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Abstract

Background

Trichinellosis, caused by a parasitic nematode of the genus Trichinella, is a zoonosis that

affects people worldwide. After ingesting raw meat containing Trichinella spp. larvae,

patients show signs of myalgia, headaches, and facial and periorbital edema, and severe

cases may die from myocarditis and heart failure. The molecular mechanisms of trichinello-

sis are unclear, and the sensitivity of the diagnostic methods used for this disease are unsat-

isfactory. Metabolomics is an excellent tool for studying disease progression and

biomarkers; however, it has never been applied to trichinellosis. We aimed to elucidate the

impacts of Trichinella infection on the host body and identify potential biomarkers using

metabolomics.

Methodology/Principal findings

Mice were infected with T. spiralis larvae, and sera were collected before and 2, 4, and 8

weeks after infection. Metabolites in the sera were extracted and identified using untar-

geted mass spectrometry. Metabolomic data were annotated via the XCMS online plat-

form and analyzed with Metaboanalyst version 5.0. A total of 10,221 metabolomic

features were identified, and the levels of 566, 330, and 418 features were significantly

changed at 2-, 4-, and 8-weeks post-infection, respectively. The altered metabolites were

used for further pathway analysis and biomarker selection. A major pathway affected by

Trichinella infection was glycerophospholipid metabolism, and glycerophospholipids

comprised the main metabolite class identified. Receiver operating characteristic

revealed 244 molecules with diagnostic power for trichinellosis, with phosphatidylserines

(PS) being the primary lipid class. Some lipid molecules, e.g., PS (18:0/19:0)[U] and PA

(O-16:0/21:0), were not present in metabolome databases of humans and mice, thus they

may have been secreted by the parasites.
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Conclusions/Significance

Our study highlighted glycerophospholipid metabolism as the major pathway affected by tri-

chinellosis, hence glycerophospholipid species are potential markers of trichinellosis. The

findings of this study represent the initial steps in biomarker discovery that may benefit

future trichinellosis diagnosis.

Author summary

Trichinellosis is a zoonosis caused by consuming raw meat containing infective larvae of

genus Trichinella nematodes. Trichinellosis patients can be found globally, and severe

cases may die from myocarditis and heart failure. Currently, information on the molecu-

lar mechanisms of trichinellosis and precise biomarkers for the infection are scarce. To

improve disease diagnosis and treatment, better understanding in these areas is required.

Therefore, this study aimed to elucidate impacts of Trichinella infection on the host body

and identify potential biomarkers with metabolomics, a holistic approach to studying

global compound changes in organisms. Our study used a mouse model of trichinellosis,

and sera were collected before and three timepoints after infection and explored for meta-

bolomic data. Trichinella infection affected the glycerophospholipid metabolism pathway

within the host body, and glycerophospholipid species were highlighted as potential bio-

markers of the disease. Lipid molecules have never been proposed as markers of trichinel-

losis before; hence, the development of biomarkers based on findings of our study could

be a novel approach to improve disease diagnosis in the future.

Introduction

Trichinellosis or trichinosis is a zoonosis caused by infection with parasitic nematodes of the

genus Trichinella. There are eight species of Trichinella worm, of which T. spiralis is the most

pathogenic to humans [1]. Approximately 10,000 people are reported to suffer from trichinel-

losis every year in countries around the world [2], for example, Italy [3], Romania [4], Slovakia

[5], Canada [6], China [7], Vietnam [8], and Ghana [9]. The clinical manifestations of trichi-

nellosis occur within two phases: the enteric phase and parenteral phase [1–2]. A high worm

burden leads to severe complications and is associated with a 0.1–3.57% mortality rate [10].

Symptoms of trichinellosis are closely related to the life cycle of the parasite. Patients are

infected by consuming raw meat containing larval nematodes; the gastric juices and enzymes

in the stomach digest the meat and release infective larvae, which later develop into adults in

the small intestine. A new batch of larvae are spawned from adults and later pass through

intestinal mucosa into blood and lymphatic vessels [1–2,11]. Hypothetically, immune

responses to growing parasites result in enteric symptoms, i.e., diarrhea, vomiting, and abdom-

inal discomfort [12,13]; whereas parenteral symptoms occur after the larvae enter the systemic

circulation and invade various organs of the body at approximately 1- to 2-weeks post infec-

tion (PI). Tissue damage caused by the larvae triggers immunopathological reactions, leading

to eosinophilia, myalgia, muscle pain, weakness, fever, headaches, and facial and periorbital

edema [1–2,11,13]. In severe cases, patients may develop myocarditis, heart failure, or neuro-

logical complications [2,10–11,14]. Many studies have reported that the immunological

responses to invading worms are key factors contributing to the symptoms of trichinellosis.
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However, no studies have elucidated the molecular aspects of the impacts of T. spiralis infec-

tion on the host’s body, leaving a significant gap in our knowledge of this parasitic infection.

In addition to the ambiguous disease mechanisms, the lack of methods for the precise

detection of Trichinella infections is another problem that should be solved. The diagnosis of

trichinellosis relies, at present, on patient consumption history, clinical manifestations, and

the serological response of antibodies to parasite antigens [2,15]. An enzyme-linked immuno-

sorbent assay (ELISA) to Trichinella antigens is the most common laboratory technique used

to identify infection; however, this method can identify only half of infected patients [2]. To

improve the sensitivity, researchers have investigated many techniques to detect Trichinella
infection from various samples, for example, feces, blood, etc. Detection of parasite’s genetic

material as well as antigens from fecal samples showed advantage on early detection, however,

the sensitivity was declined overtime [16–20]. None of the fecal markers so far lasted long

enough to facilitate detection of the disease in the later stages. Serum is a valuable sample for

trichinellosis detection, and many types of serum molecules (e.g., DNA and protein) have

been investigated for their suitability as potential markers of the disease. Immunological tech-

niques, e.g., ELISA, are the most common methods used to detect Trichinella antigens and

their counterpart antibodies. Many parasitic proteins, for example, excretory-secretory (ES)

antigens [21,22], serine protease [23], elastase-1 [24], and crude somatic antigen [25], have

been used to develop diagnostic tests. Some studies found >90% sensitivity and specificity,

unfortunately, barriers to the success of immunological techniques still exist. These include a

window of non-reactivity in the early stages and the inability to distinguish past from current

infections. Thus, alternative markers that can be used to diagnose trichinellosis in the early

stages and throughout the course of infection would be beneficial for patient treatment.

Alterations to metabolite levels in host biofluids are the most common evidence for para-

sitic infection reported in previous articles. Changes to metabolites can be used to reflect the

impact of infection on hosts and are considered interesting targets for biomarker development.

The identification of affected pathways and metabolite biomarkers has been the subject of

extensive metabolomics studies, as this is a robust strategy that can be used to pinpoint

changes to overall metabolites in biological samples [26,27]. Park et al. used metabolomics to

identify Falciparum-malaria-specific biomarkers for the blood stage of the parasite. Their

study found many significantly changed metabolites could be mapped to metabolic pathways

of both humans and the Plasmodium parasite. Interestingly, four metabolites had quantities

that showed a positive correlation with the level of parasitemia, namely 3-methylindole, succi-

nylacetone, S-methyl-L-thiocitrulline, and O-arachidonoyl glycidol, and presented potential

parasite-specific metabolite biomarkers [28]. Vincent et al. investigated the fluctuation of

metabolites in serum, urine, and cerebrospinal fluid samples from trypanosomiasis patients to

identify potential biomarkers that could be used to stage the disease. Metabolomics revealed

that two metabolites from cerebrospinal fluid, neopterin and 5-hydroxytryptophan, showed

100% sensitivity and specificity for distinguishing early and advanced stages of the disease.

Metabolites in serum have also shown high sensitivity and specificity but not as high as mole-

cules from the cerebrospinal fluid [29]. Regarding parasitic helminths, Lagatie et al. character-

ized a potential biomarker of ascariasis, 2-methyl-pentanoyl-carnitine, in the urine of human

and pigs. The accuracy of the marker increased with worm burden and apparently decreased

after anthelminthic drug was administered. Interestingly, the level of 2-methyl-pentanoyl-car-

nitine showed a strong association with the number of eggs per gram and worm count in an

animal model, indicating the possibility of using this compound as a diagnostic marker for

ascariasis [30]. Another study by Lagatie et al. aimed to discover novel biomarkers for Oncho-
cerca volvulus infection using metabolomics and lipidomics of the serum and urine of patients.

Their study proposed the use of inosine and hypoxanthine as serum markers and cis-
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cinnamoylglycine as a urine marker. The sensitivities of the three metabolites were 86.2%,

74.5%, and 82.9%, respectively [31]. Osakunor et al. focused on changes to metabolite levels in

the serum of 83 children in an area endemic for Schistosoma haematobium. Their study found

a significant increase in the level of metabolites related to host energy metabolism and purine

metabolism [32]. Although there have been plenty of metabolomic studies on parasitic infec-

tions, there have been no such studies focusing on trichinellosis, stalling the progression of

biomarker development for this disease.

In our study, we aimed to elucidate the impacts of T. spiralis infection to the hosts and iden-

tify potential biomarkers using a metabolomic approach. We infected mice with T. spiralis and

recorded changes to the serum metabolome over four timepoints, including before infection,

and 2-, 4-, and 8-weeks PI. Metabolites were extracted from serum samples and their levels

explored with a mass spectrometer. Multivariate analysis, hierarchical clustering, pathway

analysis, and receiver operating characteristic curve (ROC) analysis were used to identify

affected pathways and potential biomarkers from the metabolomic data. Our findings are a

first step towards a better understanding of Trichinella infections at the molecular level and

provide insights into host-parasite interactions. Moreover, the findings also pinpointed some

compounds with diagnostic potential that could lead to better detection methods and less

severe outcomes from the disease.

Methods

Ethics statement

All procedures involving animals were approved by the Faculty of Tropical Medicine Animal

Care and Use Committee (FTM-ACUC), Mahidol University (Approval number: FTM-ACUC

015/2021). Guidelines for the use of animals provided by the National Research Council of

Thailand (NRCT) were strictly applied to all procedures of animal experiments.

T. spiralis life cycle maintenance and mice infection

T. spiralis laboratory strain worms were maintained in the Department of Helminthology, Fac-

ulty of Tropical Medicine, Mahidol University, Thailand. Infection of the mouse model (3

mice) was performed by gastric lavage with 100 muscle larvae. Approximately 200 microliters

of blood was collected from each mouse before infection (control group), and 2-, 4-, and

8-weeks PI by submandibular bleeding. Blood samples were allowed to clot and centrifuged at

2,000 × g for 10 minutes at 4˚C to collect the serum, which was stored at −80˚C until further

analysis. At 8-weeks PI, all mice were sacrificed and T. spiralis infection was confirmed by

microscopic examination of skeletal muscle.

Metabolite extraction

All serum samples were extracted for metabolite in a batch, according to study of Lu et al. [33].

Briefly, 20 μL of serum was added to 80 μL of cold methanol and vigorously mixed for a min-

ute. The solution was incubated at 4˚C for 20 minutes and centrifuged at 12,000 rpm for 10

minutes. Supernatant was transferred to new tube and dried using speed vacuum (Tomy Digi-

tal Biology, Tokyo, Japan). Metabolite samples were kept at −80˚C until further analysis. The

extraction was performed in 3 technical replications.

Metabolite identification by mass spectrometry

Metabolomic analysis was performed using Ultra-high performance liquid chromatography

(UHPLC; Agilent 1260 Quaternary pump, Agilent 1260 High Performance Autosampler and
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Agilent 1290 Thermostatted Column Compartment SL, Agilent Technologies, CA, USA) con-

nected to DuoSpray ion source electrospray ionization (ESI) quadrupole time-of-flight mass

spectrometer (Q-TOF-MS) (TripleTOF 5600+, SCIEX, US). For UHPLC separation, 0.1% for-

mic acid in water was prepared as mobile phase A and 0.1% formic acid in acetonitrile was pre-

pared as mobile phase B. Mobile phase A and B was mixed in 1: 1 ratio (v/v) for resuspending

dried metabolite samples. The solution was transferred to a liquid chromatography (LC) vial

and kept in the auto-sampler at 6˚C until analysis. Five microliters of solution was loaded into

the UHPLC and separated on a C18 reversed phase column (ACQUITY UPLC BEH, 2.1 × 100

mm, 1.7 μM, Waters). Chromatographic separation was performed at a flow rate of 0.3 mL/

min and 40˚C. Gradient elution started at 5% B and held constant for 2 min (0.0–2.0 min).

The gradient ramped to 60% B in 0.5 min (2.0–2.5 min) and to 80% B in 1.5 min (2.5–4.0

min). The gradient ramped to 100% B in 8 min (4.0–12.0 min), and held constant for 5 min

(12.0–17.0 min). The gradient returned to 5% B in 0.1 min (17.0–17.1 min) with 2.9 min re-

equilibration (17.1–20.0 min) until the next injection. Analyst Software version 1.7 (SCIEX)

was used to acquire mass ion chromatogram and mass spectra from UHPLC-Q-TOF-MS sys-

tem. Metabolomic analyses were performed in both positive (+ESI) and negative (-ESI) elec-

trospray ionization modes. Data acquisition was performed with an information-dependent

acquisition mode composed of a TOF-MS scan and 10 dependent product ion scans, utilizing

the high sensitivity mode with dynamic background subtraction. TOF-MS scans covered mass

range of m/z 100–1,000 and MS/MS ion scans covered a mass range of m/z 50–1,000. Equal

aliquots of each metabolite sample were pooled to form the quality control (QC) samples. The

QC samples were injected before, during, and after sample analysis to assess the system

performance.

Metabolite annotation with XCMS platform

Metabolomic files (.wiff and.wiff.scan) were annotated with XCMS online platform Version

3.7.1 (https://xcmsonline.scripps.edu/landing_page.php?pgcontent=mainPage) [34]. “Multi-

group” was chosen for analysis of metabolomic data from 0, 2, 4, and 8 weeks after T. spiralis
infection. Parameters for metabolite annotation included feature extraction, alignment, anno-

tation, and identification. For feature extraction, positive and negative polarity was chosen for

each set of data. Maximal tolerated m/z deviation was selected as 15 ppm and seconds peak

width was between 5 and 20. The signal/noise threshold was 6 and minimum difference in m/z

was 0.01. For alignment, allowable retention time duration was 5 second, minimum fraction

was 0.5, and width of overlapping m/z was 0.015. For annotation, error was 5 ppm, m/z abso-

lute error was 0.01, and search for isotopic features and their adduct formations. For identifica-

tion, 74 common adducts were considered for database search with 5 ppm tolerance for

database search. METLIN database was used in the process of metabolite annotation. Metabo-

lomic raw data were uploaded and available via Metabolomic Workbench [35] (Study ID:

ST002253) (http://dx.doi.org/10.21228/M8FX4R).

Exploratory data analysis

Abundance and types of metabolites from XCMS online were analyzed with Metaboanalyst

online platform version 5.0 (https://www.metaboanalyst.ca/) [36]. Regarding exploratory data

analysis, metabolomic data was analyzed with “Statistic Analysis [One factor]” module. Data

was filtered with interquartile range and normalized by quantile normalization. Data was

transformed with cube root transformation and scaled with range scaling. Multivariate analy-

sis, Partial least squares-discriminant analysis (PLS-DA), was used to visualize the separation

of data among infection timepoints. The model was validated using leave-one-out cross-
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validation (LOOCV) method, which Q2 was presented for assessing PLS-DA performance.

Heatmap was presented to show comprehensive alteration of metabolite profiles over the

course of infection, which Euclidean distance measure and Ward clustering were applied. The

analysis of variance (ANOVA) was used to identify differentially changed features, the features

with adjusted p-value less than 0.05 and fold change more than 2.

To elaborate more on chemical class of significantly changed metabolites, metabolomic

data from each timepoint was analyzed with “Enrichment Analysis” module. METLIN identi-

fication number of all significantly changed metabolites were converted to Human Metabo-

lome Database identification number (HMDB ID) for the better compatibility with the

platform. Then, metabolite IDs were searched for metabolite feature and classified according

to their super-class, main-class, and sub-class of chemical structure.

Pathway analysis

To study effects of T. spiralis infection to host’s bodies, serum metabolomic data at different time-

points were analyzed with “Pathway Analysis” module of Metaboanalyst online platform version

5.0. HMDB ID of significantly different compounds was added to the bioinformatic tools and

visualized with scatter plot. Hypergeometric test was selected for enrichment method and rela-

tive-betweeness centrality was selected for topology analysis. All compounds in the KEGG path-

way library were used for reference metabolome of mice (Mus musculus). In addition, data of

serum proteome from previous study of our group [37] was integrated into metabolomic data of

the current study. Uniprot protein ID of proteins and HMDB ID were input into “Joint Pathway-

Analysis” module of Metaboanalyst online platform version 5.0. Organism was specified to Mus
musculus and compound list was selected for metabolomic type. “All pathways (integrated)” was

selected for pathway database and hypergeometric test was used for enrichment analysis. In addi-

tion, degree centrality and combined queries were chosen for topology measure and integration

method, respectively. Afterward, data of affected pathways with p-value less than 0.05 was

retrieved from KEGG database [38]. The identified pathways and their related pathways data

from the database was used to generated interconnection maps at each timepoint.

Biomarker enrichment

Regarding biomarker enrichment, “Biomarker Analysis” module was used for analysis. Com-

pound names as well as their abundance were selected, and data was processed as performed in

exploratory data analysis. Classical univariate receiver operating characteristic (ROC) curve was

chosen for analysis. Compounds with area under the curve value more than 0.8, fold change

more than 2, and T-test less than 0.05 were considered as potential biomarkers of trichinellosis

at different time-point. Afterward, all potential metabolites were searched through human

metabolome database (The Human Metabolome Database (HMDB)– 220,945 metabolite enti-

ties: https://hmdb.ca/) [39], and mouse metabolome databases (Chemical Entities of Biological

Interest (ChEBI)– 2,987 metabolite entities: https://www.ebi.ac.uk/chebi/init.do, MetaboLights–

1,195 metabolite entities: https://www.ebi.ac.uk/metabolights/index) [40,41]. Metabolites those

did not match with entities in databases were encouraged as metabolites of parasites.

Results

Metabolite profiles of mouse serum showed changes from 2 weeks after

T. spiralis infection

After infection, T. spiralis larvae embedded themselves in skeletal muscle of all mice (S1 Fig), how-

ever, mice did not show signs of the disease. The infection did not affect general characteristics,
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behavior, food consumption, or weight of mice, indicating asymptomatic trichinellosis. In the

contrary, metabolomic analysis found changes of molecules since 2 weeks-PI.

On analysis of the sera from the four timepoints, the mass spectrometer identified 4,688 and

5,533 metabolomic features via the positive and negative mode, respectively. Both datasets were

processed and classified using supervised multivariate analysis, PLS-DA. The algorithm revealed

that features from the control group (violet dots) were clustered on the left side of the plots. Fea-

tures from 2-weeks PI (green dots) and 4-weeks PI (blue dots) largely overlapped in the middle of

the plots, while features from 8-weeks PI (orange dots) were tightly grouped on the right-hand

side (Fig 1). This finding suggested the variance of metabolites in serum of infected mice at the

different time durations. In addition, QC samples were aggregated together (yellow dots), indicat-

ing the stable state of experimental conditions. The PLS-DA cross-validation showed high Q2

value (S2 Fig), ensuring the reliability of model for classification. Accordingly, hierarchical cluster-

ing of metabolomic data from serum samples of the 4 groups was presented with heatmap (Fig 2).

The analysis showed trend of metabolite changes caused by T. spiralis infection and distinct pat-

terns of metabolite features of 2-, 4-, and 8-weeks PI from uninfected counterparts was observed.

The 2 models concordantly pointed out that T. spiralis infection had profound impact on

Fig 1. Multivariate analysis of metabolite profiles from mouse serum after T. spiralis infection, using partial least

squares-discriminant analysis (PLS-DA). Violet, green, blue, and orange dots represent data from before infection,

and 2-, 4-, and 8-weeks PI, respectively. QC samples were presented in yellow dots. PLS-DA showed good

discrimination of metabolite profiles between different timepoints of T. spiralis infection.

https://doi.org/10.1371/journal.pntd.0011119.g001
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metabolite moiety in host sera, which levels and types of affected molecules may provide some

clues on pathogenesis and potential biomarkers of trichinellosis.

At 2-weeks PI, 566 features met our criteria of significantly changed metabolites in both

modes of the mass spectrometer, including 41 increased and 525 decreased features. The levels

of 330 features had changed after 4 weeks of infection, and these included 44 increased and

286 decreased features. At 8 weeks, 418 features showed changes in their levels following T.

spiralis infection, of which 67 were increased and 351 decreased (S1 Table). The top-5

Fig 2. Heatmap analysis of serum metabolites after T. spiralis infection. X-axis represents experimental groups and

Y-axis represents metabolite features. Red and blue color indicates higher and lower relative level, respectively.

Heatmap shows dissimilar patterns of metabolite features from before infection, and 2-, 4-, and 8-weeks PI.

https://doi.org/10.1371/journal.pntd.0011119.g002
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increased and decreased putative metabolites from each timepoint are shown in Table 1. Inter-

estingly, some putative metabolites showed changes in abundance from 2-weeks PI and

throughout the remainder of the experiment; for example, hesperidin (METLIN ID: 3678),

malvidin 3-rutinoside (METLIN ID: 47143), and phosphoethanolamine (PE) (17:0/18:0)[U]

(METLIN ID: 40464). Subsequently, we filtered our data for putative metabolites whose levels

were differentially altered at all infection timepoints.

On statistical analysis, there were a total of 216 molecules whose levels were altered at all

timepoints (S3 Fig). Among the compounds with a positive charge, 182 were significantly

altered, e.g., 1α,25-dihydroxy-3α-methyl-3-deoxy vitamin D3 (METLIN ID: 42269), PE (19:0/

16:0) (METLIN ID: 40568), and cholesta-4,6-dien-3-one (METLIN ID: 41650). In addition, 34

compounds with a negative charge were significantly altered, e.g., phosphocholine (Paz-PC)

(METLIN ID: 63020) (Tables 2 and S2). To gain a better understanding of the significantly

altered metabolites, the metabolites were classified according to their chemical structure.

Lipids and lipid-related molecules were major metabolite classes enriched

in sera of T. spiralis infected mice

All significantly altered putative molecules from each timepoint were classified according to

their super-class, main-class, and sub-class chemical structure. The distribution of the metabo-

lites was relatively similar among chemical classes. At super-class structure, the top-3 classes of

metabolites at all timepoints were lipids and lipid-like molecules, glycerophospholipids, and

fatty acyls (Fig 3A and S3 Table). Accordingly, Glycerophosphoserines, Glycerophospholipids,

and Fatty Acyls were the top-3 metabolite classes from main-class enrichment (Fig 3B and S3

Table). The top-3 metabolite classes from sub-class enrichment were Diacylglycerophospho-

serines, Fatty alcohols, and Oxysterols (Fig 3C and S3 Table). Interestingly, lipids and lipid-

related molecules was the predominant class of putative metabolites identified, especially for

glycerophospholipid species. Percentage of glycerophospholipids increased with deeper struc-

ture enrichment (Fig 3, red brackets). Moreover, enrichment became significant for many

molecules, for example, glycerophosphoserines, glycerophosphocholines, ether lysophosphati-

dylcholines. The abundances of glycerophospholipids and other lipid molecules were

undoubtedly higher than that of the other classes of molecules, indicating the impact of infec-

tion on lipid moiety. We took this finding into account in our further analysis of affected path-

ways and biomarker identification.

Glycerophospholipid metabolism was the major pathway altered

throughout T. spiralis infection

On analysis of the metabolomic data, only a few pathways were highlighted as being affected at

all timepoints. At 2-weeks PI, glycerophospholipid metabolism, linoleic acid metabolism, and

alpha-linoleic acid metabolism were the top-3 pathways with the lowest p-values (Fig 4A and

S4 Table). In addition, neomycin, kanamycin, and gentamicin biosynthesis, starch and sucrose

metabolism, and inositol phosphate metabolism were the top-3 pathways at 4-weeks PI (Fig 4B

and S4 Table). At 8-weeks PI, the top-3 pathways were glycerophospholipid metabolism, ara-

chidonic acid metabolism, and linoleic acid metabolism (Fig 4C and S4 Table).

To provide more comprehensive view of pathway analysis, we collected proteomic data

from our previous study [37] and combined with current metabolomic data. Differentially

expressed protein list of each infection duration was added to corresponding significantly

altered metabolite list, then performed pathway analysis. The analysis of the combined proteo-

mic and metabolomic data highlighted more affected pathways and with better confidence

than the metabolomic data alone. At 2-weeks PI, glycerophospholipid metabolism, African
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Table 1. Top-5 putative metabolites from each time-point after T. spiralis infection (ranked by fold change).

No. Median

M/Z

Median

Retention

time

(Minute)

Fold

change

Adjusted

p-value

Ionization

mode

Putative metabolite METLIN

ID

Chemical

formula

Ion

adducts

Mass

error

(ppm)

2 weeks PI

- Increased putative metabolites

1 202.18 1.03 15.74 2.81E-07 Positive 11-amino-undecanoic acid 35923 C11H23NO2 M+H 0

2 735.54 0.19 6.07 0.006025 Positive N-(15Z-tetracosenoyl)-4E,6E-

tetradecasphinga dienine-

1-phosphoethanolamine (PE-Cer(d14: 2

(4E,6E)/24:1 (15Z))

103076 C40H77N2O6P M+Na 4

3 734.56 12.58 3.40 8.52E-07 Positive 1-heptadecanoyl-2-octadecanoyl-sn-

glycero-3-phosphoethanolamine (PE(17:0/

18:0)[U])

40464 C40H80NO8P M+H 1

4 804.57 13.24 3.40 0.002712 Negative 1-octadecanoyl-2-nonadecanoyl-sn-

glycero-3-phosphoserine (PS(18:0/19:0)

[U])

40822 C43H84NO10P M-H 2

5 577.51 18.61 2.36 0.000256 Positive Cohibin C 90691 C37H68O4 M+H 1

- Decreased putative metabolites

1 151.02 1.00 -12.64 1.69E-09 Negative Xanthine 82 C5H4N4O2 M-H 1

2 633.17 7.05 -7.94 0.049853 Positive Hesperidin 3678 C28H34O15 M+Na 0

3 661.17 7.05 -5.87 0.002808 Positive Malvidin 3-rutinoside 47143 C29H34O16 M+Na 1

4 651.44 10.74 -5.20 0.000181 Positive Muricoreacin 88170 C35H64O9 M+Na 4

5 137.04 1.03 -4.97 7.42E-05 Positive Hypoxanthine 83 C5H4N4O M+H 1

4 weeks PI

- Increased putative metabolites

1 735.54 0.19 4.04 0.006025 Positive N-(15Z-tetracosenoyl)-4E,6E-

tetradecasphinga dienine-

1-phosphoethanolamine (PE-Cer(d14: 2

(4E,6E)/24:1 (15Z)))

103076 C40H77N2O6P M+Na 4

2 259.02 1.41 2.90 1.00E-04 Negative D-Glucose 6-phosphate 145 C6H13O9P M-H 1

3 734.56 12.58 2.89 8.52E-07 Positive 1-heptadecanoyl-2-octadecanoyl-sn-

glycero-3-phosphoethanolamine (PE(17:0/

18:0)[U])

40464 C40H80NO8P M+H 1

4 804.57 13.24 2.88 0.002712 Negative 1-octadecanoyl-2-nonadecanoyl-sn-

glycero-3-phosphoserine (PS(18:0/19:0)

[U])

40822 C43H84NO10P M-H 2

5 577.51 18.61 2.81 0.000256 Positive Cohibin C 90691 C37H68O4 M+H 1

- Decreased putative metabolites

1 113.02 0.99 -10.13 8.91E-04 Negative Pteridine 5807 C6H4N4 M-H2O-H 2

2 633.17 7.05 -7.54 0.049853 Positive Hesperidin 3678 C28H34O15 M+Na 0

3 330.07 1.02 -7.51 0.031704 Negative Sanguinarine 44023 C20H13NO4 M-H 2

4 661.17 7.05 -4.48 0.002808 Positive Malvidin 3-rutinoside 47143 C29H34O16 M+Na 1

5 559.36 14.42 -4.04 0.00268 Negative Vitamin D3 glucosiduronate 42536 C33H52O7 M-H 0

8 weeks PI

- Increased putative metabolites

1 735.54 0.19 3.59 0.006025 Positive N-(15Z-tetracosenoyl)-4E,6E-

tetradecasphinga dienine-

1-phosphoethanolamine (PE-Cer(d14: 2

(4E,6E)/24:1 (15Z)))

103076 C40H77N2O6P M+Na 4

2 366.30 8.77 2.66 0.014468 Positive N-cis-octadec-9Z-enoyl-L-Homoserine

lactone

64727 C22H39NO3 M+H 0

(Continued)
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trypanosomiasis, and the complement and coagulation cascades were the top-3 pathways with

highest impact and p-values of less than 0.05 (Fig 4D and S4 Table). Thiamine metabolism,

type II diabetes mellitus, and primary bile acid biosynthesis were the top-3 affected pathways

in sera of mice infected for 4 weeks (Fig 4E and S4 Table). At 8-weeks PI, the top-3 affected

pathways were glycerophospholipid metabolism, arachidonic acid metabolism, and retrograde

endocannabinoid signaling (Fig 4F and S4 Table). Additionally, the interconnection map was

generated between affected pathways and their related counterparts to visualize the connection

(S4 Fig). At all timepoints, most of identified pathways were connected directly or indirectly

via their related pathways. These interconnections provided overview of consequences

occurred from T. spiralis infection to host’s body.

Among all affected pathways, the glycerophospholipid metabolism pathway was presented

at all infection timepoints and had a high pathway impact and low p-value in both the metabo-

lomic data alone and combined proteomic and metabolomic data analysis, especially at 2- and

8-weeks PI. Glycerophospholipids are a class of lipid species that are essential components of

cell membranes and play vital roles in immune responses to infection. Changes in the levels of

glycerophospholipids and other lipid classes may influence symptoms of disease and can be

used as biomarkers for diagnosis. Therefore, we further explored the diagnostic potential of

these lipid species with ROC curve analysis.

Glycerophospholipid species, especially phosphatidylserines, were

identified as potential biomarkers of trichinellosis

All altered putative metabolites were further analyzed for their biomarker potential using ROC

analysis. There were 244 molecules with area under the curve (AUC) values of more than 0.8,

fold changes more than 2, and T-test p-values of less than 0.05 (S5 Table). On integrating the

metabolite classification and pathway analysis findings, 44 glycerophospholipid species were

highlighted as potential biomarkers of trichinellosis. The glycerophospholipids with the high-

est AUC values and lowest p-values are shown in Fig 5, and the levels of the infected group

were clearly different from those of the uninfected group. Notably, phosphatidylserine species

were the main class of glycerophospholipids highlighted for biomarker selection. Thus, glycer-

ophospholipids, especially phosphatidylserine, are an interesting class of metabolites showing

potential as markers for the detection of T. spiralis infection.

Table 1. (Continued)

3 734.56 12.58 2.65 8.52E-07 Positive 1-heptadecanoyl-2-octadecanoyl-sn-

glycero-3-phosphoethanolamine (PE(17:0/

18:0)[U])

40464 C40H80NO8P M+H 1

4 786.59 14.14 2.60 0.017015 Positive Dioleoylphosphatidylcholine 5572 C44H84NO8P M+H 1

5 786.59 10.26 2.55 0.004116 Positive 1-hexadecanoyl-2-(11E,14E-

eicosadienoyl)-sn-glycero-

3-phosphocholine (PC(16:0/20:2(11E,

14E))[U])

39360 C44H84NO8P M+H 2

- Decreased putative metabolites

1 151.02 1.00 -24.73 1.69E-09 Negative Xanthine 82 C5H4N4O2 M-H 1

2 633.17 7.05 -8.07 0.049853 Positive Hesperidin 3678 C28H34O15 M+Na 0

3 661.17 7.05 -7.25 0.002808 Positive Malvidin 3-rutinoside 47143 C29H34O16 M+Na 1

4 330.07 1.02 -5.77 0.031704 Negative Sanguinarine 44023 C20H13NO4 M-H 2

5 664.42 9.93 -4.87 4.38E-05 Negative 1-dodecanoyl-2-pentadecanoyl-glycero-

3-phosphoserine (PS(12:0/15:0))

77711 C33H64NO10P M-H 1

https://doi.org/10.1371/journal.pntd.0011119.t001
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Table 2. Top 15 putative metabolites from all time-points after T. spiralis infection (ranked by adjusted p-value those had fold change ± 2.0).

No. Median

M/Z

Median

Retention

time

(Minute)

Fold change Adjusted

p-value

Ionization

mode

Putative metabolite METLIN

ID

Chemical

formula

Ion

adducts

Mass

error

(ppm)
2

weeks

4

weeks

8

weeks

1 415.36 14.61 -3.95 -3.52 -4.00 8.52E-07 Positive 1α,25-dihydroxy-3α-methyl-

3-deoxy vitamin D3

/1α,25-dihydroxy-3α-methyl-

3-deoxycholecalciferol

42269 C28H46O2 M+H 0

2 734.57 12. 58 3.40 2.89 2.65 8.52E-07 Positive 1-nonadecanoyl-2-hexadecanoyl-

sn-glycero-

3-phosphoethanolamine (PE(19:0/

16:0))

40568 C40H80NO8P M+H 1

3 667.44 9.83 -3.17 -2.63 -3.60 6.83E-06 Positive 1-(9Z-tetradecenoyl)-2-

(5Z,8Z,11Z,14Z-eicosatetraenoyl)-

glycero-3-phosphate (PA(14:1

(9Z)/20:4(5Z,8Z,11Z,14Z)))

81295 C37H63O8P M+H 5

4 809.57 10.79 -3.27 -2.22 -3.50 9.79E-06 Positive 1-octadecyl-2-

(4Z,7Z,10Z,13Z,16Z,19Z-

docosahexaenoyl)-glycero-

3-phospho-(1’-sn-glycerol) (PG

(O-8:0/22:6(4Z,7Z,10Z,

13Z,16Z,19Z)))

79894 C46H81O9P M+H 4

5 383.33 15.87 -4.01 -3.80 -2.58 1.17E-05 Positive Cholesta-4,6-dien-3-one 41650 C27H42O M+H 0

6 666.43 9.83 -4.69 -3.33 -4.58 1.70E-05 Positive 1-dodecanoyl-2-pentadecanoyl-

glycero-3-phosphoserine (PS(12:0/

15:0))

77711 C33H64NO10P M+H 2

7 538.42 12.40 -2.32 -2.56 -2.13 2.34E-05 Positive 1-decyl-2-decyl-sn-glycero-

3-phosphocholine (PC(O-10:0/O-

10:0)[U])

40181 C28H60NO6P M+H 1

8 788.54 13.61 -3.20 -2.23 -3.31 2.48E-05 Positive 1,2-di-(9Z-octadecenoyl)-sn-

glycero-3-phosphoserine (PS(18:1

(9Z)/18:1(9Z))[U])

40798 C42H78NO10P M+H 1

9 571.43 15.87 -3.95 -3.19 -2.63 4.29E-05 Positive 1-tridecanoyl-2-(9Z,12Z,15Z-

octadeca trienoyl)-sn-glycerol (DG

(13:0/18:3(9Z, 12Z,15Z)/0:0)[iso2])

98380 C34H60O5 M+Na 2

10 664.42 9.93 -4.64 -3.12 -4.87 4.38E-05 Negative 1-O-hexadecanoyl-2-O-

(9-carboxyoctano yl)-sn-glyceryl-

3-phosphocholine (PAz-PC)

63020 C33H64NO10P M-H 1

11 788.54 13.36 -3.55 -2.37 -3.35 5.99E-05 Positive 1,2-di-(9Z-octadecenoyl)-sn-

glycero-3-phosphoserine (PS(18:1

(9Z)/18:1(9Z)))

40815 C42H78NO10P M+H 1

12 617.51 19.66 2.16 2.79 2.01 8.13E-05 Positive 1-(11E-octadecenoyl)-

2-hexadecanoyl-sn-glycerol (DG

(18:1(11E)/16:0/0:0))

4258 C37H70O5 M+Na 1

13 790.55 11.59 -4.44 -3.12 -3.60 8.13E-05 Positive 1-(9Z-octadecenoyl)-

2-octadecanoyl-sn-glycero-

3-phosphoserine (PS(18:1(9Z)/

18:0)[U])

C42H80NO10P M+H 1

14 399.32 13.09 -2.89 -2.48 -2.31 1.22E-04 Positive (22E)-1α-hydroxy-

22,23-didehydrovitamin D3 /

(22E)-1α-hydroxy-

22,23-didehydro cholecalciferol

42087 C27H42O2 M+H 1

15 772.54 14.55 -3.63 -2.29 -3.58 1.22E-04 Positive 1-octadecyl-2-(6Z,9Z,12Z-

octadecatrieno yl)-glycero-

3-phosphoserine (PS(O-18:0/ 18:3

(6Z,9Z,12Z)))

78676 C42H78NO9P M+H 1

https://doi.org/10.1371/journal.pntd.0011119.t002
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To explore whether the potential phospholipid markers originated from nematodes, all

highlighted metabolites were searched against publicly available human and mouse metabo-

lome databases. From a total of 44 potential lipid markers, 10 metabolites matched entities in the

Fig 3. Enrichment of metabolite classes from serum of T. spiralis-infected mice at different timepoints. (A) Enrichment by super-class chemical structure.

(B) Enrichment by main-class chemical structure. (C) Enrichment by sub-class chemical structure. Red brackets indicated glycerophospholipid species.

https://doi.org/10.1371/journal.pntd.0011119.g003

Fig 4. Pathway analysis of metabolomic data and integrated proteomic and metabolomic data (A) Metabolomic data for 2-weeks PI; (B) Metabolomic data

for 4-weeks PI; (C) Metabolomic data for 8-weeks PI; (D) Combined proteomic and metabolomic data for 2-weeks PI; (E) Combined proteomic and

metabolomic data for 4-weeks PI; (F) Combined proteomic and metabolomic data for 8-weeks PI. Among all identified pathways, glycerophospholipid

metabolism pathway was significantly presented at 2-, and 8-weeks PI with high pathway impact. The pathway analysis highlights glycerophospholipid

metabolism as the potential pathway involving with trichinellosis.

https://doi.org/10.1371/journal.pntd.0011119.g004
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databases, indicating that these compounds might have been synthesized by the hosts. Interest-

ingly, six glycerophospholipid species were not identified in human or mouse databases and sig-

nificantly increased following T. spiralis infection: phosphatidylethanolamine (PE) (19:0/16:0)

(METLIN ID: 40568), Ceramide phosphoethanolamines (PE-Cer) (d14:2(4E,6E)/24:1(15Z))

(METLIN ID: 103076), PE-Cer (d14:1(4E)/22:0(2OH)) (METLIN ID: 103101), PS (18:0/19:0)[U]

(METLIN ID: 40822), phosphatidic acid (PA) (O-16:0/21:0) (METLIN ID: 82161), and phosphati-

dylglycerol (PG) (19:0/22:2(13Z,16Z)) (METLIN ID: 79302) (S6 Table). We hypothesized that

these glycerophospholipids were secreted by parasites into the host circulation. Our study strongly

suggests these molecules are potential markers of trichinellosis.

Discussion

The disease trichinellosis is one of the most neglected by the public and scientific community.

More than 10,000 people are reported as having this disease every year [2], but studies devoted

to this helminthic infection are markedly rare when compared with those for other parasites.

The two main gaps in trichinellosis research are an understanding of the molecular impacts of

the parasites on the host and the discovery of precise biomarkers for diagnosis. In our study,

we used a metabolomic approach to elucidate the pathways affected by the parasites and to

select potential serum biomarkers detectable 2 weeks after infection. Mice were infected with

T. spiralis, and their serum samples were collected before and 2, 4, and 8 weeks after infection.

Metabolomics was used to identify changes to the levels of serum molecules after infection,

and bioinformatic tools were used to pinpoint molecules with biomarker potential. Our study

Fig 5. Glycerophospholipid species that are potential biomarkers of early trichinellosis according to metabolomic analysis (A) PE (19:0/16:0); (B) PG

(O-18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)); (C) PS (O-18:0/18:3(6Z,9Z,12Z)); (D) PS (12:0/15:0); (E) PS (18:1(9E)/18:1(9E))[U]; (F) PS (18:1(9Z)/18:1(9Z)); (G)

PS(18:2(9Z,12Z)/18:0)[U]; (H) PS (18:1(9Z)/18:1(9Z)) [U]. � p-value< 0.01.

https://doi.org/10.1371/journal.pntd.0011119.g005
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highlighted a group of glycerophospholipids as potential markers for trichinellosis, as their lev-

els were constantly changed since the early stage and throughout the infection.

Metabolomic analysis revealed 566, 330, and 418 significantly altered metabolites from 2-,

4-, and 8-weeks PI, respectively. Changes in the levels of metabolites are usually a consequence

of endogenous and environmental factors [27], and in this case, the cause was T. spiralis infec-

tion. At 2-weeks PI, newborn larvae migrate from the small intestine to invade the host circula-

tion and, from there, other tissues [42]. Invasion by the parasites triggers immunological

reactions and inflammation in the affected organs [43]. During this period, we found reduc-

tions in the levels of two compounds involved in inflammatory processes of the host, namely

xanthine (METLIN ID: 82) and hypoxanthine (METLIN ID: 83) (Table 1). Xanthine and

hypoxanthine are molecules that participate in purine metabolism, i.e., the catalysis of hypo-

xanthine to xanthine and later to uric acid, which induces inflammation through the produc-

tion of reactive oxygen species [44]. Interestingly, alterations in xanthine and hypoxanthine

levels have been observed in studies of other infectious diseases [45], especially helminthic

infections [46,47]. At 4-weeks PI, the enteric phase diminishes, and larvae embed themselves

in striated muscle and other organs of the host, at which point patients show signs of entering

the parenteral phase, e.g., muscle pain, periorbital edema, eosinophilia, etc. [42]. During this

time, we found a reduction in hesperidin levels (METLIN ID: 3678) (Table 1), a compound

that is related to oxidative stress and the inflammation of muscle. Hesperidin is a flavonoids

class compound with anti-inflammatory properties and can induce muscle function through

the stimulation of myosin-light chain phosphorylation [48]. Interestingly, a previous study

showed hesperidin supplementation increased ATP production and reduced oxidative stress

in muscle both in vitro and in mouse model [49]. Reductions in the amount of compounds

with muscle-protective effects may be a consequence of helminthic invasion. In addition,

decreased levels of pteridine (METLIN ID: 5807) (Table 1), a compound with fused pyrimidine

and pyrazine rings [50], was observed. A derivative of pteridine, neopterin, is considered a

macrophage-activation marker and is a proposed biomarker for African trypanosomiasis and

leishmaniasis [29,51,52]. There is a possibility that pteridine is also involved in parasitic infec-

tion. At 8-weeks PI, all clinical manifestations usually disappear, leading to a chronic Trichi-
nella infection that patients may not be aware of [42]. Alterations in the metabolites at this

timepoint were similar to the changes seen at 2- and 4-weeks PI. Changes in the levels of xan-

thine, hesperidin, and pteridine were seen, indicating that not all impacts of infection were

abolished, despite the absence of clinical symptoms.

When we considered those metabolites showing changes in their levels at all timepoints,

most were glycerophospholipids. This finding correlated well with the metabolite classifica-

tions that showed glycerophospholipid species were one of the major metabolite classes. To

elaborate on the pathways affected by T. spiralis infection, we performed pathway analysis with

metabolomic data alone, as well as metabolomic data from this study integrated with proteo-

mic data from a previous study by our group [37]. Changes in level of metabolites and proteins

would fundamentally affect pathways and lead to impaired functions, reflecting molecular

mechanism in the organism [53,54]. Integration of proteomic to metabolomic data increased

the number and confidence of the identified pathways dramatically. A total of 60 biological

pathways were enriched for the differentially expressed proteins and metabolites. Interestingly,

some enriched pathways play regulatory roles in the progression of disease, e.g., retrograde

endocannabinoid signaling and arachidonic acid metabolism (Fig 4 and S4 Table), both of

which take part in inflammatory processes, a pathological consequence of larval embedding in

muscle fibers [43,55,56]. During muscle invasion, host immunity attacks the parasites with

many mechanisms, such as antibody production and the secretion of nitric oxides [43]. Trichi-
nella larvae limit damage by modulating host immunity with their ES products. Yang et al.
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found that intraperitoneal injection of ES vesicles from T. spiralis effectively ameliorated colitis

in mice. Their findings were confirmed in further histopathologic inspections and measure-

ments of inflammatory cytokine levels [57]. Similarly, Gao et al. found that ES vesicles inhib-

ited the expression of pro-inflammatory cytokines and regulated signaling pathways of

inflammatory cytokines in inflamed tissue [58]. Hypothetically, ES vesicles carry numerous

immunomodulatory molecules, e.g., proteins and miRNAs [57,58]. There is a possibility that

EVs of T. spiralis contain anti-inflammatory compounds, as was previously reported for viral

infection [59]. Noteworthy, some pathways, for examples, neomycin, kanamycin, and genta-

micin biosynthesis, GnRH secretion, etc. seemed less related to trichinellosis. The interconnec-

tion maps depicted links between those pathways with others, revealed possibility that they

might involve in disease progression (S4 Fig). Moreover, some metabolites or proteins in those

pathways was found related with parasitic diseases. For example, D-Glucose 6-phosphate

(METLIN ID: 145) in neomycin, kanamycin, and gentamicin biosynthesis pathway might

associated to Schistosoma fluke biology [60]. These findings indicate reliability in biological

significance of the pathway analysis.

Glycerophospholipid metabolism was one of the pathways enriched with high confidence

(Fig 4). After combining the metabolite classification and pathway analysis findings, we

hypothesized that glycerophospholipids may play some roles in trichinellosis development.

Glycerophospholipids are composed of a phosphate-bound glycerol molecule and alcohol

esterified with an organic molecule, such as choline or serine, and examples of glyceropho-

spholipids include phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidyl-

serine (PS), phosphatidylinositol (PI), and phosphatidylglycerol (PG). Glycerophospholipids

are major constituents of cell membranes and are involved in signal transduction [61]. Nema-

tode worms contain only 471 putative genes in lipid metabolism processes, dramatically less

than those of mammals [62]. As a consequence, worms cannot de-novo synthesize long-chain

fatty acids and sterols, which are the major building block for many lipid molecules, including

glycerophospholipid. The source of the glycerophospholipids is therefore, theoretically, the

host system [63]. Interestingly, Mangmee et al. found that glycerophospholipids comprise the

major class of lipid moieties in the muscle stage of T. papuae [64]. We hypothesized that the

nematodes consumed glycerophospholipid species from the circulation of the host, causing

the alterations in these lipid groups observed in our metabolomic results. Alterations in the

levels of molecules of glycerophospholipid metabolism pathways have been previously

reported for S. japonicum infections [65,66]. These findings provide hints on the impact of hel-

minth infection on glycerophospholipid levels in patient sera and candidates for biomarker

discovery for trichinellosis. However, glycerophospholipids are complex molecules containing

a variety of fatty acids, and further studies are needed to confirm the specificity of certain types

of glycerophospholipids to this helminthic infection.

Metabolomics is a powerful tool for compound-based biomarker screening. In parasitic

research, a number of research groups have performed metabolomic profiling to discover

markers of infection. Globisch, et al. used metabolomics to discover biomarkers of O. volvulus
infection, which they found a metabolite, N-acetyltyramine-O,β-glucuronide, that was signifi-

cantly increased in urine of patients and could distinguished onchocerciasis from other hel-

minthic infection [67,68]. Interestingly the lateral flow test developed from this metabolite had

85% accuracy, comparable to the standard antibody-based method. Addition to high accuracy,

metabolite-based test can distinguish present and past infection [69]. Unfortunately, there

have been no metabolomic study of attempts to find biomarkers for trichinellosis as yet. With

ROC analysis, 244 features were selected as possible biomarkers, and approximately 17% of

these were glycerophospholipids (S5 Table). Glycerophospholipids have been proposed as bio-

markers for several diseases, including cancer [70,71], metabolic syndrome [72], asthma [73],
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etc. However, only a few reports have mentioned glycerophospholipids as potential markers of

parasitic helminthic infection. Wewer et al. reported the accumulation of PE in nodular fluid

on the skin of Onchocerca ochengi-infected cattle. They hypothesized that the nematodes

secreted this glycerophospholipid species into the skin nodules, which perhaps leaked into the

host circulation. However, they found very low amounts of PE in the host circulation. The PE

molecules identified from nodular fluid were below the detection limit for mass spectrometry

analysis of serum samples. Their study suggested that more sensitive techniques would be

required for studying PE as a potential biomarker for onchocerciasis [74]. Adebayo et al. stud-

ied serum and urine metabolite profiles to identify biomarkers of S. haematobium infection,

and they found a reduction in PC and PE levels in patients with advanced urinary pathology.

They hypothesized that alterations to these molecules and their metabolism plays significant

roles in the development of bladder lesions. They also proposed these metabolites could be

used as biomarkers for urinary schistosomiasis [75]. In the present study, PS molecules were

the most abundant glycerophospholipids identified in the ROC analysis, and almost all their

abundances decreased after T. spiralis infection. Interestingly, Retra et al. compared a variety

of glycerophospholipids present on the tegument of S. mansoni with those on hamster red

blood cells to identify unique lipid species on the parasite surface. Their study found that PS

were the most abundance species on the Schistosoma tegument. Furthermore, some PS were

clearly present on the parasite membrane but rarely occurred on host cell membranes, indicat-

ing the possibility of using PS species for the diagnosis of parasitic helminth infections [76].

Notably, two PS species identified in the present study, PS (18:1(9Z)/18:2(9Z,12Z))[U]

(METLIN ID: 40803) and PS (18:2(9Z,12Z)/18:0)[U] (METLIN ID: 40817), were found in the

study by Retra et al. This coincidence may reflect the importance of PS alterations in parasitic

infections.

In addition to glycerophospholipids, 44 other molecules were screened against human and

mouse metabolome databases with the aim of pinpointing nematode-derived molecules pres-

ent in the host circulation. We found only 10 molecules that were present in the human data-

base, and no molecules matched with entities in the mouse databases. The human metabolome

database (HMDB) contains 220,945 registered metabolites [39]. In contrast, the mouse meta-

bolome databases, ChEBI and Metabolight, contain only 2,987 and 1,195 entities, respectively.

We hypothesized that the notable difference in the numbers of registered metabolites is the

main reason that no mouse database metabolites matched to our findings, especially the mole-

cules with high diversity like glycerophospholipids. The six glycerophospholipid species that

had significantly raised levels after infection and were not present in the human and mouse

databases were assumed to be parasite-secreted metabolites. The six molecules have never

been reported in any study of parasitic infections; therefore, we proposed these molecules may

represent novel markers for T. spiralis infection.

Though our study successfully identified potential affected pathways from Trichinella infec-

tion and putative metabolites for biomarker development, there are some clear limitations

remain. Firstly, this is a small-scale study. We used many statistical analyses to verify our find-

ings, however, quantification of proposed metabolites in clinical samples are needed to validate

diagnostic potential of markers from this study. Secondly, the differences between human and

mouse biological pathways. Even though all mammals share the same de novo glycerophospho-

lipid production mechanism, the Kennedy pathway [61]. The variability of glycerophospholi-

pid species can occur due to differences in food, activity, and basic physiology between

humans and mice. These issues should be taken for consideration in further biomarker

development.

In conclusion, we successfully studied alterations in metabolites at three timepoints during

T. spiralis infection of a mouse model. Our metabolomic findings indicated that
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glycerophospholipid metabolism was the major pathway affected by the infection. The ROC

analysis revealed most of the highlighted compounds were of the PS class, and changes to these

molecules might be used to determine the presence of infection. In addition, all glyceropho-

spholipids identified from the ROC analysis were searched against human and mouse metabo-

lome databases, and six metabolites were speculated to be parasite-secreted compounds and

thus considered potential trichinellosis markers. Our findings provide a foundation for the

development of lipid-based biomarkers for Trichinella infection. Following validation with

large set of patient’s serum samples, the markers can used for disease detection, especially at

the early infection. The development would aid trichinellosis diagnosis, which help reducing

loss and death from the disease.

Supporting information

S1 Fig. T. spiralis larvae in skeletal muscle under light microscope. (A) T. spiralis larvae in

skeletal muscle of infected mice at 8-weeks PI (100X). (B) T. spiralis larvae in skeletal muscle of

infected mice at 8-weeks PI (400X). (C) T. spiralis larvae extracted from skeletal muscle (40X).

(TIF)

S2 Fig. PLS-DA model cross-validation plot using leave-one-out cross-validation

(LOOCV) method. The validation method shows cumulative values of R2 = 0.9975 and Q2 =

0.95387 for 5 components. This cross validation indicates good prediction and less likely for

model overfitting.

(TIF)

S3 Fig. Venn diagram showing alterations in serum metabolites after T. spiralis infection.

Green, blue, and orange circles represent differential metabolites at 2-, 4-, and 8-weeks PI,

respectively.

(TIF)

S4 Fig. Interconnection of identified pathways from pathway analysis and their related path-

ways according to KEGG database. (A) Interconnection generated from integrated pathway analy-

sis of data from 2-weeks PI. (B) Interconnection generated from integrated pathway analysis of data

from 4-weeks PI. (C) Interconnection generated from integrated pathway analysis of data from

8-weeks PI. Red nodes represent identified pathways. Gray nodes represent related pathways. Only

pathways with interconnections are presented. Many identified pathways are linked directly or indi-

rectly via the same related pathways, indicating profound effects of infection to host body.

(TIF)

S1 Table. Number of significantly changed metabolomic features in each timepoint.

(DOCX)

S2 Table. Significantly altered putative metabolites after T. spiralis infection by ANOVA

analysis (Adjusted p-value <0.05).

(CSV)

S3 Table. Percentage and enrichment p-value of significantly changed metabolites in each

timepoint.

(DOCX)

S4 Table. List of pathways those were affected by T. spiralis infection.

(XLSX)

S5 Table. List of potential biomarkers of trichinellosis from metabolomic analysis.

(XLSX)
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S6 Table. Potential glycerophospholipid markers those were not identified from human

and mouse databases.
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