbiosis of the intestinal flora increases
toxic metabolites, leading to inflammatory damage in the
liver, exacerbating hepatic lesions, and facilitating the
development of hepatic fibrosis, which can have a serious
impact on the patients’ prognosis.

Following schistosome infections, Firmicutes and
Proteobacteria were the most responsive phyla in schis-
tosomiasis [18, 20-22]. A significant decrease in the
relative abundance of Comamonas and Psychrobacter
in Firmicutes [18] suggests that schistosome infections
may induce a systemic inflammatory response through
potentially efficient xenobiotic-metabolizing species.
An increase in the relative abundance of Turicibacter
in Proteobacteria [18] suggests that it may be involved
in the development of systemic inflammation through
alterations in immune cell activation. However, the rela-
tive abundance of Clostridium correlated with total
cholesterol levels was decreased in infected hosts [28],
suggesting that these taxa may play a role in infection by
influencing lipid metabolism. Butyricimonas produces
butyrate, which is a source of energy for intestinal cells
and contributes to the maintenance of the intestinal bar-
rier [29]; the decreased abundance of Butyricimonas sug-
gests that the host’s intestinal barrier is disrupted. Thus,
changes in the relative abundance of these bacteria sug-
gest that the microbiota is associated with changes in
metabolism and immune responses during schistosome
infections.

It has been shown that microbiota-based probiotic
modulation targeting the gut-liver axis is a promising
and beneficial therapeutic approach. Probiotic supple-
mentation of schistosome-infected hosts showed signif-
icant anti-apoptotic and antioxidant effects, reducing
the number of eggs and the volume of granulomas in
liver tissues of schistosome-infected mice and increas-
ing the levels of some liver markers. The results of these
experiments suggest that some bacterial strains in Lac-
tobacillus and Enterococcus could be used as probiot-
ics for the prevention or treatment of schistosomiasis
after validation in replicated animal clinical trials. Their
mode of action can be strain-specific or a combination
of different mechanisms. In addition, the mechanisms
of probiotics when used as adjunctive therapies in com-
bination with conventional antischistosomal drugs to
alleviate disease symptoms and/or mitigate the side
effects of conventional antischistosomal drugs should
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be further elucidated, in particular their response to
interactions with the intestinal microbiota and their
effect on the bioavailability, bioactivity, and toxicity of
the medication. A better understanding of the molec-
ular mechanisms underlying the beneficial effects of
probiotics on schistosome infections is essential to vali-
dating the approach. Therefore, more in-depth studies
are needed, including extended clinical studies, and
using more defined protocols with specific probiot-
ics and experimental models. For example, is the opti-
mal time to start treatment before or after the onset of
infection? What is the optimal duration of treatment?
How can probiotic strains and antischistosomal drugs
be combined to maximize treatment efficiency? Can
probiotic strains be used as an effective strategy to pre-
vent schistosomiasis? Moreover, the design of clinical
trials with placebo controls is critical, as these treat-
ments are expected to be applied to human or animals.

Given the complexity of the relationship and mecha-
nisms of the interactions between schistosome infections
and the intestinal flora, comprehensive and in-depth
studies combining macrogenomics, macrotranscriptom-
ics, macrometabolomics, proteomics, and immunomics
are also needed to unearth more information about the
key small molecules that undergo changes during schis-
tosome infections, in order to elucidate the mechanisms
and applications of microorganisms in schistosomiasis.
As the role of the microbiota in the development, prog-
nosis, and treatment of schistosomiasis is increasingly
recognized, further development of synthetic biology and
optimization of existing molecular tools will also be key
for targeted, stable, and safe modifications of the compo-
sition and function of the gut microbiota. Integrating the
knowledge gained in these two research areas will make
it possible to fully utilize the potential of microbial-based
interventions for schistosomiasis and translate them into
new and reliable strategies for the management and con-
trol of schistosomiasis.
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