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Abstract

Schistosomiasis is one of the most devastating neglected tropical parasitic diseases caused

by trematodes of the genus Schistosoma. Praziquantel (PZQ) is today the only drug used in

humans and animals for the treatment of schistosomiasis but unfortunately it is poorly effec-

tive on larval and juvenile stages of the parasite. Therefore, it is urgent the discovery of new

drug targets and compounds. We have recently showed that the anti-anginal drug perhexi-

line maleate (PHX) is very active on multiple developmental stages of Schistosoma mansoni

in vitro. It is well known that PHX impacts the lipid metabolism in mammals, but the final tar-

get on schistosomes still remains unknown. The aim of this study was to evaluate the ability

of 1H nuclear magnetic resonance (NMR) spectroscopy in revealing metabolic perturbations

due to PHX treatment of S. mansoni adult male worms. The effects of PHX were compared

with the ones induced by vehicle and gambogic acid, in order to detect different metabolic

profiles and specificity of the PHX action. Remarkably a list of metabolites associated to

PHX-treatment was identified with enrichment in several connected metabolic pathways

including also the Kennedy pathway mediating the glycerophospholipid metabolism. Our

study represents the first 1H-NMR metabolomic approach to characterize the response of S.

mansoni to drug treatment. The obtained “metabolic fingerprint” associated to PHX treat-

ment could represent a strategy for displaying cellular metabolic changes for any given drug

and to compare compounds targeting similar or distinct biochemical pathways.

Author summary

Schistosomiasis is a chronic and debilitating neglected tropical parasitic disease caused by

the helminth Schistosoma. The control and treatment of the disease rely almost exclusively

on praziquantel (PZQ), poorly effective on some developmental stage of the parasite.

Identification of novel targets and drugs is required. The aim of this study was to use a
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1H-NMR metabolomic approach to characterize the response of Schistosoma mansoni to

perhexiline maleate (PHX), a multi-stage schistosomicidal drug previously investigated by

our group. Remarkably we identified a metabolic signature specifically associated to drug-

treatment in adult male parasites. This approach could contribute to the identification of

novel targets and biochemical pathways implicated in parasite development and survival.

Introduction

Schistosoma is the causing agent of one of the most devastating parasitic neglected disease, the

schistosomiasis. More than 200 million people are infected and 800 million are at risk of infec-

tion in endemic countries. The three main species infecting humans are S. haematobium, S.

japonicum, and S. mansoni [1]. The cure against schistosomiasis relies on chemotherapy with

praziquantel (PZQ). PZQ is the only drug currently available to treat infected people, but

unfortunately it is poorly effective on immature and juvenile parasites [2]. The constant and

massive use of a single drug has raised concerns about the possibility of emerging drug resis-

tance. With this prospective the discovery and development of drugs to be used as alternative,

and/or in combination with PZQ appears mandatory.

We recently discovered multiple series of compounds able to kill the parasite in vitro [3,4].

Among them we showed that the drug perhexiline maleate (PHX) is active in vitro on larval

(schistosomula), juvenile, and adult parasites [3]. In humans PHX has proven to be effective in

patients with refractory angina [5]. In addition, it was shown to improve myocardial energetics

and function in chronic cardiac failure and symptomatic hypertrophic cardiomyopathy [6,7].

PHX, still used in Australia and New Zealand, was withdrawn from the market in several

countries due to toxic effects observed after chronic treatment in poor metabolizer individuals

due to polymorphisms of the cytochrome P450 2D6 (CYP2D6) enzyme [8]. PHX is thought to

be an inhibitor of carnitine palmitoyl transferase enzymes, namely CPT-1 and CPT-2 and

impact long-chain fatty acid metabolism [9,10]. In contrast to previous findings, recent

advances in Schistosoma metabolism showed that this parasite lacks CPT-1 and CPT-2 [11–13]

and that fatty acid oxidation still remains controversial in schistosomes [11,14], therefore the

mechanism of action of PHX in this parasite is yet to be clarified.

Metabolomics is a powerful technique, which simultaneously detects metabolites in biologi-

cal fluids, cells, tissues, and whole organisms to obtain information about metabolic processes

at baseline and treated conditions. Liquid Chromatography Mass Spectrometry (LC-MS) and
1H Nuclear Magnetic Resonance (1H-NMR) are the main tools. While the former is able to

quantify metabolites even at very low concentrations by extracting them via liquid chromatog-

raphy, the latter is suitable for untargeted qualitative and quantitative analysis of metabolites

in complex mixture without extraction [15]. NMR based metabolomics has successfully been

applied to characterize the metabolite composition of parasites and other human pathogens

[16,17].

Metabolomics in the field of parasitosis is a remarkable tool of investigation to shed light

onto inner metabolism, host–parasite interaction [18], and ultimately to identify essential met-

abolic pathways of the parasites that can be targeted for therapeutic intervention [19, 20].

Metabolomic analysis of treated parasites has proven effective to the identification of drug-

induced perturbations to specific parasite metabolites and pathways [21–23].

In the present study, for the first time, we set out to use 1H NMR spectroscopy to analyze

the metabolic status of S. mansoni and to identify potential treatment-associated signatures.

We examined the metabolic changes that occur within time when S. mansoni adult male
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parasites are treated with vehicle or two different concentrations of PHX or gambogic acid

(GA). The levels of some metabolites and the enrichment of some metabolic pathways associ-

ated to PHX or GA treatment allowed to differentiate the effects of the two compounds.

This study provides new, to our knowledge, insights for displaying cellular metabolic

changes in S. mansoni for a given drug and comparing compounds targeting similar or distinct

biochemical pathways.

Methods

Reagents

Chemical reagents, Dimethyl sulphoxide (DMSO), fetal bovine serum (FBS), gambogic acid

(GA), perhexiline maleate (PHX) were purchased from Sigma-Aldrich (Saint Louis, USA);

Dulbecco-Modified Eagle’s Medium (DMEM), HEPES, L-glutamine from Lonza (Basel, Swit-

zerland); antibiotic-antimycotic reagent (100×) from Thermo Fisher Scientific (Waltham,

USA).

Ethical statement

Animal work was approved by the National Research Council animal welfare committee

(OPBA) and by the competent authorities of the Italian Ministry of Health (authorizations no.

25/2014-PR and no. 336/2018-PR). All experiments were conducted in respect to the 3R rules

according to the ethical and safety rules and guidelines for the use of animals in biomedical

research provided by the relevant national and international laws.

Maintenance of the S. mansoni life cycle

A Puerto Rican strain of S. mansoni was maintained by passage through albino Biomphalaria
glabrata, as the intermediate host, and ICR (CD-1) outbred female mice as definitive host as

previously described [24]. Female 4- to 7-week-old mice (Envigo, Udine, Italy) were housed

with the following conditions: 22˚C, 65% relative humidity, 12/12 h light/dark photocycle,

standard food and water ad libitum Mice were infected using 150–200 single sex male cercariae

by the tail immersion technique. Adult parasites were harvested from mice 7–8 weeks after

infection by reversed perfusion of the hepatic portal system and mesenteric veins and cultured

in DMEM complete tissue culture medium.

Parasites culture

S. mansoni adult male worms, isolated from infected mice, were cultured in complete DMEM

tissue culture medium and allowed to recover for 24 hours at 37˚C in 5% CO2 atmosphere.
1H-NMR can detect metabolic changes associated within a shorter time frame, so that the sta-

tus of parasites viability should be compatible with the analysis. Therefore, the worms were

treated with vehicle (DMSO), PHX (5 μM, 10 μM), or GA (0.25 μM, 1 μM) for short time:

compound concentrations were chosen according to what previously observed in terms of par-

asites viability [3]. The experiments were repeated at least 2 times and a triplicate of each

experimental condition was collected to test the reproducibility and to reduce technical bias.

Viability of S. mansoni adult male worms was assessed under a Leica MZ12 stereomicroscope

by a multiple phenotypical score as previously reported [3,4] resulting 100% at 6 hours in all

experimental conditions and between 50–80% at 24 hours (50% at the highest concentration

and 70–80% at the lower concentration of both PHX and GA).
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Preparation of parasites extracts

In order to evaluate the minimum number of parasites to consistently detect a reasonable

number of metabolites, 10, 25, 50, and 90 worms were employed for metabolites extraction.

Following spectra analysis, the sample of 25 parasites showed to give appropriate spectra in

terms of quality and reproducibility. Therefore, for all compound treatments, 75 parasites/

sample were placed in 90 mm dish culture plates with 20 ml of DMEM complete medium. Six

and 24 hours after drug exposure parasites were harvested, divided into 25 worms per sample

(technical replicate), washed extensively with saline solution, and the pellets stored a -80˚C

until metabolites extraction. Three technical replicates, for at least two biological experiments,

were processed.

Metabolites extraction protocol from whole parasites was adapted from tissue extraction

techniques previously described [25]. In particular, metabolites from adult male worms frozen

at -80˚C for at least 1 hour were extracted using 0.5 mL of chloroform/methanol/water extrac-

tion buffer at the final ratio of 1:3:1. The extraction was performed comparing three different

disruption methods: glass tissue Dounce homogenizer, electronic pestle, and TissueLyser

machinery (Retsch, Qiagen). Using both glass tissue Dounce homogenizer and electronic pes-

tle, worms were manually homogenized in the extraction buffer while with the TissueLyser

automated method, worms were disrupted by rapid agitations (30 Hz) in the presence of a 3

mm metal bead. Agitations were performed twice for 2 minutes and samples frozen in liquid

N2 prior each agitation. At the end of each extraction method, sample were put on a laboratory

shaker featuring a horizontal (left to right) linear action to provide vigorous shaking for 1 hour

at 4˚ C in a final volume of 1 mL of extraction buffer. Finally, all extract mixtures were centri-

fuged (1000 x g, 5 min, 4˚C), supernatants collected, dried under vacuum conditions, and

stored at -80˚C until NMR analyses.

NMR sample preparation

Worm extracts were dissolved in 100 μL of phosphate buffer 50 mM pH 7.4 in D2O solvent,

with the addition of trimethylsilylpropionic acid (TSP) (0.5 mM) as internal standard solution.

After centrifugation (2 sec, 14.000 x g, 4˚C), a volume of 50 μL of this solution was inserted in

a 1.7 mm NMR tube.

NMR acquisition experiment

All 1H-NMR experiments were performed at 25˚C on Bruker Avance 600 MHz equipped with

a triple resonance 1.7 mm TXI probe and a SampleJet autosampler, using a noesypr1d (1D

Nuclear Overhauser effect spectroscopy with water pre-saturation) pulse sequence with acqui-

sition time of 2 s, relaxation delay of 3 s, 4096 transients, 4 dummy scans, tm = 100 ms, spectral

width of 20 ppm, for a total acquisition time of 6 hours.

Metabolite identification and quantification

Resonance assignments and quantifications were performed using Chenomx Suite 8.5 that

provides a comprehensive database of metabolites, which can be used for manual deconvolu-

tion. The acquired spectra were processed using 0.5 Hz of line broadening followed by manual

phase and baseline corrections, and in some cases automatic shim correction. A total of 43

metabolites were identified and quantified. Concentration sums of ADP+ATP and glucose+-

glucose-1-phosphate+glucose-6-phosphate were also considered. Chemical shifts were corrob-

orated using bidimensional spectra, like 1H-1H TOCSY (total correlated spectroscopy),
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1H-13C and 1H-31P HSQC (heteronuclear single quantum coherence). For a detailed table and

experimental conditions see Supplementary Information (S1 Table).

Statistical analysis

Multivariate data analysis was carried out using SIMCA-P (version 15.0.2. Umetrics AB,

Umea, Sweden). All data were normalized, to account for different extraction efficiency, by

using probabilistic quotients [26] and Unit-Variation scaled [27]. Classification models were

constructed using Orthogonal PLS modeling (OPLS) [28], both in the discriminant

(OPLS_DA) and numerical Y-variable (OPLSY) versions, as suitable. Metabolite concentra-

tions measured using Chenomx were used as variables. The robustness of the models was eval-

uated by the following parameters: R2Y, predicted percentage of the response; R2X, variation

of X explained by the model and Q2, goodness of prediction. R2 varies between 0 and 1, Q2 var-

ies between -1 and 1. When Q2 value is higher than 0.5 the predicted model is good [29]. In

the models, the influence on Y variation of every variable, called Variable Importance in the

Projection (VIP), was used to considered which metabolites are involved in every supervised

analysis. Moreover, Anova of the cross-validated residual (CV ANOVA) tests were performed

to assess the significance of multivariate models. All these parameters were calculated using

SIMCA.

Heatmap was drawn by R ggplot2 [30] applying the complete linkage method to find simi-

lar clusters within metabolites and treatment conditions. The log2 fold change was based on

the normalized metabolite concentrations derived from Chenomx

Network analysis

Network analysis was performed in Cytoscape [31]. In particular, networks were built by

MetScape app [32] in the context of human metabolic networks, using a database developed

by extracting and integrating information from KEGG COMPOUND Database and Edin-

burgh Human Metabolic Network (EHMN).

MetScape builds a network from a list of query compounds and extends the connections

also to compounds that are taking part in the reactions in which query compounds are

involved.

Metabolic pathways enrichment

MSEA was performed using MetaboAnalyst pathway analysis tool [33]. In detail, we per-

formed the hypergeometric test using the KEGG metabolic pathway library annotated for S.

mansoni. The reference was based on the S. mansoni metabolome and pathways were selected

according to p-value < 0.05 and impact> 0.3.

Results

Metabolite extraction and 1H-NMR analysis

In order to investigate the effect of PHX-treatment on the metabolic profile of S. mansoni
adult male worms, we first assayed different disruption methods (electronic pestle, glass tissue

Dounce homogenizer, and TissueLyser machinery) to obtain 1H-NMR spectra with suffi-

ciently good signal to noise allowing the quantification of the highest number of metabolites.

We found that the glass tissue Dounce homogenizer and TissueLyser led to the identification

of essentially the same number of metabolites, even though the latter gave a higher concen-

tration thus allowing us to reduce the number of parasites up to 25 worms/sample. Since
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parasites preparation is a labor-intensive procedure, the reduction of the number of parasites

is advantageous especially in terms of number of host animals (mice) to be used in these

studies.

A representative 1H-NMR spectrum of the extracts obtained from S. mansoni worms is

shown in Fig 1. The spectra are very information-rich and complex. Forty-three compounds

were unequivocally assigned, quantified, and grouped into metabolic pathways or chemical

classes such as redox system, lipid, and energy metabolisms including amino acids, intermedi-

ary metabolites, soluble phospholipids, and purine and pyrimidine nucleotides (Table 1 and

S2 Table).

PHX-treatment associates with variations in the metabolite profile of S.

mansoni adult male worms

In order to identify metabolomic signatures associated to PHX treatment, two concentrations

of PHX (5 and 10 μM) previously shown to impair viability [3] were used to treat S. mansoni
adult male worms in vitro. GA (0.25 and 1 μM) was used as reference compound to evaluate

the specificity of the PHX associated variations with respect to generalized metabolic changes

possibly due to toxic effects of a compound. The concentrations of PHX and GA were chosen

in order to affect viability to a similar phenotypical extent. The viability was assessed by a mul-

tiple parameter score system as previously described [3,4]. The parasites used for the experi-

ments, while damaged, were viable and the score never declined below 50%. Each compound

treatment was investigated at two time points (6 and 24 hours).

In each experiment, metabolites were extracted and quantified by 1H-NMR. The variation

of metabolite concentrations was analyzed using an orthogonal partial least squares (OPLS) Y

model [28], in which the effects of time and drug concentrations were evaluated along two

orthogonal axes (Fig 2). For this analysis we considered in addition to the concentration of 43

metabolites, also the sum of ADP and ATP.

The best metabolic profile separation was obtained between worms treated with 10 μM

PHX or vehicle at both time points whereas the separation was less pronounced at 5 μM PHX

both at 6 h and 24 h treatment (Fig 2A).

With regard to the GA-treated samples, a marked metabolic separation was seen at 1 μM at

both time points, while the lowest concentration did not seem to produce clearly distinct pro-

files (Fig 2C).

The corresponding loading plots show the variation of metabolites concentration upon

PHX (Fig 2B) and GA (Fig 2D) treatments linking these differences to both time and drug con-

centration exposure. Metabolites, which lie on the two main diagonals, are ascribed to be mod-

ulated by both time and concentration. For example, AMP, PC, NAD+, phenylalanine,

tyrosine, serine and choline concentrations were perturbed both by time and PHX concentra-

tion (Fig 2B). AMP, serine, guanosine and NAD+ showed the same behavior after GA treat-

ment (Fig 2D).

Since 10 μM PHX and 1 μM GA, both at 6 and 24 h, yielded a clear perturbation of the met-

abolic profile, they represent the most reasonable experimental conditions to reveal a possible

effect on parasite metabolome due either PHX or GA treatment.

Comparison of metabolites levels altered by either PHX or GA treatments

To compare the effects of PHX and GA on metabolite concentrations, a multivariate discrimi-

nant analysis (OPLS-DA) [24] among compound-treated samples and controls was per-

formed. To this end we also considered the sum of glucose, glucose 1-phosphate and glucose

6-phosphate as an extra variable. Metabolic profiles of samples treated with PHX and GA were
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clearly and significantly different from each other with respect to control samples both at 6

and 24 h (Fig 3).

In order to investigate which pattern of metabolites was perturbed after 6 and 24 h com-

pound treatment four supervised models were applied (S1 and S2 Figs). Metabolic fingerprints

of samples treated with the maximum concentrations of GA and PHX after 6 and 24 h

appeared significantly different from controls (S1 and S2 Figs). In order to understand which

Fig 1. Typical 600 MHz 1H-NMR spectrum of Schistosoma extract obtained in H2O. 1: Betaine; 2: Alanine; 3: Threonine; 4: myo-Inositol; 5:

sn-Glycero-3-phosphocholine (3GPC); 6: Glutamine; 7: Proline; 8: Valine; 9: Isoleucine; 10: AMP; 11: UDP-N_Acetylglucosamine; 12: NAD+;

13: Tyrosine; 14: Histidine; 15: Tryptophan; 16: Adenosine; 17: Niacinamide; 18: Choline; 19: Methanol; 20: Lactate; 21: Leucine; 22: Gluthatione;

23: Glutamate; 24: Glucose; 25: Glucose-1-phosphate; 26: Glucose-6-phosphate; 27: Glycine; 28: Aspartate; 29: Asparagine; 30:

O-Phosphocholine; 31: Succinate; 32: Acetate; 33: ADP+ATP; 34: Lysine; 35: Methionine; 36: Serine; 37: Phenylalanine.

https://doi.org/10.1371/journal.pntd.0008767.g001
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metabolic pattern was characteristic of PHX and GA, the respective loadings were compared

using shared and unique structure plots (SUS-plots, Fig 4).

We observed that the concentration levels of 12 metabolites resulted selectively altered in

samples treated for 6 h with GA, whereas 8 were modulated in PHX-treated samples. Seven

metabolites were found to change irrespective of the PHX or GA treatment (Fig 4A). Upon 24

h treatment, the magnitude of the metabolite variations was amplified with 14 resulting altered

with both PHX and GA while 3 were PHX specific and 14 GA specific (Fig 4B).

Interestingly, the levels of choline and 3-glycerophosphocholine varied in an opposite way

between PHX- and GA-treated samples at 24 h, suggesting that metabolic pathways regulation

of these metabolites are differently impacted by the two treatments (Fig 4B). A complete list of

the metabolite changes, with respect to treatment observed is summarized in Fig 5.

The 35 metabolites emerged from the discriminant analysis (Fig 4) represent the metabo-

lites globally modulated upon compound treatment (Fig 5). The fold-changes of these metabo-

lites, with respect to the vehicle treatment, were used to cluster samples based on time and

drug treatment in an unsupervised analysis. Remarkably, PHX and GA treatments belong to

two separate clusters, indicating that metabolic profiles are specifically impacted by treatments

(Fig 6).

Metabolic pathway analysis

To gain insight into pathways possibly modulated upon PHX and GA treatments we applied a

network analysis. To this aim metabolites modulated by each treatment and involved in a

Table 1. Metabolites identified in S. mansoni worm extracts and classified according to their biological role.

Amino Acids Aerobic and anaerobic respiration

Alanine Acetate

Asparagine Adenosine

Aspartate ADP

Glutamate AMP

Glutamine ATP

Glycine Formate

Histidine Glucose

Isoleucine Glucose-1-Phosphate

Leucine Glucose-6- Phosphate

Lysine Guanosine

Methionine Inosine

Phenylalanine Lactate

Proline NAD+

Serine Succinate

Threonine UDP-N-acetylglucosamine

Tryptophan UMP

Tyrosine Lipid Metabolism

Valine Choline

Oxidative stress Phosphocholine (PC)

Glutathione (GSH) 3-Glycerophosphocholine (3-GPC)

Niacinamide Osmolytes

Alcohols Betaine

Methanol myo-Inositol

Taurine

https://doi.org/10.1371/journal.pntd.0008767.t001
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common reaction were linked in order to identify those metabolites whose modulation is

highly related upon treatment. The approach was based on the assumption that the specific

effect of a treatment might impact metabolites residing in close proximity and participating to

common metabolic axis.

Starting from the list of metabolites modulated by PHX and GA (hereafter “seed metabo-

lites”) a network was built by linking in “connected components” also metabolites participat-

ing to the same biochemical reaction not present in the seed metabolites list (Fig 7 and S3 Fig).

The networks shown were built based on the annotations in the MetScape library for Homo
sapiens biochemical pathways.

The small number of specific modulated metabolites makes the identification of pathways

associated to a specific compound-treatment not an easy task. For these reasons we widened

Fig 2. OPLSY score and loading plots of PHX and GA treatments. (a,b) PHX treatment (N: 68; A: 2+5+0; R2X: 0.717; R2Y: 0.733; Q2: 0.439; CV Anova: 1.3E-05);

(c,d) GA treatment (N:57; A: 2+3+0; R2X: 0.757; R2Y: 0.728; Q2: 0.619; CV Anova: 3.5E-03). Boxes and circles represent samples collected after 6 h and 24 h

respectively. Experiments were repeated 2–5 times, with three technical replicates each. GA3-GPC: 3-glycerophosphocholine; Glucose-6: glucose-6-phosphate;

Glucose-1: glucose-1-phosphate; GSH: glutathione; PC: phosphocholine; Phenilalan: Phenylalanine; UDP-N-Ac-g: UDP-N-acetylglucosamine.

https://doi.org/10.1371/journal.pntd.0008767.g002
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the networks by adding the “neighbor metabolites”, i.e. metabolites which were not detected

by 1H-NMR, but that are part of the same reaction in which the seed metabolites participate

(Fig 7). Pathways are generally seen as a series of connected reactions, which finally flow up

either to a branch point or to a final metabolite, which cannot be further metabolized. In this

view, any pathway ultimately stems from a unique pathway-substrate, in the form already pro-

posed by Newsholme & Crabtree [34]:

S! A! B! C! D! . . .! P

with S, pathway-substrate; A to D, intermediate metabolites; P, final product or branch point.

Hence, by considering two of our seeds (i.e. A and D), the network was extended to neighbor

metabolites (one step forward, from A to B, and one step backward, from D to C) to finally get

the missing links, which ultimately explain how a precise metabolic pathway can be affected.

This approach, while undoubtedly an oversimplified view of the metabolic complexity, could

overcome the limits due to: i) 1H-NMR sensitivity and ii) lack of accumulation of some of the

Fig 3. OPLS-DA score plots of PHX (10 μM) and GA (1μM) treated-samples. (a) 6 h treatment; N: 33; A: 2+4+0; R2X: 0.773; R2Y: 0.913; Q2: 0.857; CV

Anova: 4.9E-08 and (b) 24 h treatment; N: 27; A: 2+3+0; R2X: 0.725; R2Y: 0.934; Q2: 0.857; CV Anova: 6.3E-10. Red and blue circles are samples treated

with PHX and GA respectively and green circles are vehicle-treated samples (controls).

https://doi.org/10.1371/journal.pntd.0008767.g003

Fig 4. SUS-plots of PHX and GA treatments. (a) Samples were treated with the maximum concentration of PHX and GA, respectively 10 μM and 1 μM, for (a) 6h and

(b) 24h. Metabolite concentrations showing VIP>1 altered by GA, PHX, or both compounds are showed in blue, red, and grey. Concentrations of choline and

3-glycerophosphocholine (marked in yellow) show opposite behavior in GA and PHX treatment. Abbreviations are the same of Fig 2; Glu tot: concentration sum of

glucose, glucose-1-phosphate and glucose-6-phosphate.

https://doi.org/10.1371/journal.pntd.0008767.g004
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neighbor metabolites. Then we analyzed the extended list of metabolites starting from the

hypothesis that whenever the concentration of a metabolite is perturbed, its variation can also

affect metabolites that are partners into a common reaction.

The size of our “neighbor-extended” networks ranges from 141 to 225 connected nodes

including the majority of the seed metabolites (78% on average). Noteworthy, PHX treatment

at 6 h showed the highest number of connected seed metabolites (87%) (Fig 7). Similar results

were obtained for PHX 5 μΜ (S3 Fig). These results suggest that seed metabolites, which were

not directly connected (S3 Fig, left panel), are indeed in close proximity and therefore poten-

tially involved in common metabolic processes (S3 Fig, right panel).

In order to identify pathways possibly impacted by PHX and GA treatments, we performed

a Metabolite Set Enrichment Analysis (MSEA) using the metabolite lists of the expanded net-

works generated via MetScape (S3 Table). The library of metabolic pathways and the reference

metabolome for the MSEA were specific for S. mansoni (see methods section for details). The

results are shown in S4 Table and summarized in Table 2. A number of pathways resulted

enriched by both PHX and GA treatments: aminoacyl-tRNA biosynthesis, arginine biosynthe-

sis, glutathione metabolism, glycerophospholipid metabolism, glycine, serine and threonine

metabolism, nicotinate and nicotinamide metabolism, and phenylalanine metabolism. In-

terestingly the concentration levels of choline and 3-GPC vary in an opposite direction in

PHX- and GA-treated samples, suggesting that the biochemical pathway(s) in which these

metabolites are embedded might be differentially perturbed by the two treatments. The GA

Fig 5. Summary of metabolites altered in all treatment conditions. a) Metabolites modulated by both time of exposure and drug

concentration upon treatment perturbed (time x concentration); b) metabolites whose concentration show opposite behavior in

PHX- and GA-treated samples. Abbreviations are the same of Fig 2.

https://doi.org/10.1371/journal.pntd.0008767.g005
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treatment at 6 h resulted in the specific enrichment of D-glutamine and D-glutamate metabo-

lism along with nitrogen metabolism, purine metabolism, starch and sucrose metabolism, and

tyrosine metabolism. Pathways associated specifically to PHX treatment included: cysteine

and methionine metabolism (6 h and 24 h), folate biosynthesis (6 h), glyoxylate, and dicarbox-

ylate metabolism (6 h).

The majority of the PHX enriched pathways (Table 2) were represented in a unique scheme

that summarizes the majority of PHX-associated metabolite variations observed in this study

(Fig 8).

They are involved in the Kennedy pathway and in the betaine and folate metabolism, which

in turn are linked together by the glycine-serine interconversion reaction. Side pathways like

cysteine and methionine metabolism and, glyoxalate metabolism are also depicted (Fig 8). The

central role of choline in bridging the glycine and serine metabolism to the glycerophospholi-

pid metabolism is of note. In addition, its oxidation leads to betaine, a key osmolite and a

methyl group donor in methylation (Fig 8).

Fig 6. Heatmap and biclustering of treatment conditions and modulated metabolites. Data are represented as log2

fold-changes using time-specific vehicle as reference.

https://doi.org/10.1371/journal.pntd.0008767.g006
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Discussion

Understanding how small molecules interfere with cellular metabolism is a critical part of

modern drug development. Untargeted metabolomics offers a rapid and unbiased approach

for the investigation of metabolic pathways, the discovery of drug modes of action, and of

potential drug targets.

In this study, we applied for the first time a metabolomic analysis based on 1H-NMR spec-

troscopy on S. mansoni adult male worms treated with schistosomicidal compounds. As initial

Fig 7. Neighbor-extended networks of metabolites impacted by PHX and GA treatments. Green and red dots represent respectively an increase or a decrease of the

metabolite level in compound-treated samples. Gray nodes represent “neighbor” metabolites.

https://doi.org/10.1371/journal.pntd.0008767.g007

PLOS NEGLECTED TROPICAL DISEASES Drug effects on metabolic profiles of Schistosoma mansoni

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008767 October 12, 2020 13 / 20

https://doi.org/10.1371/journal.pntd.0008767.g007
https://doi.org/10.1371/journal.pntd.0008767


point, we focused our attention on setting the best technical procedure for the extraction of

worm soluble metabolites. TissueLyser produced the best results in terms of qualitative and

quantitative level of metabolite extraction and the minimum number of parasites required for

the identification of a reproducible and accurate set of metabolites.

Using the 1H-NMR approach we succeeded into identifying 43 soluble metabolites of S.

mansoni adult male worms. OPLS analysis allowed us to select the best experimental condi-

tions to identify variation in metabolic profiles associated to PHX or GA treatments, thus dem-

onstrating that the 1H-NMR approach could be effective in detecting metabolic perturbations

induced by different compound treatments.

Finally, we attempted to ascribe metabolic pathways associated to parasite-treatments.

Low-sensitivity is one of the drawbacks of the 1H-NMR technique; in addition, some metabo-

lites might not accumulate in a pathway for the peculiar metabolic assets of a given species.

Therefore, to overcome this limit, we took advantage of a neighbor-extended network analysis

starting from the metabolites identified by 1H-NMR and building a network including the

neighbor metabolites residing in their close proximity and participating to common metabolic

axes.

The glycerophospholipids pathway is among the pathways enriched in PHX-treated sam-

ples and this was an intriguing, though not totally unexpected finding. Indeed, PHX has been

largely recognized to perturb the lipid metabolism in mammals; and it seems that an effect on

parasite’s lipids and choline metabolism could be also ascribed now to PHX. Importantly the

lipid metabolism has for parasite biology a remarkable role, in particular for tegumental devel-

opment and its turnover, and eggs production. Noteworthy, treatment with PHX or GA

appears to modulate choline and 3-GPC in an opposite way: these metabolites were decreased

in PHX-treated samples and increased in GA-treated ones, suggesting that the fate of both

metabolites is differentially impacted by compound treatment.

Table 2. Summary of metabolic pathways enriched in neighbor-extended networks.

Metabolic pathways� PHX

10 μM

GA

1 μM

Time (h) 6 24 6 24

Alanine, aspartate and glutamate metabolism ✓ ✓ ✓

Aminoacyl-tRNA biosynthesis ✓ ✓ ✓

Arginine biosynthesis ✓ ✓

Cysteine and methionine metabolism ✓ ✓

D-Glutamine and D-glutamate metabolism ✓

Folate biosynthesis ✓

Glutathione metabolism ✓ ✓ ✓

Glycerophospholipid metabolism ✓ ✓

Glycine, serine and threonine metabolism ✓ ✓ ✓ ✓

Glyoxylate and dicarboxylate metabolism ✓

Nicotinate and nicotinamide metabolism ✓ ✓ ✓ ✓

Nitrogen metabolism ✓

Phenylalanine metabolism ✓ ✓ ✓

Purine metabolism ✓

Starch and sucrose metabolism ✓

Tyrosine metabolism ✓

�Metabolic pathways specific for PHX (orange) or GA (blue) treatment are color coded. Pathways involving choline

and/or glycerophosphocholine are in bold.

https://doi.org/10.1371/journal.pntd.0008767.t002
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In mammals, PHX is thought to impact the lipid metabolism by acting as inhibitors of

CPT-1 and CPT-2 enzymes [8], whose role is to carry lipids inside mitochondrial for fatty acid

oxidation [13]. While the genes encoding CPT-1 and -2 seem to be absent within the Schisto-
soma genome [11–13], in our previous study we demonstrated that female parasites treated

with sub-lethal doses of PHX, showed accumulation of lipids within the vitellarium (lipid

droplets) [3]. Importantly, the PHX treatment also decreases egg-laying in vitro in agreement

with what previously reported on studies with the CPT-1 inhibitor etomoxir, that inhibited

depletion of lipid reserves in fecund females worms in vitro and impaired schistosome egg pro-

duction as well [14].

In the schematic representation of the PHX-associated enriched pathways where the metab-

olite variations observed in this study are highlighted (Fig 8), the choline has a central role. It

acts as a hub bridging the lipid metabolism to glycine and serine metabolism, via betaine for-

mation. As previously demonstrated adult male S. mansoni worms can exploit the oxidative

route of choline bringing to betaine formation as well as to incorporate choline within PC,

hence initiating the de novo synthesis of phosphatidylcholine via Kennedy pathway [36].

Within the mammalian host, adult S. mansoni couples reside in the mesenteric veins where

male and female worms live paired and acquire nutrients directly from the blood of the host

including among others carbohydrates, amino acids, lipids, and choline [38]. Parasite-derived

lipids play important roles in: i) host-pathogen interactions and for their immunomodulatory

properties which may contribute to the immune evasion mechanisms [39]; ii) the maintenance

of surface integrity; iii) egg production; iv) cell-cell signaling [40]. Overall the lipid metabolism

Fig 8. A scheme of putative connections of some metabolites impacted by PHX treatment and enriched PHX-associated metabolic pathways. Metabolites

modulated by PHX are in bold and metabolites in close proximity, as inferred by extended pathway analysis, are in gray. This scheme is based on the nowadays

knowledge of metabolic pathways of animals obtained from KEGG pathway (https://www.genome.jp/kegg/pathway.html), and/or MetaCyc (https://metacyc.org);

accordingly to UniProt database). All S. mansoni enzymes are inferred by homology, with the exception of cholinesterase (f.) and choline oxidase/aldehyde

dehydrogenase (g. and/or h.) activity that were experimentally demonstrated to be present in the parasite [35,36]. In addition, a glycerol/glutamine metabolic axis (n.)

was experimentally demonstrated for S. mansoni [37]. a. Smp_054800, Smp_162910; b. Smp_025160, Smp_031190, Smp_166500, Smp_166530, Smp_171820; c.

Smp_132570; d. Smp_124730; e. Smp_146910; g. Smp_094500, Smp_212180; h. methyltransferases; i. betaine-homocysteine S-methyltransferase; j. dimethyl-glycine

dehydrogenase; k. sarcosine dehydrogenase; l. Smp_144570, Smp_179710; m. alanine-glyoxylate aminotransferase; n. glycerol kinase. 2-oxoacid refers to pyruvate or

2-oxoglutarate which react with glycine to give alanine or glutammate, respectively. � Highlights metabolites of the Kennedy pathway. Single-headed or double-headed

arrows stand for alleged one-way or both-way reactions. Dotted lines indicate reactions inferred by analogy but not annotated in KEGG, while continuous lines indicate

reactions with enzymes annotated in KEGG.

https://doi.org/10.1371/journal.pntd.0008767.g008
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is of great interest in S. mansoni biology, mainly due to its role in development and survival of

parasites; therefore, we concentrate our attention on the Kennedy pathway, relying on the

uptake of exogenous choline into the cell for phosphatidylcholine synthesis. Choline is needed

for the biosynthesis of phosphatidylcholine, the most predominant cell membrane phospho-

lipid in S. mansoni cercariae, schistosomula, and adult worms [41], as a methyl-group donor,

and for cholinergic neurotransmission. Choline is also metabolically interrelated to the folate

pool and the cysteine and methionine metabolism, pathways both enriched in PHX-treated

samples (Fig 8).

Overall the modulation of metabolism due to PHX treatment appears also to affect the abil-

ity of the parasite to utilize glutamine. Interestingly glutamine is amongst the most dysregu-

lated metabolites detected in our analyses (Fig 6) and experimental evidences demonstrated

that it can be used as precursor of many metabolites including glycerol supporting the exis-

tence of glyceroneogenesis in S. mansoni sporocysts [37]. Therefore, we can speculate that an

increasing into mobilization and catabolism of GPC ensures the refueling of glycerol pool,

whose levels may otherwise be lowered by lacking of synthesis from glutamine. It remains to

be elucidated which, among the proposed pathways, is impacted by PHX treatment as an initi-

ating event, and which one is impacted as a cascade effect.

Remarkably in protozoan parasites such as Plasmodium falciparum and Trypanosoma bru-
cei, the Kennedy pathway has already been proposed as a potentially relevant drug target [42–

48]. Further investigation of the Kennedy metabolic pathway in S. mansoni could be important

for drug discovery and drug repositioning (i.e. PHX).

In conclusion our study represents the first 1H-NMR metabolomic approach to characterize

the response of S. mansoni metabolome to a drug-treatment. The workflow proceeded through

an optimization of sample preparation (parasites number, extraction protocol), 1H-NMR data

acquisition, signal preprocessing, data analysis, and then to interpretation of the results. Multi-

ple factors, such as dosage and exposure time, were extensively considered and tested in pilot

studies before assessing the final conditions of both time points and drug concentration. The

untargeted metabolic comparisons were always performed between two groups (PHX vs

DMSO; GA vs DMSO; PHX vs GA) in order to extract useful information. The “metabolic fin-

gerprints” associated to PHX or GA treatment in vitro were distinct and they could represent a

strategy of displaying cellular metabolic changes for any given drug and to compare com-

pounds targeting similar or distinct biochemical pathways.

Supporting information

S1 Fig. OPLS-DA score plots of GA-treated samples. (a) OPLS-DA score plots of GA (1μM)

treated-sample vs control after 6 h N: 21; A: 1+2+0; R2X: 0.637; R2Y: 0.965; Q2: 0.923; CV

Anova: 1.2E-06 and (b) 24 h N: 18; A: 1+1+0; R2X: 0.625; R2Y: 0.984; Q2: 0.970; CV Anova:

1.1E-09

(TIF)

S2 Fig. OPLS-DA score plots of PHX-treated samples. (a) OPLS-DA score plots of PHX

(10μM) treated-sample vs control after 6 h N: 24; A: 1+2+0; R2X: 0.477; R2Y: 0.960; Q2: 0.943;

CV Anova: 2.2E-09 and (b) 24 h N: 21; A: 1+1+0; R2X: 0.339; R2Y: 0.938; Q2: 0.827; CV Anova:

2.5E-05

(TIF)

S3 Fig. Pathway-networks of metabolites impacted by PHX and GA treatments. Networks

are showed before (left panel) and after (right panel) neighbor-extension. Green and red colors

represent respectively an increase or a decrease of the seed metabolite level in compound
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treated samples. Gray nodes represent “neighbor” metabolites.
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S1 Table. 1H, 13C and 31P assignments of metabolites identified in Schistosoma extract in

H2O extracts. 1H and 13C chemical shifts are reported with respect to the TSP signal, and 31P

chemical shifts are reported relative to 85% inorganic orthophosphoric acid.
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S2 Table. Metabolite concentrations.
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S3 Table. Details on nodes of neighbor-extended networks. Metabolite annotations are

reported according to MetScape library.
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