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Background

Metabolomic based approaches are essential tools in the discovery of unique biomarkers for infectious diseases via high-throughput global assessment of metabolites and metabolite pathway dysregulation. This in-turn allows the development of diagnostic tools and provision of therapeutics. In this review, we aimed to give an overview of metabolite biomarkers and metabolic pathway alterations during Schistosoma haematobium and Schistosoma mansoni infections.



Methods

We conducted the review by systematically searching electronic databases and grey literature to identify relevant metabolomics studies on schistosomiasis. Arksey and O’Malley methodology for conducting systematic scoping reviews was applied. A narrative summary of results was conducted following the Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for scoping review guidelines.



Results

Twelve articles included in the review identified 127 metabolites, whose concentrations were considerably altered during S. mansoni and S. haematobium infections. The metabolites were assigned to metabolic pathways involved in energy (34.6%), gut microbial (11.0%), amino acid (25.2%), nucleic acids (6.3%), immune proteins (8.7%) hormones (2.4%) and structural proteins/lipids (11.8%). Energy related metabolic pathways were the most affected during schistosome infections with metabolites such as succinate, citrate, aconitate and fumarate of the tricarbocylic acid cycle being significantly altered in organ, serum and plasma samples. Amino acid metabolism was also impacted during schistosome infections as phenylacetylglycine, alanine, taurine, 2-oxoisocaproate and 2-oxoisovalerate emerged as potent biomarkers. Elevated structural proteins such as actin, collagen and keratin concentrations were identified as biomarkers of liver fibrosis, a common pathological feature in chronic schistosomiasis infections. Hippurate was a major metabolite biomarker in the gut microbial related pathway.



Conclusions

The analysis of the literature revealed that energy related metabolic pathways are considerably altered during S. mansoni and S. haematobium infections. Therefore, their metabolites may provide biomarkers for diagnosis and prognosis in addition to providing therapeutics for parasitic infections. This scoping review has identified a need to replicate more schistosomiasis metabolomic studies in humans to complement animal-model based studies.
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1 Introduction

Schistosomiasis is one of the common neglected tropical diseases (NTDs) caused by sexually dimorphic helminth worms of the genus Schistosoma (1). Global estimates show a prevalence of at least 236.6 million cases in 78 countries (2). Moreover, 200 000 deaths are recorded annually, especially in Africa which accounts for 90% of global morbidity and mortality (3, 4). Of the six known human schistosome species, Schistosoma haematobium (S. haematobium) and Schistosoma mansoni (S. mansoni) are the main etiological agents of human urogenital and intestinal schistosomiasis respectively and are highly prevalent in the sub-Saharan region (5).

Early diagnosis of schistosomiasis is key for effective treatment and management of adverse symptoms which directly determine the clinical outcome of the disease, whilst development of vaccine against helminth infections is critical in the eradication of the disease (6, 7). Low sensitivity diagnostic tools in detection of early or light schistosome infections across all age groups particularly in pre-school aged children (PSAC) ≤5 years have implicated worldwide concerted efforts in schistosome surveillance and control programmes (8, 9). Furthermore, there is no approved effective vaccine for schistosomiasis (10).

In addition to providing insight into complex immunopathology during schistosomiasis (11), metabolite biomarkers of infection are critical to the rational development of therapeutic interventions (12), non-invasive diagnostic and prognostic tools (13, 14) thus it is of paramount significance to characterise schistosome induced metabolic alterations. In recent years, metabolomics has emerged as a powerful omics approach in characterisation of host metabolic responses to infections at a molecular level leading to a wide range of applications in discovery of drug targets and novel biomarkers in infectious diseases (15, 16).

Preventive chemotherapy alone is insufficient in the global control and elimination of schistosomiasis. Thus integrated approaches should include; inclusion of all age groups in control strategies, effective diagnosis, knowledge on efficacy of treatment, provision of good sanitary conditions (17). Moreover, a clear understanding of the infection pathology dynamics or health impacts in all age groups have to be established (18, 19). Diagnosis and knowledge in pathological mechanisms are the main factors that determine the success of schistosomiasis management strategies. This has led to concerted efforts in the search of new biomarkers by analysing metabolic pathway dysregulation using a metabolomics based approach (20, 21). The available standard methods specifically urine filtration technique for S. haematobium and Kato Katz technique for S. mansoni lacks sensitivity and absolute specificity. These diagnosis shortfalls are even more in areas where the disease burden is low and in patients with light schistosome infection (20, 22, 23).

The maximum impact of global control and elimination programs for schistosomiasis may be realised through addressing above challenges. Metabolomics is a more holistic approach as far as schistosomiasis diagnosis, prognosis, provision of therapeutic drug or vaccine targets. A metabolomics approach would also allow for the elucidation of infection mechanisms via analysis of metabolic pathway alterations and characterising metabolite signatures for biomarkers (24). Against this background, we highlight the metabolic alterations for biomarker discovery during urogenital and intestinal schistosomiasis.

In this scoping review we sought to summarize metabolic biomarkers associated with S. haematobium and S. mansoni infections to facilitate understanding of disease mechanisms and the discovery of unique diagnostics and therapeutic measures. The following review questions were answered:


	
Which metabolites can be utilized as biomarkers of S. haematobium and S. mansoni infections?


	
Which metabolic pathway alterations occur during S. haematobium and S. mansoni infections?






2 Methods

Our methodology for the study was informed by the Arksey and O’Malley (25) guidance for conducting systematic scoping reviews. A comprehensive systematic literature search relevant to the topic and review objectives was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) guidelines (
Table S1
) (26). The protocol for the scoping review was registered in Open Science Framework (osf.io/py3x9).



2.1 Data sources and search Strategy

Four electronic bibliographic databases (Pubmed, Cochrane Library, Medline and Embase) were searched using the following search terms, modified appropriately to each or for each database: (1) (metabolome OR metabolomics OR metabolomic OR metabonomics OR metabonomic OR metabolite OR metabolic OR metabolism OR lipidome OR lipidomics OR lipidomic OR proteome OR proteomics OR proteomic) and (2) (schistosomiasis OR bilharziasis OR bilharzia OR katayama fever OR snail fever OR urogenital schistosomiasis OR urinary schistosomiasis OR genital schistosomiasis OR Schistosoma OR haematobium OR Schistosoma haematobium OR S. haematobium OR Schistosoma mansoni OR S. mansoni OR mansoni OR intestinal schistosomiasis). Databases were searched from inception without any language restrictions. In addition to the primary databases we complemented the search strategy by searching of grey literature and unpublished preprints in MedRxiv and BioRxiv. The search strategies and results for all databases are illustrated in 
File S1
.



2.2 Eligibility criteria

Animal and human case cohort, case-control and prospective cohort studies of all age groups with S. haematobium or S. mansoni infections were included in the review. The studies were eligible if metabolomics methods, mainly but not limited to; nuclear magnetic resonance (NMR), gas chromatography (GS), liquid chromatography (LC), mass spectrometry (MS) or combinations of these approaches were utilised to identify biomarkers or changes of metabolites between schistosomiasis patients and controls or uninfected individuals. Articles with outcomes which clearly highlight significant alterations to specific metabolic pathways due to infection and where candidate biomarkers were defined by the researcher as any substance or its product/s that may be quantified in a predefined biological sample were also considered. Studies relating to other forms of schistosome infections (such as S. japonicum, S. intercalatum and S. mekongi), articles irrelevant to metabolomics of schistosomiasis, abstracts without full texts, text books, letters and review articles were excluded.



2.3 Study selection and data chatting

Zotero (version 5.0.96.3) program was used for bibliography management. Two independent authors screened the titles and abstracts retrieved by the search in the databases and excluded articles that were clearly opposed to our inclusion criteria whilst full articles were retrieved for the studies that were best aligned to the review questions. A comprehensive full text screening was conducted for eligibility of the studies and any disagreements in the final selection process were reconciled through discussion between authors and where agreement could not be reached, third reviewer was involved in the process to avoid the risk of bias in acceptance or rejection of the studies.

Authors subsequently extracted the following information from the eligible studies included (see 
Table S2
) for the current review:


	
study profile (authors, DOI, year of publication, country),


	
study design and aims


	
targeted population


	
type of metabolomics analytical platform


	
sample size, including number of cases and controls


	
specimen type (serum, plasma, urine, organ and faecal)


	
metabolites or pathway identified (including concentration increase or decrease)


	
statistical approach for data analysis





Reasons for study exclusion was also extracted for all excluded articles (see 
Table S3
).



2.3 Methodological quality appraisal and data synthesis

For the current review, there is no critical appraisal of methodological quality or risk of bias of the included study articles in relation to guidance on scoping review conduct (27). However, quantitative descriptive analysis was carried out simultaneously with a qualitative thematic analysis whilst a comprehensive narrative summary was employed to interpret the tabulated findings within the context of the objective and questions of this review (25, 28).




3 Results and discussion


3.1 Inclusion of studies

The scoping review aggregated human and animal metabolomics studies with an emphasis on metabolite and metabolic pathway perturbations that have potential biomarker value in urogenital and intestinal schistosomiasis caused by S. haematobium and S. mansoni respectively. A total of 3118 articles were found from seven electronic databases. Following the removal of duplicates, 1208 articles remained for screening. Two researchers independently screened the studies using the title or abstract and 93 articles were sort for full text retrieval. Post assessment, a total of 12 articles were included in this review conforming to outlined eligibility, whilst 81 articles were excluded predominantly due to a lack of high throughput metabolomics techniques in their methodology (n=66). 
Figure 1
 illustrates the PRISMA flow diagram for the study’s literature search and identification method.




Figure 1 | 
PRISMA flow diagram of search and article selection.





3.2 Study characteristics

The general characteristics of the articles included in this review are shown in 
Table 1
. Based on literature survey, the majority of the metabolomics studies focused on S. mansoni species (n=10) whilst 2 studies concentrated on S. haematobium species. In terms of models, 7 studies used animals (mice), 4 studies used humans’ specimens and 1 study included both human and animal models. Biological samples included plasma in 3 studies, serum in 2 studies, urine in 11 studies, tissue or organ in 3 studies and faecal in 1 study. One study (33) utilized urine, plasma and faecal, three studies (31, 32, 35) utilized organs (either liver, jejunum, ileum, colon, spleen and kidney) and one study (21) utilized urine and plasma. The analytical platforms applied to detect metabolic perturbations, included nuclear magnetic resonance (NMR) based in 4 studies, ultra-high performance liquid chromatography (UHPLC) in 3 studies, liquid chromatography mass spectrometry (LC-MS) in 1 study, capillary electrophoresis time-of-flight mass spectrometry (CE-TOF-MS) in 1 study, matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) in 2 studies, gas chromatography mass spectrometry (GC–MS) in 1 study, two-dimensional difference gel electrophoresis (2D DIGE) in 2 studies and capillary electrophoresis (CE) in 1 study. These platforms were either utilised in targeted metabolomics approach which is the comprehensive analysis of all metabolites or untargeted metabolomics approach which is a subset analysis of specifically defined metabolites. The approach for these analytical platforms in biomarker identification included 9 studies in untargeted and 3 studies in targeted metabolomics. The most frequently reported metabolic pathway was energy related in 9 studies followed by amino acids in 7 studies, gut microbial related in 6 studies, structural proteins or lipids in 5 studies, immune proteins in 2 studies and 1 study for hormone and nucleic acid metabolism respectively.


Table 1 | 
Summary of the studies used to evaluate the metabolomic responses during schistosomiasis.





3.3 Metabolomic pathways



3.3.1 Global profile of metabolites

For a global metabolomics profile, the altered metabolic pathways were divided into seven different categories namely energy, gut microbial, amino acids, nucleic acids, immune proteins, structural proteins/lipids and hormone related metabolites. From the studies included in this scoping review, a total of 127 altered metabolites were extracted in response to S. haematobium and S. mansoni infections in which 90 were unique non repeated metabolites. Furthermore, 44 repeats (frequency in which the metabolite is determined to be a biomarker in a study) of 17 different metabolites were identified in these seven metabolic pathway categories. With respect to energy metabolism, a total of 44 energy related metabolites with 12 repeats of 7 different metabolites were identified while 14 gut microbial related metabolites containing 11 repeats of 3 different metabolites and 8 different nucleic acid related metabolites were identified. With respect to amino acid metabolism, 32 metabolites were found to be altered with 17 repeats of 7 different metabolites. Finally, a total of 11 metabolites, 15 metabolites and 3 metabolites were identified for immune proteins, structural lipids or protein and hormone metabolism respectively. Comparison of all extracted metabolites revealed that the energy metabolism was significantly affected as their metabolites deviate from normal concentrations in schistosomiasis infected individuals as compared to healthy controls, followed by amino acid, structural lipids or protein, gut microbial, immune proteins, nucleic acid and hormones metabolism. Adult schistosome worms utilise glucose ranging from one-sixth to one-fifth of its dry weight leading to energy related metabolites, enzyme and intermediate deviations from their homeostatic level which may explain the reason for a high number in energy related metabolism related biomarkers in schistosomiasis (40). 
Table 2
 provides an overview of key altered metabolites from the studies pathway enrichment analysis on the extracted metabolites and manual assignment of the metabolites to pathway.


Table 2 | 
Summary of changes in major affected metabolic pathways during urogenital and intestinal schistosomiasis.





3.3.2 Energy metabolic pathways

Energy metabolic pathways are critical to all living organisms through production of ATP to effectuate the bioenergetic need of cellular functions and processes contributing to net biomass formation and homeostasis (41). In the current review, schistosome infection was reported to upregulate glycolysis which was indicated by an increase in intermediates (glucose-6-phosphate and 3-phosphoglyceric acid) and their end product pyruvate whilst the main substrate glucose and its stores declined (29, 31, 32, 37). Furthermore, glucose-6-phoshate and 3-phosphoglyceric acid were found to be major metabolite biomarkers in discriminating human S. haematobium infection in paediatrics below the age of five (37). A study conducted by Tielens and colleagues highlighted that during the helminth complex life cycle in mammalian hosts, paired adult schistosomes utilise glucose and glycogen for their maturation and to compensate for their substantial needs for the energy required to produce the large numbers of eggs laid continuously by the female worm (42). Consequently, enhanced activation of glycolysis was reported to directly stimulate the tricarboxylic acid cycle as exhibited by high levels of pathway intermediates such as alpha ketoglutarate (39). However, tricarboxylic acid intermediates, succinate and fumerate were considered poor diagnostic markers as they may be inconclusively lower or higher in concentration during schistosome infection (34, 39). Aconitate levels were reported to be significantly decreased during S. mansoni infection, thus may be a potent oxidative biomarker (34, 35). The findings of Yarian and colleagues suggest that perturbations of aconitase is associated with aging and disturbances in the tricarboxylic acid cycle activities leading to reduction in overall capability of mitochondrial bioenergetics (43).



3.3.3 Gut microbial metabolism

Helminth infections contribute to the structure and composition of the gut microbiome which play a major role in the development of the immune system (44). The studies in this review showed that hippurate is a major candidate microbiome biomarker during intestinal and urogenital schistosomiasis and the reduction in the metabolite concentration in biofluids is associated with infection (29, 30, 33, 34). Furthermore, one study reported that hippurate concentration is elevated during light schistosome infection while the concentration is decreased in chronic schistosome infection hence the metabolite may be used as a marker to determine the intensity of infection (39). Elevated levels of triethylamine and p-cresol glucuronide were significantly associated with schistosome infection despite other microbiome metabolites such as trimethylamine N-oxide and aminovalerate detection being elevated in urine and plasma (29, 33, 34). The presence of microbial based metabolites such as hippurate, p-cresol glucuronide and trimethylamine derivatives in biofluids suggest a cross-talk between helminth worms in mammalian host and its gut microbiota therefore such unique biomarkers may be utilised in the development of new diagnostic tools for schistosomiasis (33). However, propionate had indeterminate pertubations as the metabolite may either be decreased or increased during schistosome infections, hindering its predictor value as a gut microbiota biomarker (29, 33).



3.3.4 Nucleic acid metabolism

Urogenital schistosomiasis alters nucleic acid metabolism by increasing the synthesis of purines mainly inosine, AMP and ADP (37). Two studies supported the findings as purine derived metabolites namely guanidino acetate, methylguanidine cyclic adenosine monophosphate response element binding protein were elevated during schistosomiasis (21, 34). A possible explanation for the upregulation of purine metabolism is an increase in demand for energy in the form of ATP by schistosome worms, which consequently increase ADP and AMP as products of hydrolysis (21). Additionally, the concentrations of the high energy phosphates, AMP and ADP in the blood are key regulators of energy homeostasis as they determine the initiation of alternative metabolic pathways such as fatty acid degradation and glycogenolysis to restore energy balance (37).



3.3.5 Amino acid metabolism

Amino acid functions are not only limited as structural building blocks of proteins or nutritional elements but are also involved in a myriad of biological processes which include acting as regulatory signals for gene expression, cell signalling pathways and being precursor molecules for hormone synthesis (21). Schistosome infection resulted in elevated levels of phenylacetylglycine and alanine (29, 33, 34, 39). Phenylacetylglycine is an alpha amino acid which bears an acyl group at its terminal nitrogen atom that signals a lysosomal disorder called phospholipidosis where there is an over accumulation of phospholipids in either the liver, kidney or lungs (45). The disorder can be linked to hepatosplenomegaly due to entrapment of schistosome eggs in the liver and spleen (46). An increase in glucogenic amino acids (alanine, glutamine and asparagine) was observed in both S. mansoni and S. haematobium infections (29, 34, 39). Elevated levels in glucogenic amino acids may be attributed to upregulation of gluconeogenesis due to depletion of energy substrates and elevated liver aminotransferases (47, 48). Free proline, which is a precursor of hydroxyproline, glycine, alanine and their derivatives, were elevated in S. mansoni infections in mouse models which might imply stimulated collagen synthesis activity (49).

A disturbance of amino acid metabolic pathways was also associated with an S. mansoni infection, as indicated by the depletion of taurine, 2-oxoisocaproate and 2-oxoisovalerate. Taurine is an amino sulfonic acid that has been reported to alleviate liver fibrosis by suppressing the activation of downstream inflammatory mediators and subsequent pyroptosis (50). A decrease in 2-oxoisocaproate and 2-oxoisovalerate that originates from valine and leucine respectively was reported to be associated with increase in amino acid metabolism to synthesise precursor molecules (29). Notably, one study indicated a decrease in urea which may be due to expression of arginase induced by schistosome worms during their development in the human host, which is responsible for the hydrolysis of urea (51).



3.3.6 Immune proteins


S. mansoni phosphoenolpyruvate carboxykinase (SmPEPCK) is an egg antigen for schistosome infection and studies suggested its potential as a disease specific protein marker due to its immunological properties (52). SmPEPCK was detected and elevated in the liver during intestinal schistosomiasis (32, 35), therefore this protein-based antigen may be utilised as an immunological marker of infection adding to serum cytokines, chemokines and receptors (53). Lymphocyte cytosolic protein 1 (LCP1) and prohibitin 2 were significantly increased in schistosome chronic infections (32). LCP1 has been reported to be utilised as a marker in cancers such as leukaemia whilst the latter controls the growth, development and apoptosis of cells thus it can be concluded that they are not useful markers for schistosomiasis (54, 55). Major histocompatibility complex (MHC) precursors and interleukin-2 (IL-2) were found to be increased during the infection. The MHC plays an important role in adaptive immunity through presentation of both endogenous and exogenous antigens during helminths infections (56). A surge in cytokine IL-2 have been reported in both S. haematobium and S. mansoni infections to promote the growth and development of peripheral immune cells in the initiation of the immune response (57). One study reported elevated levels of venom allergen-like (VAL) 3 proteins during schistosomiasis which is a common feature of helminths species cocktail of proteins to aid invasion, initiate feeding, facilitate adaptation and mediate modulation of the host immune responses (58).



3.3.7 Structural proteins and lipid metabolism

Lipids play a major role in the formation or maintenance of the integrity of the cellular membrane bilayer and act as receptors for a variety of cell signalling processes (59). Membrane associated lipids namely glycerophosphoryl choline, phosphoryl choline and phosphatidylethanolamine are elevated in the blood during schistosomiasis infections (21, 38). However, two studies were contradicting with respect to phosphatidylcholine; one study (21) indicated that the levels were elevated whilst the other showed that the levels were decreased in during schistosomiasis (33). Disturbance in phosphocholine concentration in tissues is associated with cell proliferation which additionally explains elevated heat shock proteins (HSP) as oncogene signalling molecules (60). Due to oxidative stress in a tumour microenvironment, phosphatidylethanolamine is usually expressed on endothelial cells and has been reported that alterations in both phosphatidylethanolamine and phosphatidylcholine is one of the mechanisms for carcinogenesis in chronic infections (61, 62). Secondary structure proteins; actins, collagen, cytokeratins, hydroxyproline and connective tissue growth factor were elevated during schistosomiasis infections with a possibility in playing a role in liver fibrosis in chronic schistosome infections (32, 36).



3.3.8 Hormones

Low levels of human estrogen-related hormones were associated with urogenital schistosomiasis infection (21). There is existing evidence for the role of estrogen metabolism in host-parasite relationship where S. haematobium adult worm utilise or inhibit production of host steroids resulting in decreased sex steroid hormones (63, 64). On the other hand, adrenochrome-O-quinone, a toxic quinone metabolite of epinephrine, was elevated in plasma during schistosomiasis infection. Adrenocromes with quinone groups are capable of forming reactive oxygen species with severe pathological effects such as bladder cancer in chronic schistosomiasis (65).




3.4 Limitations

One of our research goals was to be able to delineate schistosomiasis metabolomic profiles with more emphasis in human specimens. However, five of the identified articles expressly reported metabolic alterations in human biofluids whilst the rest utilised mouse as an animal model although such models are essential in determination of organ or tissue damage due to schisosomiasis. Another limitation was scarcity of relevant literature, arising from inclusion criteria we employed leading to exclusion of other schistosome species such as S. japonicum, S. mekongi, S. bovis and S. intercalatum despite that these species are geographically not common in Africa and their global prevalence is very low (66). Metabolomics studies require robust and expensive equipment such as NMR and HPLC which increases cost of research, this may further contribute to the reason why there is limited literature on metabolomics (67). Furthermore, the current review could not categorise metabolite alterations based on age groups as most of the studies were skewed towards adults and utilised animal models.



3.5 Future perspectives

Metabolomics can contribute immensely in the discovery of biomarkers for diagnostic purposes and in elucidating pathophysiological changes due to schistosome infections. As the race to develop diagnostic and prognosis tools that are highly sensitive and specific continues, metabolomics studies for schistosomiasis are expected to be increasingly carried out (11). The aspect will contribute to early detection of schistosome infections before the manifestation of severe pathological symptoms and reduces treatment costs by directing MDA programs to populations with high disease prevalence (68).

For this new field to be positioned in the mainstream of biomarker discovery in infectious diseases specifically schistosomiasis, several issues need to be addressed including validating and reproducing candidate metabolites, methodologies in study design and advanced data analysis. For example, although non-targeted approaches that enable a comprehensive or global analysis to detect novel compounds and generate new hypotheses, the high cost of advanced equipment such as NMR and complex statistical analysis including bioinformatics are required. On the contrary, targeted metabolomics approaches are hypothesis driven, less expensive and require minimum statistical analysis but lack depth in the discovery of unknown metabolites (67, 69). Chen and colleagues (70) revealed that integrating both approaches in study designs maintained some strengths of targeted and untargeted metabolomics analysis, while neutralizing some of their weaknesses thus such holistic approaches should be considered for future studies. Furthermore, such integrative approaches should be extended to study population where all age groups namely pre-school aged children, school aged children and adults are considered in the inclusion criteria for schistosomiasis metabolomics studies as most researches are biased towards individuals above five years (71).

Despite energy metabolite being significantly altered during S. haemtobium and S. mansoni infections, gut microbial related compounds hippurate and trimethylamine together with phenylacetylglycine and alanine amino acids were the most promising metabolites for biomarker use. Of much interest was hippurate, which its concentration deviation from normal in metabolomics analysis can be used as an indicator for severity of schistosome infection in addition to diagnostic purposes (39). However, further analysis such as reproducibility, sensitivity and specificity assays should be done to ascertain the diagnostic accuracy for these biomarkers during schistosomiasis. 
Box 1
 provides a summary of promising metabolite for biomarker use and some of the outstanding questions for the benefit of future metabolomics studies focusing on urogenital and intestinal schistosomiasis.




4 Conclusion

Metabolomics is receiving a great deal of attention amongst the omics approaches as it has displayed an immense potential in unearthing novel diagnostic biomarkers and previously unidentified vaccine targets in parasitic infections. This scoping review outlined the current understanding on dysregulation of the metabolic pathway and metabolites can be used as biomarkers in urogenital and intestinal schistosomiasis. A total of 127 metabolites were identified to be altered and energy metabolism was significantly affected, followed by amino acid, gut microbial, structural proteins/lipids, nucleic acid and hormones metabolism. In addition to providing biomarkers for diagnosis and prognosis, the findings of the review provide insight into the complex pathological symptoms and host-parasite relationship during infection. Energy related and structural lipids or proteins metabolite profiles were mainly altered during urogenital schistosomiasis. On the other hand, intestinal schistosomiais largely affected gut-microbial and amino acid metabolic profiles. Although animal models are essential in disease research, the models are often poor predictors of human reactions to infection exposure owing to poor study designs and low replicability of experiments (72). Most of metabolomics studies identified in this scoping review were animal based studies, therefore there is a need to increase efforts in human studies covering all age groups to complement high numbers in animals related studies thereby enhancing the quality and accuracy of the study and result respectively. Study characteristics revealed that the study population size for metabolomics studies ranges from a 50 to 335 samples with controls for human studies therefore it is evident that it is recommendable to utilise a large sample size to obtain statistically significant results. In contrast, a minimum of 5 mice per control group are deemed sufficient to conduct animal-based metabolomics studies for schistosomiasis. Therefore, we recommend the inclusion of animal models in all human base studies to obtain comparative results. In relation to specimen, most of schistosomiasis metabolomics studies searched for biomarkers in urine due to its simple collection and non-invasiveness which additionally facilitates continuous monitoring of biomarkers as opposed to blood samples which triggers immense pain and psychological trauma especially in paediatrics (73). Although all analytical platforms were utilised for both untargeted and targeted metabolomics, NMR based and UHPLC methodologies were widely utilised. NMR is relatively less sensitive and very expensive when compared to UHPLC, however its high reproducibility, non-selective nature and the ability to identify unknown metabolites in complex mixtures offer tremendous benefits to the metabolomics field (74).

Although further research is needed in metabolomics, this overview provides an insight into metabolic perturbations during schistosomiasis infections which is essential in the identification of useful biomarkers and explaining pathologies associated with the disease.



 Box 1 Highlights and research gaps for urogenital and intestinal schistosomiasis biomarker discovery using metabolomics techniques


Most promising metabolites

	Energy: creatine, pyruvate, citrate and aconitate

	Gut microbial: hippurate, trimethylamine and p-cresol glucuronide

	Amino acids: phenylacetylglycine, alanine, 2-oxoisocaproate benzoic acid and asparagine

	Immune proteins: S. mansoni phosphoenolpyruvate carboxykinase (SmPEPCK)



Outstanding research questions

	What are the differences in metabolite profiles across all age groups during schistosomiasis?

	Can current metabolite biomarkers be assessed and validated for diagnostic accuracy in the detection of schistosome infections?
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malonate, alpha ketoglutarate, succinate, fumarate, methylmalonate and ribitol (39);

p-cresol glucuronide (29, 33), trimethylamine (29, 33, 34), trimethylamine N-oxide (34), 5-
aminovalerate, propionate (33) and hippurate in light infections (39)

uric acid (30), guanidino acetate, methylguanidine (34) cyclic adenosine monophosphate
response element binding protein (21) adenosine diphosphate, adenosine monophosphate
and inosine (37)

phenylacetylglycine (29, 33, 34), alanine (29, 34, 39), tryptophan (29, 30) benzoic acid,
asparagine (31, 37), leucine, isoleucine, lysine, glutamine and a sparagine (31),
indolylacryloylglycine (21) and glycine (39)

Major histocompatibility complex class I precursors, lymphocyte cytosolic protein 1,
prohibitin 2 (32) S. mansoni phosphoenolpyruvate carboxykinase (SmPEPCK) (32, 35) 1L-2
(35) venom allergen-like (VAL) 3 proteins (36)

glycerophosphoryl choline, phosphoryl choline (33) actins, collagen (32), cytokeratin 18,
cytokeratin 8, hydroxyproline, connective tissue growth factor (35), heat shock protein
(HSP) 70, HSP60, tubulin alpha chain elongation factor 1-alpha (36), phosphatidylcholine,
phosphatidylethanolamine (21) and extracellular vesicle proteins (38)

adrenochrome O-quinone (21)

citrate (29, 34), succinate, short-chain fatty acids, D-3
hydroxybutyrate, 2-oxoglutarate (29), glucose, glycogen (31),
lipid signals, D-3-hydroxybutyrate, acetate, creatine, glucose,
citrate (33), 2-oxoglutarate, fumarate, succinate (34),
aconitate (34, 35), major urinary protein (35) and lactic acid
(37)

acetate, butyrate, propionate (29), dimethylamine (34) and
hippurate (29, 30, 33, 34, 39)

Nil

taurine, 2-oxoisovalerate (29, 33), urea (30), 2-oxoisocaproate
(29, 33, 34), oxoadipate [37], glutamic acid, histidine, serine
(37) and lysine (39)

peroxiredoxin 6 (35) Complement C4 isoform and alpha-1-
inhibitor-3 like (38)

phosphatidylcholine (33)

modified estradiol and estosterone (sex steroids) (21)






