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Background: Metabolomics approaches are indispensable tools in infection

biomarker discovery efforts as they shed light on the underlying

pathophysiological mechanisms of disease. In this study, we analysed plasma

metabolites that can be used as biomarkers of urogenital schistosomiasis in pre-

school aged children below the age of five.

Methods: A case-control study was conducted involving 82 pre-school aged

children that were age- and sex-matched. Urine samples were collected for

three consecutive days to detect S. haematobium infection using urine filtration.

Blood samples were also collected and processed to obtain plasma. Beckman

Coulter AU480 chemistry analyser and commercial metabolite kits were used for

profiling biomarkers in plasma samples. Descriptive statistics and MetaboAnalyst

tool, were used for metabolite analysis. For the determination of diagnostic

efficiency of plasma biomarkers, the area under the curve (AUC) was calculated

from receiver operating characteristic curves at 95% CI.

Results: Succinic acid, glucose-6-phosphate, phosphatidylcholine, alanine and

creatinine levels in plasma were significantly associated with urogenital

schistosomiasis (p<0.005) at the population level. Significant increase in

concentration at 1.5-fold change (FC) threshold was highest for glucose-6-

phosphate with FC value of 2.02 followed by creatinine, albumin and

phosphatidylcholine. Creatinine was significantly downregulated with a FC

value of 1.98. Of the six dysregulated metabolic pathways, glucose and sucrose

metabolism were predominantly affected. Glucose-6-phosphate had the highest
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AUC (0.81), sensitivity (88.85%) and specificity (90.37%). Phosphatidylcholine and

succinic acid also had AUC values greater than 0.7.

Conclusion: Urogenital schistosomiasis affects the energy-related metabolic

pathways in pre-school aged children. Glucose-6-phosphate was identified as

a potential indicator of infection at the population level. Furthermore, we

recommend intensive validation of schistosome metabolite biomarkers.
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1 Introduction

Urogenital schistosomiasis caused by Schistosoma haematobium,

is one of the major neglected tropical diseases (1–3). The World

Health Organization (WHO) revealed that 251.4 million cases of

schistosomiasis are recorded annually at a global scale, and more than

50% of the cases are predominantly children living in Africa (4, 5).

The need for a well-understood pathophysiological mechanism of

schistosomiasis, together with accurate disease diagnosis, are

crucial elements for the successful control and elimination of the

disease. In this regard, there has been an increase in concerted efforts

aimed at identifying infection biomarkers to be utilised in the

development of diagnostic tools and identification of therapeutic

targets (6, 7).

Despite the availability of evidence on the rising morbidity and

mortality rates of urogenital schistosomiasis in children (8), there

has been a dearth of studies on schistosomiasis in pre-school aged

children (PSAC) under the age of five. This knowledge gap has

largely been attributed to a number of factors including, difficulties

in obtaining parasitological samples, poor diagnostic tools and

limited knowledge on risk factors for the age group (9, 10). One

of the questions that remains unanswered within this age group is

the effect of schistosome infection on the clinically relevant

metabolic processes (11). Furthermore, these challenges have been

exacerbated by the non-specificity of morbidity biomarkers

associated with schistosomiasis in paediatrics (6). The non-

specificity of these biomarkers is due to physiological,

biochemical and immunological changes and their determination

is even more complex in co-infections (12).

Currently, the gold standard method for diagnosing urogenital

schistosomiasis is microscopic detection of eggs in urine (13). A

major caveat of this technique is the low sensitivity in the detection of

light infections that are prevalent in the pre-school aged group and in

low schistosome transmission areas (14, 15). Severe metabolic

alterations may have occurred to the paediatric patient by the time

the eggs are detected (16). On the other hand the standard technique

is not able to identify single worm or same sex schistosome infections,

as the eggs are only produced when both male and female pair up

(17). To mitigate the shortcomings that are associated with the
02
microscopic technique, several methods such as, the polymerase

chain reaction and detection of circulating anodic and cathodic

antigens have since been developed (18, 19). However, these

methods are expensive and often require expertise and complex

instrumentation to execute making them unsuitable for use in

resource-limited settings. Therefore, finding diagnostic biomarkers

with high sensitivity that can detect schistosome infection earlier

would be key in reducing the burden of the disease (6).

Spectrometry based metabolomics approaches have expanded

rapidly in the field of science for the systematic identification,

visualisation and characterisation of infection biomarkers (20,

21). The feasibility of metabolomics in the discovery of

biomarkers falls on the premise that metabolites are the key

elements in biological pathways and in the presence of a disease,

notable changes will occur in these metabolic pathways (22).

Consequently, parallel assessment of multiple metabolites during

infection enables identification of potent biomarkers that can be

used in the development of cost-effective and highly sensitive

diagnostic tools (7, 23).

The analysis of host metabolite composition is a holistic

approach in identifying novel or potential infection biomarkers.

These biomarkers may be indicative of the host’s response to

in fec t ion and hence , shed l ight on the under ly ing

pathophysiological mechanisms in urogenital schistosomiasis in

pre-school aged children (PSAC) (24). The scarcity of

information pertaining to the pathological alterations at the

metabolic level in S. haematobium infection in PSAC has

provided an impetus for the current investigation. This study

aims to profile plasma metabolites that can be used as infection

biomarkers in PSAC below the age five.
2 Methods

2.1 Ethical considerations

Ethical approval for the study was granted by the Medical

Research Council of Zimbabwe (MRCZ/A/2711). Permission to

conduct the study in Mupfure was obtained from the District
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Medical Officer and local leaders. The study objectives and conduct

were explained to the participant’s guardian or parent in Shona and

English. It was established that the partaking in the study was

voluntary. Written and signed informed consent were attained from

the guardian or parent for inclusion of their child in the study.
2.2 Study site and population

The study was conducted in Mupfure village located in the

Shamva District, Mashonaland Central province of Zimbabwe. This

district is located at an elevation of 952.92 meters above sea level

and has a subtropical, dry winter climate with annual average

temperature and rainfall of 24.6°C and 126.17 millimetres

respectively (25). Shamva is an agriculturally based region and

people mainly survive on cash crop, food crop and livestock sales

(26). The study site is named after the Mupfure river that joins the

Sanyati river which flows northwards and drains into the Zambezi

river (27). Furthermore, the study site is an high endemic region for

S. haematobium infection with a percentage prevalence of the

parasitic infection being greater than 50%, as reported previously

in a national survey (28).
2.3 Study design

The current matched case-control study emanated from an

ongoing metabolomics project to understand schistosomiasis in

children under five years of age, and the cohort was selected at

baseline. Human-model based studies using metabolomics for

biomarker discovery of infectious diseases, have previously

reported that a minimum of 50 samples that are age- and sex-

matched should be used to determine metabolite biomarkers of

infection, whilst in animal-based studies a minimum of 10 animals

may be used (29, 30). As a result, we therefore applied the Buderer’s

statistical method for sample size determination (31). This study

included 82 children (41 uninfected and 41 S. haematobium

infected), aged 2-5 years and age-sex matched. Participants that

were positive for schistosomiasis during the study were treated with

a single dose (40mg/kg) of praziquantel in-line with WHO

treatment guidelines.
2.4 Sample collection and diagnostic tests

Participants were given 100 ml urine collecting bottles or sterile

urine bag (Romsons® Paediatric Urine collecting Bag, India). Urine

samples were collected from participants for three consecutive days

between 1000hrs and 1400 hrs (32). A faecal sample was also

collected on one occasion. S. haematobium infection was detected

using the urine filtration technique in which 10 ml urine sample was

filtered through a nitrile filter with a pore size of 12 µm. 5% iodine

solution was added to the filter. In the presence of infection, the oval

eggs (110-170 µm length by 40-70 µm width) with a terminal spine

are visualised under a light microscope. S. haematobium egg

intensity was expressed as the number of eggs per 10 ml urine.
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For diagnosis of S. mansoni infections that were excluded from the

study, a Kato Katz thick smear was prepared from a faecal sample

by straining the sample through a 250 µmmesh wire and 41.7 mg of

the residue was placed on a glass slide using a Kato Katz template.

Cellophane coverslip drenched in 50% glycerine–malachite green

was used to produce thick smears. The slide was examined within

60 minutes of preparation to detect soil transmitted helminths and

thereafter re-examined after 24 hours for S. mansoni ova (114 to 180

µm length by 45-70 µm width) with lateral spine under a light

microscope. Blood samples were collected into 5 ml lavender top

EDTA/K2 tubes (Ideal® Blood Collection Tubes, USA) and cold

centrifuged for 10 minutes at 1000X for 15 minutes to

obtain plasma.
2.5 Metabolite profiling

Targeted metabolites were selected based on our earlier study

and availability of methods or commercial kits (29). Beckman

Coulter AU480 chemistry analyser was used to determine the

concentrations of metabolites according to the manufacturer’s

instructions. Protein analytical profiles were used to measure total

protein, albumin and alanine. Urea and creatinine were measured

by measuring urea nitrogen and pricrate-based tests respectively.

The lipid profile was used to measure the total cholesterol,

triglyceride, high density lipoprotein and low-density lipoprotein.

All these tests were conducted simultaneously from 300µl per

sample. Glucose-6-phosphate colourimetric assay kit (Abcam®

ab83426, India) was used to determine the concentration of

glucose-6-phosphate by measuring optical density (OD) values at

450 nanometres (nm). Citrate and succinate concentration were

determined using MAK057 Citrate assay kit and MAK335B

Succinate assay kit (Merck, USA) by measuring OD values

at 570nm.
2.6 Data analysis

Data were entered into an Excel spreadsheet, checked for entry

errors and transferred into Statistical Package for Social Scientist

(SPSS) version 29.0.1 for descriptive statistics and MetaboAnalyst

(version 5.0, USA) for comprehensive metabolite analysis including

functional interpretation and biomarker identification using R-

statistics. The association between plasma metabolites and urogenital

schistosomiasis was determined using the Wilcoxon Mann Whitney

rank test. Box plots were generated to show the distribution and the

mean concentrations of metabolites in both S. haematobium infected

and control samples. The FC of plasmametabolites were determined at

FC threshold of 1.5 and Log2(FC). The Pearson’s correlation coefficient

was used to calculate the association amongst metabolites during

schistosomiasis. A p-value of less than 0.05 (p < 0.05) was

considered significant during the analysis. For generation of heatmap

for correlations of plasmametabolites, variables were compared by chi-

squared test and the p-values were visualised on a log scale [-log10(p

value)]. Metabolic pathway enrichment analysis was used to predict the

effect of the altered plasma metabolite on metabolic pathways. The
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diagnostic performance of plasma metabolites was assessed by

calculating sensitivity, specificity, negative likelihood ratio (NLR) and

positive likelihood ratio (PLR) at 50% disease prevalence. Area under

the curve (AUC) was calculated from receiver operating characteristic

(ROC) curves at 95% CI to determine the diagnostic efficiency

plasma biomarkers.
3 Results

3.1 Demographic characteristics
of participants

An overview of characteristics of PSAC who partook in the

current study is presented in Table 1. For the 82 study participants,

the median age was 4 years (IQR: 3) and the mean for height and

weight were 1.01 (SD: 0.11) and 15.99 (SD: 3.74) respectively. A

high proportion of the participants (70.7%) had light

S. haematobium infection compared to those who had heavy

infections and the average egg count per 10 ml urine was 30.47.
3.2 Association between S. haematobium
infection and plasma metabolites

Table 2 shows association between thirteen plasma metabolites

with urogenital schistosomiasis and their mean concentrations in

PSAC. Pearson bivariate correlation analysis showed a significant

association of the infection with five plasma metabolites namely

glucose-6-phosphate (p = 0.008), succinate (p = 0.034),

phosphatidylcholine (p = 0.041), creatinine (p = 0.042) and

alanine (p = 0.049). However, high-density lipoprotein, low-
Frontiers in Tropical Diseases 04
density lipoproteins, cholesterol, triglycerides, albumin, total

proteins and citrate were not significantly associated (p > 0.05)

with S. haematobium infection. Furthermore, the distribution of

metabolites in both infected and healthy participants are shown in

box plots categorically as protein, lipid and energy related

metabolites in Figures 1-3.

The correlation of plasma metabolites with each other during

urogenital schistosomiasis is shown in correlation matrix in

Figure 4. There was a significant positive correlation between

high density lipoprotein and urea; succinate and glucose-6-

phosphate; succinate and total protein; cholesterol and high-

density lipoprotein with p values of 0.004; 0.005; 0.015 and 0.021

respectively. Inversely, significant negative correlation (p < 0.005)

was observed between triglycerides and high-density lipoprotein;

urea and triglycerides. The remaining plasma metabolites

(phosphatidylcholine, alanine, citrate, low density lipoproteins,

total proteins and albumin) were not correlated with each other

during schistosomiasis in children below the age of five.
3.3 Effects of urogenital schistosomiasis on
metabolite concentration and pathways

Shown in Table 3 are concentration FC values for the metabolites

during S. haematobium infection. The threshold value of 1.5 was used

to determine the FC values in metabolite concentration and the

values greater than or equal were considered significant (p < 0.05). Six

out of thirteen plasma metabolites were significantly altered during

urogenital schistosomiasis. Glucose-6-phosphate, albumin and

phosphatidylcholine were significantly upregulated with FC values

of 2.06, 1.64 and 1.62 respectively. Creatinine, succinate and high-

density lipoprotein had their concentrations downregulated

significantly with FC values of 1.98, 1.85 and 1.78 respectively.

There was no statistical significance in concentration change for

citrate, low-density lipoprotein, alanine, total proteins, cholesterol,

triglycerides and urea. Figure 5 is a metabolic impact pathway

analysis due to changes in metabolite concentration during

urogenital schistosomiasis. Six metabolic pathways were altered

with glucose and sucrose metabolism predominantly.
3.4 Biomarker assessment of plasma
metabolites during
urogenital schistosomiasis

Shown in Table 4 are diagnostic accuracy and performance

values for the plasma metabolites during schistosome infection.

The sensitivity and specificity values were highest for glucose-6-

phosphate (88.85% and 90.37%) followed by phosphatidylcholine,

succinate and creatinine respectively whilst triglycerides had

lowest sensitivity and specificity. Glucose-6-phosphate was the

strongest indicator of infection in PSAC with AUC value of 0.81

whilst phosphatidylcholine and succinate were fair indicators with

AUC of 0.79 and 0.73 respectively. Creatinine was a poor marker

of infection with AUC of 0.68 and the remaining metabolites had

AUC less than 0.60.
TABLE 1 Characteristics of study participants.

Characteristic Whole
cohort
(n = 82)

Infected
(n = 41)

Uninfected
(n = 41)

Gender: n (%)

Male 38 (46) 19 (46) 19 (46)

Female 44 (54) 22 (54) 22 (54)

Age (years): median (IQR) 4 (3) 4 (3) 4 (3)

Height (metres):
Mean (SD)

1.01 (0.11) 0.99 (0.12) 1.02 (0.10)

Weight (kilograms):
Mean (SD)

15.99 (3.74) 17.03 (3.25) 14.97 (2.19)

S. haematobium infection:

Mean eggs/10ml
urine (SD)

15.24 (31.21) 30.47 (8.89)

Light (<50 eggs/10ml
urine): n (%)

29 (70.7)

Heavy (≥50 eggs/10 ml
urine): n (%)

12 (29.3)
SD, standard deviation; IQR, interquartile range.
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4 Discussion

Metabolomics is a more holistic approach in the identification

of biomarkers. In this study, selected plasma metabolites were

analysed in samples from PSAC with urogenital schistosomiasis

and those without the infection. Additionally, their impact on

various biochemical pathways was determined.
Frontiers in Tropical Diseases 05
Five plasma metabolites (glucose-6-phosphate, succinate,

phosphatidylcholine, alanine and creatinine) were associated with

S. haematobium infection in PSAC at the population level.

However, the ranges in plasma concentration of these metabolites

showed considerable overlap between infected and uninfected

individual children which precludes their use as robust

biomarkers of infection. The concentration of glucose-6-phospate
B

C D

A

FIGURE 1

(A-D) Distribution and concentration of protein-related plasma metabolites in S. haematobium infected and uninfected pre-school aged children.
(*) indicates p value smaller than 0.05 (p<0.05) and (***) indicate p value smaller than 0.001 (p<0.001).
TABLE 2 Mean concentrations of plasma metabolites and association with urogenital schistosomiasis in PSAC.

Plasma metabolite
(units of measurements)

Mean (SD)` p value

S. haematobium
infected

S. haematobium
uninfected

Urea (mmol/L) 3.56 (0.22) 3.73 (0.86) 0.541

Creatinine (µmol/L) 29.71 (8.23) 32.55 (3.11) 0.042

Cholesterol (mg/dL) 2.79 (0.51) 2.86 (0.49) 0.571

Triglycerides (mg/dL) 0.60 (0.45) 0.56 (0.22) 0.774

High-density lipoprotein (mg/dL) 0.79 (0.17) 0.86 (0.23) 0.140

Low-density lipoproteins (mg/dL) 1.89 (0.46) 1.78 (0.381) 0.276

Total proteins (mg/dL) 74.89 (5.44) 70.94 (4.72) 0.052

Albumin (mg/dL) 44.71 (3.61) 43.53 (3.08) 0.077

Phosphatidylcholine (mg/dL) 0.69 (0.02) 0.43 (0.03) 0.041

Succinate (µmol/L) 8.53 (0.89) 8.66 (1.01) 0.034

Glucose-6-phosphate (µmol/L) 25.69 (1.29) 21.03 (1.95) 0.008

Citrate (µmol/L) 3.01 (0.79) 3.29 (0.26) 0.752

Alanine (µmol/L) 0.73 (0.11) 0.01 (0.07) 0.049
fro
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B

C D

A

FIGURE 2

(A-D) Distribution and concentration of energy-related plasma metabolites in S. haematobium infected and uninfected pre-school aged children.
(*) indicates p value smaller than 0.05 (p<0.05) and (***) indicate p value smaller than 0.001 (p<0.001).
B C

D E

A

FIGURE 3

(A-E) Distribution and concentration of lipid-related plasma metabolites in S. haematobium infected and uninfected pre-school aged children.
(*) indicates p value smaller than 0.05 (p<0.05) and (***) indicate p value smaller than 0.001 (p<0.001).
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was significantly increased during schistosome infection. Glucose-

6-phosphate is a crucial metabolite in the mainstream of

carbohydrate metabolism; particularly in the glycolytic pathway,

the pentose phosphate pathway, glycogen synthesis, hexosamine

pathway, and glucose production depending on dietary or

hormonal conditions. Consequently, its alteration has a

significant impact on all its connected metabolic pathways (33).

The findings obtained in this study are strikingly similar to those
Frontiers in Tropical Diseases 07
obtained in a study conducted by Osakunor and colleagues, who

reported a 2-fold increase in glycolytic pathway metabolites

glucose-6-phosphate and 3-phoshoglycerate. Osakunor and

colleagues concluded that these metabolite changes are consistent

with parasite-related clinical manifestations of malnutrition and

poor growth observed in schistosome-infected children (34).

Phosphatidylcholine was the second most upregulated

metabolite during urogenital schistosomiasis. Phosphatidylcholine

is a phospholipid that is found ubiquitously in mammalian cell

membranes and plays a pivotal role in both proliferative growth and

programmed cell death (35, 36). Several mechanistic investigations

on the choline phospholipids revealed that the metabolite promotes

carcinogenesis through induction of genomic and autophagy

processes that allow the survival of tumour cells using

minimum energetic sources (37, 38). During chronic urogenital

schistosomiasis, bladder cancer manifestations may occur as a result

of inflammation and healing of granulomas thus damaging ureteric

musculature (39).

Amongst the most downregulated metabolites, and associated

with urogenital schistosomiasis, was creatinine which is a

catabolic product formed by the degradation of creatine (N-

aminoiminomethyl-N-methyl glycine), a nitrogen-containing

compound synthesised from amino acids containing guanidine

and phosphate groups that are mainly found in the muscles.

Creatine plays a critical role in providing energy through the

phosphoryl transferase activity of creatine kinase. Poor

development of cognitive skills is one of the effects of urogenital

schistosomiasis in paediatrics. These clinical manifestations can be

attributed to the downregulation of creatine. This is underscored by

reports from several studies indicating that low brain creatine

content is associated with voluntary or involuntary movement

disorders that can lead to autism, epilepsy, cognitive and motor

development delays (40–43). This is espoused by a number of

different studies which have further demonstrated an improvement
FIGURE 4

Correlation matrix for plasma metabolite biomarkers during
urogenital schistosomiasis.
TABLE 3 Fold change in concentration at 1.5 threshold for plasma
metabolites during S. haematobium infection in pre-school
aged children.

Plasma
metabolite

Fold
Change
(FC)

Log2
(FC)

Change
in concentration

Urea 1.05 0.32 decreased

Creatinine 1.98 0.60 decreased

Cholesterol 1.02 0.31 decreased

Triglycerides 1.27 0.38 increased

High-
density lipoprotein

1.78 0.54 decreased

Low-
density lipoproteins

1.23 0.37 increased

Total proteins 1.29 0.39 increased

Albumin 1.64 0.49 increased

Phosphatidylcholine 1.62 0.49 increased

Succinate 1.85 0.56 decreased

Glucose-
6-phosphate

2.06 0.62 increased

Citrate 1.10 0.33 decreased

Alanine 1.28 0.39 increased
FIGURE 5

Metabolic pathway alterations during S. haematobium infection in
pre-school aged children.
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in brain bioenergetics and neuroprotective benefits, including

cognition upon dietary supplementation with creatine (44–47).

Therefore, the addition of creatine in chemotherapeutic treatment

of urogenital schistosomiasis may attenuate mental fatigue and

improve cognition.

High-density lipoproteins are a family of complex metabolites

that can exhibit fundamentally diverse metabolic functions that

include, transportation of cholesterol from peripheral tissues to the

liver for disposal and steroidogenic tissues for hormone production

(48, 49). The current data in our study revealed a down regulation of

high-density lipoproteins. Our findings are similar to a separate

lipodomics study conducted by Zinsou and colleagues (50), who

reported that circulating levels of lipid species associated with

cholesterol-rich lipoprotein particles were significantly reduced in

schistosome-infected individuals in an intensity-dependent

manner. Identical findings were also reported in several

investigations in humans with S. mansoni species which showed

the occurrence of low lipid profile or dyslipidemia in patients as

compared with healthy groups (51, 52).

Succinate is an intermediate metabolite of the Krebs cycle which

is one the critical process in cellular respiration (53). In the current

study, succinate was down regulated and statistically different

between schistosome infected and uninfected PSAC. Severe

inflammation of the bladder is one of the clinical symptoms of

urogenital schistosomiasis and succinate has been reported to

accumulate in certain pathophysiological situations associated

with inflammation and metabolic stress (54, 55). Furthermore,

the metabolite has been shown to be a mediator between

microbial metabolism and intestinal mucosal immune cell

development (56). Moderate concentrations of succinate are

required to stimulate inflammation to clear pathogens, however

down regulation of the metabolite results in poor activation of the

innate immunity that drives inflammatory responses during

infection (57).
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It is clear from the metabolic impact data that urogenital

schistosomiasis in PSAC, dysregulates more than six metabolic

pathways. This metabolic dysregulation may consequently lead to

severe pathological symptoms. Our observations show that

sucrose, glucose and tricarboxylic acid cycle (Kreb’s cycle) were

predominantly affected. Similarly, in a separate study investigating

metabolic changes during schistosomiasis, using mice models,

Wu et al. (58) reported significant elevation of urinary 3-

ureidopropionate and most importantly the disturbance of

glycolysis where glucose and sucrose are the main initiating

metabolites and depression of tricarboxylic acid cycle. In another

separate metabolomics study, Wang et al. (59) revealed that

tricarboxylic acid cycle and its intermediates such as citrate and

succinate and pyruvate were dysregulated upon infection.

Taken together, these findings from elsewhere, are in agreement

with the metabolomic impact assessment observations of our

current investigation.

It is noteworthy that purine synthesis and steroid synthesis were

amongst the dysregulated metabolic pathways observed in this

study during urogenital schistosomiasis. Previous studies have

highlighted the production of orthologous enzymes involved in

the conversion of progesterone and pregnenolone to estriol and

estrone androsterone in schistosome infection (60–63). Oliveira

et al. (64) reported disturbance in oestradiol, testosterone and

progesterone in hamster models during schistosome infection and

these hormones may largely contribute to sterility and infertility in

female urogenital schistosomiasis.

The current study assessed the diagnostic performance of

selected plasma metabolites during S. haematobium infection in

PSAC and five indicators of infection were identified namely;

glucose-6-phosphate, phosphatidylcholine, succinate, alanine and

creatinine. Glucose-6-phosphate had highest specificity, sensitivity

and AUC value thus a valuable infection indicator in the

discrimination between S. haematobium infected and healthy
TABLE 4 Assessment of plasma metabolite biomarkers in the detection of S. haematobium infection in pre-school aged children.

Plasma metabolite Cutoff value AUC Sensitivity (%) Specificity (%) LR+ LR-

Phosphatidylcholine 0.36 0.79 76.85 72.37 3.54 0.40

Total proteins 74.05 0.42 42.93 38.41 2.27 0.27

Succinate 4.50 0.73 69.41 75.61 2.66 0.48

Glucose-6-phosphate 23.27 0.81 88.85 90.37 4.51 0.40

Alanine 0.59 0.55 63.66 75.73 1.83 0.66

Creatinine 29.21 0.68 68.29 53.66 1.47 0.59

Albumin 44.95 0.54 57.05 68.78 1.52 0.45

High-density lipoprotein 0.85 0.58 59.66 70.73 1.83 0.66

Low-density lipoproteins 1.84 0.57 65.85 48.78 1.29 0.70

Urea 3.55 0.55 56.10 51.22 1.15 0.86

Cholesterol 2.60 0.54 63.41 48.78 1.28 0.75

Citrate 3.15 0.52 60.98 46.34 1.54 0.64

Triglycerides 4.95 0.36 32.98 47.34 1.17 0.86
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individuals at a population level. Thus, there is a need to explore this

metabolite and its dynamics during schistosomiasis for it to be

inclusively used as a biomarker in PSAC. Considering the poor

sensitivity that is associated with the diagnostic tools that are

currently applied in parasitological diagnosis for low intensity

schistosome infections and the challenges bedevilling the cost

prohibitive, more sensitive tools such as PCR, metabolomics

provides a channel for the development of cost effective and

highly sensitive metabolite based rapid diagnostic tools (65, 66).

In this current study, we acknowledge confounding factors such

as co-infections, diet and environmental conditions have been

reported to impact plasma metabolite composition and

concentration (67–69). Additionally, variations in fold

concentration change for metabolites have been shown to be

influenced by type of biofluid sample and metabolomic technique

used for the analysis (70, 71). Nevertheless, this study reveals

potent ia l b iomarkers of infect ion dur ing urogeni ta l

schistosomiasis in PSAC. Furthermore, our investigation provides

insight on alteration of metabolic pathways as a consequence of S.

haematobium infection which helps to explain some of the

pathophysiological changes and clinical symptom manifestations

in the disease state for this particular young age group.
5 Conclusion

In this study, five plasma metabolites were significantly

associated with urogenital schistosomiasis with glucose-6-

phosphate and creatinine being most upregulated and

downregulated respectively. As this field of metabolomics is

gaining momentum in helminths research and biomarker

discovery, we recommend further research to determine

metabolite profiles in urine in PSAC and to further validate

plasma metabolites especially glucose-6-phosphate as it showed

potential as an indicator for use at the population level.
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