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Abstract: Toxocariasis is a zoonotic disease affecting humans that is predominantly caused by
Toxocara canis and T. cati, primarily parasites of dogs and cats, respectively. Toxocara generally
establishes long-term infections by co-opting its host’s physiological processes, while at the same
time exploiting the nutritional environment. Adult stage T. canis reside in the gut of the definitive
canine host where they employ a suite of strategies to combat intestinal immune responses by actively
producing and releasing excretory-secretory products (ESPs). The protein component of T. canis
ESPs has been widely studied, but characterisation of the non-protein ESP complement remains
neglected. To characterize the secreted metabolome of Toxocara ESPs and to shed light on the parasite’s
metabolic processes, we profiled the ESPs of T. canis using both gas chromatography (GC) and liquid
chromatography (LC) mass spectrometry approaches. We successfully identified 61 small molecules,
including 41 polar metabolites, 14 medium-long chain fatty acids (MLCFAs) and six short chain fatty
acids (SCFAs). We identified talose, stearic acid and isovalerate as the major compounds belonging
to the polar, MLCFA and SCFA chemical classes, respectively. Most of the 61 identified metabolites
appear to have been produced by T. canis via three distinct metabolic pathways - fatty acid, amino acid
and carbohydrate metabolism. The majority of the identified ESPs have known biological properties,
especially as immunomodulators. However, there is limited/no information on the biological roles
or applications of 31 ESP biomolecules, suggesting that these may have novel activities that merit
further investigation.

Keywords: helminths; gastrointestinal nematode; Toxocara canis; toxocariasis; excretory-secretory
products; small molecules; metabolomics

1. Introduction

Soil-transmitted helminths (STHs) infect and adversely affect billions of people and animals
worldwide [1]. One of the most widespread public health and economically important zoonotic
STH infections is toxocariasis. The clinical syndromes associated with human toxocariasis include
visceral larva migrans, ocular larva migrans and covert toxocariasis [2]. Covert toxocariasis is most
frequently found in children and the clinical symptoms include fever, headaches, abdominal pain,
cervical lymphadenitis and hepatomegaly. On the other hand, patients with visceral larva migrans are
mostly asymptomatic, while patients with ocular larva migrans may have chronic inflammation and
permanent eye damage [3]. Toxocara canis and T. cati are parasites of dogs and cats, respectively, but
can accidentally infect humans and are the most common causes of human toxocariasis [4]. Although
human toxocariasis remains primarily a soil-transmitted zoonosis, cases of infection occurring after
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playing with pet animals, consumption of contaminated raw vegetables, geophagia (eating soil or sand)
or consumption of undercooked meat or offal from potential paratenic homeotherm hosts have been
identified as possible risk factors for acquiring toxocariasis [5-9]. For these reasons, toxocariasis has
been reported in both developed and developing countries, with tropical regions being the hotspots of
this infection [2]. For example, human seroprevalance of toxocariasis in European countries (France,
the Czech Republic and Austria) ranges from 2 to 44%, with higher values in rural areas, whereas more
than 63% (Indonesia) to 93% (La Reunion) seroprevalence has been reported in less developed tropical
countries [10]. The wide distribution and seroprevalence estimates for human toxocariasis worldwide
is beginning to raise considerable public health concerns. It calls for increased efforts to understand
Toxocara parasites and improved measures to prevent the adverse health effects of toxocariasis [11].

Over the past decade, significant progress has been made in understanding the genomics,
transcriptomics, proteomics and molecular biology of T. canis [11-15]. During infection, the ingested
Toxocara eggs containing infective larvae of T. canis penetrate the small intestinal wall of the host and
migrate through the circulatory system to various organs including the liver, lungs, central nervous
system, and other tissues [11]. The infective larval stage has an extraordinary ability to survive for many
years in the tissues of diverse vertebrate species, as well as to develop to maturity within the intestinal
tract of its preferred canid host. The survival of T. canis in the host can be attributed to the synthesis
and release of excretory-secretory products (ESPs) that are required by: (i) infective larval stage for
tissue penetration, migration, feeding and modulation of host immunity; and (ii) adult stage worms
for establishing chronic infection in the definitive host gastrointestinal tract. T. canis employs multiple
molecular and physical strategies to manipulate and evade the immune system, including the formation
and constant turnover of a specialised mucin-rich surface coat on the larva’s epicuticle that can shed
when under immune attack and enable the parasite to evade host immune responses [16]. The antigenic
ESPs released by T. canis infective stage under in vitro culture conditions are used for serodiagnosis
(enzyme-linked immunosorbent assay) of human toxocariasis [11]. Proteomic analysis of the antigenic
ESPs of T. canis infective larval stage has resulted in the identification of 19 proteins [12], of which a
family of secreted mucin-like glycoproteins bearing multiple glycan side-chains is predominant [17].
Adult T. canis ESPs, on the other hand, consist of 870 detectable proteins [13].

While the proteinaceous ESP components are well characterised from the ESPs of the infective larval
and adult stages of T. canis, there is a significant knowledge gap with regard to the non-proteinaceous
small biomolecules in the ESP complement. To devise effective control and treatment strategies
for Toxocara infection, it is important to comprehensively study the entire molecular ESP content
to better understand the profile and characteristics of the compounds, and how T. canis infects
and manipulates its host. Indeed, it is already known that the O-glycans are produced by the
infective stages of Toxocara species [18,19]. In a closely related human roundworm, Ascaris lumbricoides,
compounds such as ecdysones facilitate moulting, while dimethylheptatriacontanes are involved
in sexual communication [20]. Similarly, it is likely that T. canis also produces small biomolecules
responsible for specific biological functions and may have distinct roles in signalling, inflammation,
tissue invasion and immune suppression. Identifying the small biomolecules from the infective
larval and adult stages of T. canis ESPs could lead to improved insights into its metabolism, survival
and competition mechanisms [21]. These advances could accelerate the development of effective
diagnostic tools and anti-parasitic drugs to combat Toxocara infections. Indeed most drugs used to treat
infectious diseases exploit fundamental differences between the host’s and pathogen’s metabolism by
differentially targeting those enzymes in the pathogen that are absent or highly divergent from those
found in the host [22,23]. Understanding key Toxocara ESP compounds will be crucial to developing
new and effective anti-parasitic drugs. In this regard, metabolomics techniques offer a powerful route
towards better understanding the metabolism of T. canis and discovering potential marker compounds
that could be used to develop effective diagnostics, therapeutics, and even vaccines [14,15].

Due to the difficulty and ethical sensitivities around working with dogs, we had limited access
to parasite material. We therefore collected only live adult stage parasites (both sexes combined)
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from euthanised canine hosts (impound dogs collected for laboratory demonstration for veterinary
students) that were naturally infected with T. canis, cultured them in a single component culture
medium, and analysed their ESPs via gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography—mass spectrometry (LC-MS). We then used extensive electronic database and literature
searches to identify the potential immunomodulatory roles that these compounds may play in the
biology or infectivity of Toxocara parasites.

2. Materials and Methods

2.1. Collection of Toxocara canis ESPs and Sample Preparation

Adult T. canis parasites were collected from euthanised stray/impounded dogs in Cairns, Australia.
The small intestine was dissected longitudinally and the worms were carefully collected using tweezers
and then washed three times with phosphate buffered saline (PBS) containing 5% antibiotic/antimycotic
(AA) to remove faecal debris and other microbial components. The worms (sexes unidentified) were
then transferred to six petri dishes (two worms/petri dish—each dish containing 25 mL of culture
media with 2%AA), which represented 6 biological replicates named TC-1, TC-2, TC-3, TC-4, TC-5,
TC-6. The parasites were cultured in a CO, incubator (SANYO, Moriguchi, Japan) at 37 °C in 5% CO2
for 2 h to allow regurgitation/defecation of host-derived products that constitute the worm’s nutritional
source. The initial ESP material was discarded, and the live worms were fed with fresh culture media.
ESP in each biological replicate was removed/collected and centrifuged at 1831x g for 20 min at 4 °C
to remove eggs and debris. The supernatant was then filtered using a 10 kDa cut-off Amicon ultra
centrifugal filter (Merck Millipore, Sydney, Australia, 15 mL) to remove macromolecules such as
proteins, large carbohydrates or polynucleotides. The filtrates (<10 kDa) formed the six biological
replicates for small molecule ESPs of T. canis.

2.2. Cryomill Extraction of ESP Samples for GC-MS Analysis

We used previously described methods [1,24] for ESP sample preparation for follow-on GC-MS
analysis. Briefly, the six ESP biological replicates (20 mg) from T. canis were placed in pre-chilled cryomill
tubes containing a methanol:water (3:1, v/v, 600 uL) solution with 13C-sorbitol and 13C,1°N-valine
(Sigma-Aldrich, Sydney, Australia) as isotopically labeled internal standards. Each sample was
extracted using a Precellys 24 Cryolys unit (Bertin Technologies, Rue Louis Armand ZI, France) at
—-10 °C and 5179x% g (3 x 30 s pulses, 45 s intervals between pulses). Pre-chilled chloroform (150 pL)
was then added to the homogenate (600 pL) in a fresh microfuge tube and the solution was vortexed
vigorously to obtain a monophasic mixture of chloroform:methanol:water (1:3:1, v/v). The mixture
was chilled on ice for 10 min with regular mixing, then centrifuged (1500 g) for 5 min (0 °C), and the
supernatant was transferred to a fresh microfuge tube (1.5 mL). Milli-Q water (300 uL) was added
to each sample tube to obtain a biphasic partition of the solution (chloroform:methanol:water 1:3:3,
v/v), then each tube was vortexed vigorously, and then centrifuged again for a further 5 min at 0 °C.
Both the upper aqueous phase (methanol:water) and the lower phase (chloroform) were collected
separately. Any remaining solution (aqueous or chloroform) was pooled to obtain a pooled biological
quality control (PBQC), which was used to monitor the variation arising from the instrumental analysis.
A total of 2 X 18 = 36 samples were prepared and labelled including 12 (6 aqueous and 6 chloroform) as
“T. canis ESP’ (TC-1 to 6), 12 as 'PBQC quality control’ (PBQC-1 to 6), and 12 as ‘media control’ (MED-1
to 6). All of these samples were then derivatised for further GC-MS analyses (see below).

2.3. Targeted Analysis of Polar Metabolites Using GC-MS

Sample derivatisation was performed as reported earlier for the GC-MS metabolomic analysis
of ESPs derived from hookworms, whipworms and tapeworms [1,24,25]. The upper aqueous phase
composed of 3:1 methanol:water (~900 nuL) was aliquoted (50 pL) into a pulled point insert, dried using
an evaporator at 30 °C (Christ RVC 2-33 CD, John Morris Scientific Australia) and then anhydrous
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methanol was added (50 puL). The solutions were then derivatised by adding methoxyamine (20 pL,
30 mg/mL in pyridine, Sigma Aldrich/Merck) and N,O-Bis(trimethylsilyl) trifluoroacetamide (BSTFA)
+ 1% trimethylchlorosilane (TMCS) (20 uL, ThermoFisher Scientific Deepdene, Victoria, Australia)
at 37 °C for 30 min. Each sample was allowed to sit for 2 h to complete the derivatisation reaction.
The derivatised polar sample (1 pL) was injected into an Agilent (Victoria, Australia) 7890 GC-MS (5973
MSD), which used an Agilent VF-5 ms column (30 m X 0.25 mm X 0.25 um) [26]. The oven temperature
was set to 35 °C and then slowly ramped to 325 °C (at 25 °C/min) and held for 5 min. Helium (carrier
gas) was set to flow at a rate of 1 mL/min. GC-MS chromatograms were collected across the mass (17/z)
range of 50-600 atomic mass units (amu).

Agilent’s Mass Hunter Quantitative Analysis Software (v.7) and the Metabolomics Standard
Initiative Level 1 confirmation were used for identifying the compounds. Each chromatogram peak
represented a compound and this compound was identified by matching an observed Electron Impact
Ionization-Mass Spectrometry (EI-MS) spectral ion peak with EI-MS spectra in the Mass Hunter Library
(Agilent). The EI-MS spectral ion peak library in the Mass Hunter Library was developed by running
standards prior to this experiment. The relative concentration of each metabolite was determined
by comparing the metabolite peak areas with the peak areas of the isotopically labelled internal
standards (13C-sorbitol and 13C 15N-valine). The compound data matrix of the six ‘T. canis ESP’
biological replicates were converted to a format (.csv) compatible as the input file for MetaboAnalyst
4.0 (https://www.metaboanalyst.ca/) to perform further univariate and multivariate data analysis.

2.4. Targeted Analysis of Medium—Long Chain Fatty Acids (MLCFAs) Using GC-MS

The chloroform/organic layer of the ESPs and control samples was analysed via a GC-MS protocol
described by us earlier [24,25]. In this protocol, the organic/chloroform phase of each biological replicate
sample was sealed into GC vials and trans-esterified to generate fatty acid methyl esters. Samples were
then mixed with 5 uL. Methprep-II (Alltech, Deerfield, IL, USA ) using a Gerstel MPS2 autosampler
robot whereupon the solutions were incubated for 30 min at 37 °C with slow shaking. Small aliquots
of these samples (2 uL) were injected into an Agilent 7890 gas chromatograph (-70 eV, split mode 10:1,
helium flow at 1.5 mL/min, inlet set at 250 °C), which was connected to a SGE BPX70 column (60 m X
0.25 mm i.d. x 0.25 um film thickness, Trajan Scientific and Medical, Ringwood, Australia) and a triple
quadrupole mass selective detector (Agilent Technologies, Mulgrave, Victoria, Australia). The oven
temperature was initially set to 70 °C for 1 min, then gradually increased to 150 °C (40 °C/min), 200 °C
(4 °C/min), 220 °C (3 °C/min), and finally held at 250 °C for 4 min. 13C18:0 was used as an internal
standard. The mass spectrometer scan mode was set to m/z 50-450 (3.6 scans/s, M™ mode). Target
ion peaks/areas were extracted using an in-house MHFAL (Mass Hunter Fatty Acid Library, Agilent)
and the compounds were identified by a library matching technique. The output data matrix was
converted to compatible format (.csv) for further analysis via MetaboAnalyst 4.0.

2.5. Targeted Analysis of Short Chain Fatty Acids Using LC-MS

Using previously described LC-MS protocols [24,25], we derivatised a small portion (20 uL)
of the organic phase of the ESP extract (prepared using the ‘Cryomill extraction method’) using
a 3-nitrophenylhydrazine (3-NPH), which converted the short chain fatty acids (SCFAs) to their
3-nitrophenylhydrazones. The samples (1 pL in triplicate) were then injected into a Shimadzu
LC 30AD-TQ 8060 triple quadrupole mass spectrometer (SHIMADZU Scientific Instruments Inc.,
Columbia, MD, USA) connected to an Agilent EC-C18 poroshell 120 column (50 mm X 2.1 mm X
2.7 um). A two-component (A:B) gradient LC separation was performed with the mobile phase A
being 100% water (+0.1% formic acid) and mobile phase B being 100% acetonitrile (+0.1% formic acid).
The column flow rate and temperature were set to 0.55 mL/min and 40 °C, respectively. Each sample
total run time was 17 min with an elution gradient of 15% B for 1 min, 15-25% B for 7 min, 25-30%
for 1 min, 30-100% for 3 min, held at 100% for 3 min, then back to starting conditions and held for 2
min. Authentic standards for acetate, propionate, isobutyrate, butyrate, 2-methylbutyrate, isovalerate,
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valerate, 3-methylvalerate, isocaproate, and caproate were used as reference standards in concert with
multiple reaction monitoring (MRM) to assist with compound identification. Collision energies for
each analyte were optimised (22 eV, 25 eV, and 28 eV) and selected according to their sensitivity and
the compounds were identified (as described above) using the positive mode [M*] ion. The output
data matrix was converted to csv format for further analysis via MetaboAnalyst 4.0.

2.6. Metabolite Identification Standards and Data Analysis

Small biomolecules were identified and confirmed according to the metabolomics standard
initiative (MSI) definitions of level 1 & level 2 identification [24]. The Metabolomics Australia
metabolite spectral library was developed using authentic standards for both GC-MS and LC-MS
prior to running the Toxocara samples. For statistical analysis and data interpretation, we used the
freely available online software package MetaboAnalyst [27]. The input data matrix (in csv format)
contained information regarding the identified metabolites and their peak areas. This input was used by
MetaboAnalyst 4.0 to perform various univariate and multivariate statistical analyses. MetaboAnalyst,
by default, replaces all the missing and zero values (which are typically caused by low abundance
metabolites) with a small value that is assumed to be below the detection limit. This helps with
data normalisation and prevents divide-by-zero errors. The data was median normalised prior to
performing univariate analysis, volcano plot analysis, multivariate principal component analysis (PCA)
and heatmap analysis.

2.7. Literature Assessment of the Small Molecules Identified from Toxocara canis ESPs

The list of small molecules identified via GC-MS and LC-MS from the ESPs of T. canis was
generated and a comprehensive literature survey was conducted for each compound. We used ‘The
human metabolome database’ (HMDB), which contains 114,100 metabolite entries [28], ‘DrugBank’,
which contains information on 2280 drugs and drug metabolites [29], and "‘PubChem’, which contains
data on 94,017,529 compounds [30]. Information on the chemical structures, compound identifier
numbers, chemical properties, biological activities, patents, health, safety, and the toxicity data were
crosschecked and recorded. In addition to these databases, Google Scholar and SciFinder Scholar were
used for tracing additional references on the biological activities and pharmaceutical roles of each
compound. The information was then tabulated.

3. Results

We collected live adult T. canis from freshly euthanised dogs, cultured them in a single component
Glutamax culture media, prepared the small molecule ESP extract (<10 kDa centrifugal filter),
lyophilised them, fractionated them into polar and non-polar fractions, derivatised them and ultimately
analysed them using GC-MS and LC-MS. Using GC-MS, we identified 41 polar metabolites and
14 medium-long chain fatty acids. Using LC-MS, we identified six SCFAs. Each metabolite was then
annotated through careful searches in the literature and databases to identify their metabolic pathways
and reported biological or non-biological functions/roles/properties.

3.1. Polar Metabolites of Toxocara canis ESPs Identified Using GC-MS

From the polar fraction of the ESP extracts, we identified 41 polar metabolites using a targeted
GC-MS analysis. Identified compounds ranged in mass (i/z) from 89 to 342 amu. Of the 41 metabolites
detected, talose (mass of 180) was identified as the most abundant component of the ESPs (see Table 1),
which was followed in relative abundance by (based on their peak areas) glucose, sorbitol, mannitol,
lactic acid, succinic acid, fructose, maltose, xylose and gluconic acid. Scyllo-inositol and methionine
were present only sparingly in the polar fraction analysed here.
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Table 1. Polar metabolites identified from the ESPs of T. canis using GC-MS (the peak area of each T. canis ESP metabolite was subtracted from the peak area of media

component).
Compound Name Rt (min) Mass (n/z, M*) KEGG ID Peak Area Immunomodulatory Properties
Talose 10.82 180 CO6467 6,433,382 Sakogochi et al. [31] showed thét'talose inhibited the growth of
Caenorhabditis elegans.
Glucose 10.85 180 C00031 5,706,822 N/A
Sorbitol 10.99 182 C00794 4,350,846 Used as a laxative and irrigating solution (surgeries) [32].
Mannitol 10.95 182 C00392 3,751,129 Anti-edema and a diuretic agent [33].
Lactic acid 6.73 90 C00186 1,332,469 Immunosuppressant and anti-inflammatory [34].
Succinic acid 8.11 118 C00042 963,948 N/A
Fructose 10.73 180 C02336 120,152 Pro-inflammatory [35] ar'ld are associated with hypertension and
liver disease [36].
Maltose 13.61 342 C00208 114,953 N/A
Xylose 9.86 150 C00181 90,585 N/A
Gluconic acid 11.26 196 C00257 90,577 N/A
Tyrosine 10.95 181 C00082 53,189 Prevents stress-indtl)l.ced degletion of nc{repinephrine and can cure
iochemical depression [36].
Malic acid 9.01 134 C03668 46,865 Anti-aggregant and anti-inflammatory [37].
Glycerol-2-phosphate 10.11 172 C02979 46,569 N/A
meso-Erythritol 9.05 122 C00503 31,069 N/A
Citric acid 10.54 192 C00158 26,859 Antimicrobial, a natural preservative and cardioprotective [37].
Glucose-6-phosphate 12.33 260 n/a 22,966 N/A
Ribitol 10.09 152 C00474 22,726 N/A
Glucosamine 10.94 179 C00329 16,987 Anti-inflammatory [38] and use[c; é’]or the treatment of osteoarthritis
Isocitric Acid 10.54 192 C00311 16,661 N/A
Gluconic acid-8 -lactone 10.84 178 C00198 16,341 N/A
Pyroglutamic acid 9.26 129 C01879 12,048 Sold as a “smart drug” for impr[(z)\gi]ng blood circulation in the brain
myo-Inositol 11.65 180 C00137 11,665 Used as a treatment for polycystic ovary syndrome [39].
Sucrose 13.43 342 C00089 10,047 N/A
cis-Aconitic acid 10.25 174 C00417 6546 N/A
Galactose-6-phosphate 12.32 260 n/a 6029 N/A
Phosphoenolpyruvate 9.55 168 C00074 6003 N/A
Fructose-6-phosphate 12.38 260 n/a 4637 N/A
Aspartic acid 9.19 133 C00402 4042 Excitatory neurotransmitter [39].
(-)-3-Phosphoglyceric acid 10.48 186 C00197 3590 N/A
Y-Aminobutyric acid Controls blood pressure, reduces blood sugar in diabetics [39], and
(GABA) 928 103 Do0os8 209 it is a wound healing age%\t [40].
Tartaric acid 9.71 150 C02107 1927 N/A
Phenylalanine 9.42 165 C00079 1532 Anti-diabetic [41].
Alanine 6.93 9 C00041 1414 Anti-_inﬂamm‘atory [42—44]4 and alanine therapy has helped
dissolve kidney stones in experimental animals [32].
Glycerol 10.12 92 Co00116 1183 Anti-inflammatory [45].
Tryptophan 12.20 204 C00806 1179 Anti-inflammatory [46—48].
trans-4-Hydroxyproline 9.22 131 C05147 962 N/A
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Table 1. Cont.
Compound Name Rt (min) Mass (m/z, M*) KEGG ID Peak Area Immunomodulatory Properties
Anti-inflammatory [49]. Maintains gut barrier function and
Glutamine 11.22 146 C00064 784 reduces septic morbidity and the symptoms of Irritable Bowel
Syndrome [32].
4'Hydr°"zgge“ylacem 11.42 152 C00642 539 N/A
Gluconic acid 11.26 196 C00257 221 N/A
Anti-inflammatory [50] and antioxidant [51]. Linked to infants’
Methionine 9.22 149 C00073 81 intellectual disability, delays in motor skills, sluggishness, muscle
weakness, and liver problems [36].
Transgenic mice fed with this compound was found to reverse
scyllo-Inositol 11.37 180 C06153 24 memory deficits, reduce the amount of Ap plaque in the brains of

the mice and reversed other symptoms associated with it [36].

Rt = retention time.

KEGG ID = information on the metabolism of a compound. ID = identity. N/A = not available.

7 of 18
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3.2. Reported Biological Activities of Polar Metabolites

Based on our literature review, we found that of the 41 metabolites identified from T. canis ESPs
(listed in Table 1), biological activities of 20 polar metabolites were reported previously, but there
was a lack of information on the other 21 polar metabolites. Of the 20 polar metabolites known to
have various biological properties, eight of them have been indicated to possess anti-inflammatory
activities. Many metabolites have been indicated to have multiple biological properties, as described
in Table 1. For example, GABA is reported to control blood pressure, reduce blood sugar in diabetic
patients [39], and is a wound healing agent [40]. Another major metabolite, talose, is a rare sugar and
has been less explored for its biological activities. However, talose was reported to inhibit the growth
of Caenorhabditis elegans [31].

3.3. Univariate Volcano Plot Analysis of Polar Metabolites

A volcano plot is a univariate analysis technique that provides a preliminary overview about
features that are potentially significant (indicated by fold change above threshold for each variable)
in discriminating the conditions under study. A variable is reported as significant if this number of
pairs is above a given count threshold (default >75% of pairs/variable). The purpose of the fold change
measurement is to compare absolute value changes between two group means. The fold change is
normally plotted using a log2 scale so that same fold change (up or down regulated) will have the
same distance to the zero baseline. Figure 1 shows the important compounds with log transformed
fold changes identified by the volcano plot when T. canis polar metabolite features were compared
to culture media features. The volcano plot showed that 29 metabolites from the T. canis ESPs were
significantly different from culture media-derived metabolites (fold change >2, p-value < 0.05) in
their peak intensities (Figure 1). The five polar metabolites that showed the most significant positive
fold-changes were isocitric acid (log2 FC 6.55), phosphoenolpyruvate (log2 FC 5.11), sorbitol (log2 FC
4.94), mannitol (log2 FC 4.83), and glucose-6-phosphate (log2 FC 4.81).
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Figure 1. Important features selected by volcano plot analysis with a fold change threshold (x) of 2 and
a t-test threshold (y) of 0.1. The red circles represent features above the threshold. Both fold changes
and log transformed fold change for each significant compound are shown in the extended table of the
volcano plot.

3.4. Multivariate Chemometric Analyses of Polar Metabolites

In addition to the univariate volcano plot analysis described above, we performed multivariate
statistical analysis to compare the polar metabolites (as measured by GC-MS) present in T. canis ESPs
and culture media (Glutamax). The principal component analysis (PCA) of the three sample groups
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(T. canis ESPs, culture media and PBQC) showed clustering of biological replicates within their sample
groups. There was clear separation between the groups of biological replicates of T. canis ESPs and
the culture media, indicating that the T. canis metabolites are distinct from the metabolites detected
in the culture media (Figure 2). The PBQC is a quality control group pooled from the biological
replicates of T. canis ESPs and culture media samples. Since PBQC also showed good clustering and its
alignment fell in between the T. canis ESPs and culture media groups, this indicated that the quality of
the replicates was good.

A MED-3 X TC-1

A MED-5

° - A D S Ao

+ PBQC-2

_HPBRGE s

[T 4+ PBQC-8

PC 1(46.7 %)

Figure 2. Principal component analysis of polar metabolites of Toxocara canis excretory-secretory
products (ESPs) showing clear separation from the media component. MED—culture media samples,
TC—T. canis ESP samples, PBQC—pooled biological replicates for quality control (pooled from the
biological replicates of T. canis ESPs and culture media samples). Data analysed using MetaboAnalyst

4.0 (N = 6 replicates).

A heat map reflecting the abundance of the different metabolites for the three different sample
groups was generated (Figure 3). The heat map showed clear differences in the compositions of the
different sample groups. For example, talose, isocitric acid, glucose, mannitol and sorbitol were the
most abundant polar metabolites in the T. canis ESPs. On the other hand, the culture media was
particularly rich in gluconic acid, lactic acid, 3-phosphoglyceric acid, 4-hydroxyphenylacetic acid
and sucrose.



Biomolecules 2020, 10, 1157 10 of 18

-ﬁ-ﬁ-ﬁ-ﬁ-ﬁhﬁ-ﬁﬁ-m class

| | myo-Inositol 2 J MED
scyllo-Inositol :(B:Qc
Alanine 1
Glucosamine
Fructose-6-phospha
Glutamine
Ribitol
Fructose -1
Tryptophan
Sucrose 2
4-hydroxyphenylace
Lactic acid
Gluconic acid-Delt
| --3-Phosphoglyceri
Gluconic Acid
Proline, rans-4-h
Methionine
Pyroglutamic acid
Aspartic acid
Succinic acid
gamma-Aminobutyric
Phenylalanine
Glycerol
Xylose
Gluconic acid
Citric acid
Galactose-6-phosph
Glucose-6-phosphat
Phosphoenolpyruvat
Isocitric Acid
— Talose
Mannitol
Glucose
Sorbitol
| cis-Aconitic acid
meso-Erythritol
Glycero2-phosphate
Tartaric acid
Tyrosine
Malic acid
Maltose

2-a3N
T-03N
€-a3N
S-Q3N
€01
v-OL
9-0L
T-0L
2oL
S-0L

v-Q3IN

903N
2-008d
£-008d
9-008d
1-008d
v-008d
5-008d

Figure 3. Heat map of polar metabolites of T. canis ESPs showing metabolite patterns by groups.
The deep brown color indicates the highest concentrations (based on peak intensities/areas) and the
deep blue indicates lowest or negligible concentrations. MED—culture media samples, TC—T. canis ESP
samples, PBQC—pooled biological replicates for quality control (pooled from the biological replicates
of T. canis ESPs and culture media samples). Data analysed using MetaboAnalyst 4.0 (N = 6 replicates).

3.5. Non-Polar Components of T. canis ESPs

The non-polar components isolated via chloroform extraction from the ESPs included both
medium-long chain fatty acids (MLCFAs) as well as short-chain fatty acids. These are described in
more detail below.

3.5.1. Medium-Long Chain Fatty Acids Identified Using GC-MS

From the non-polar extract of T. canis ESPs, we identified 14 MLCFAs (C10-C22), which included
saturated and un-saturated fatty acids with masses ranging from 173-328 Da (see Table 2). Stearic acid
(C18:0) was putatively identified as the major fatty acid within the non-polar extract of the ESPs (based
on peak intensity), which was followed by palmitic acid (C16:0) and myristic acid (C14:0). Margaric
acid (C17:0) is the least abundant saturated fatty acid in the T. canis ESPs. Four unsaturated fatty acids
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were also identified in the ESPs, including oleic acid (C18:1 9Z-cis), linoleic acid (C18:2), arachidonic
acid (C20:4) and docosahexaenoic acid (C22:6).

Table 2. Medium-long chain fatty acids (MLCFAs) identified from T. canis ESP using GC-MS.

Fatty Acid Name Rt (min) Mass (m/z, M*) KEGG ID Peak Area Biological Activities
Capric acid (C10:0) 7.68 172 C01571 9155 N/A
Undecylic acid C11:0 7.36 186 C17715 12,033 N/A
Lauric acid (C12:0) 9.21 200 C02679 11,585 Anti-inflammatory [24].
Tridecylic acid (C13:0) 9.01 214 N/A 13,614 N/A
Myristic acid (C14:0) 11.27 228 C06424 24,866 N/A
Pentadecylic acid (C15:0) 12.52 242 C16537 8505 N/A
Palmitic acid (C16:0) 13.83 256 C00249 358,443 Anti-inflammatory [52].
Margaric acid (C17:0) 15.26 270 N/A 6712 N/A
Stearic acid (C18:0) 15.25 284 C01530 565,394 Anti-inflammatory [53].
Anti-inflammatory and
Oleic acid (C18:1, 9Z- cis) 17.15 282 C00712 1771 wound healing [24],

insecticide and fungicide [36].
Linoleic acid (C18:2) 1831 280 01595 7507 Anti-inflammatory and
wound healing [24].
Arachidic acid (C20:0) 19.61 312 C06425 11,388 N/A
Eicosanoids including
prostaglandins, thromboxanes,
and leukotrienes mediates
inflammation [36]. It regulates
platelet aggregation, blood
clotting, smooth muscle
contraction, leukocyte
chemotaxis, inflammatory
cytokine production and
immune function [36].
Anti-inflammatory [24]. It can
reduce the level of blood
Docosahexaenoic acid (C22:6) 26.83 328 C06429 3825 triglycerides in humans,
which may reduce the risk of
heart disease [32].

Arachidonic acid (C20:4) 18.16 304 C00219 1035

Rt = retention time. KEGG ID = information on the metabolism of a compound. ID = identity. N/A = not available.

3.5.2. Short Chain Fatty Acids Identified Using LC-MS

Using LC-MS, we identified six SCFAs in our ESPs including isovalerate (3-MBA, C5:0, peak
area = 603,922), 2-methylbutyrate (C4:0, peak area = 354,798), isobutyrate (C4:0, peak area = 217,617),
acetate (C2:0, peak area = 185,327), propionate (C3:0, peak area = 29,039) and butyrate (C4:0, peak
area = 27,033). Isovalerate was the most abundant SCFA while butyrate was the least abundant SCFA.

3.6. Potential Biological Properties of Non-Polar Metabolites

In similar fashion to polar metabolites, we conducted a literature review on each non-polar
metabolite listed in Table 2 for their biological properties. We found that seven non-polar MLCFAs
including lauric acid (C12:0), palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1, 9Z- cis), linoleic
acid (C18:2), arachidonic acid (C20:4) and docosahexaenoic acid (C22:6) had been previously studied
for their biological activities. Six MLCFAs (Table 2) and three SCFAs including acetate, propionate
and butyrate were reported to possess anti-inflammatory properties [25]. While the most abundant
saturated fatty acid, stearic acid, is known to possess anti-inflammatory activities; isovalerate, the major
SCFA found in T. canis ESP had limited information on its biological properties.

4. Discussion

Toxocara canis is one of the most ubiquitous zoonotic parasites and is particularly prevalent in
tropical countries. In humans it causes toxocariasis, including visceral larva migrans, ocular larva
migrans and covert toxocariasis [2]. Diagnosis of human toxocariasis has been challenging due to its
relatively nonspecific and mild symptoms, which include diarrhoea, vomiting, nasal discharge, weight
loss, nutritional deficit and stunting, and bulging of the abdomen [54]. Diagnostic techniques include
microscopic or macroscopic examination of the parasite, various DNA analysis techniques, and a variety
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of immune-based serological assays. Serological assays including enzyme-linked immunosorbent assay
(ELISA), dot-ELISA, recTES-30 ELISA, and immunoblot are considered gold standard techniques for
laboratory diagnosis of human Toxocara infection [3]. However, their sensitivities and cross-reactivities
differ from place to place and they are often affected by the presence of infections by other parasites.
This suggests that other diagnostic techniques should be considered, especially those that use more
reliably measured chemical markers. Studies on other parasitic nematode ESPs have revealed
the presence of diagnostically unique nucleic acids, glycans, lipids, and non-proteinaceous small
biomolecules [25,55,56]. Therefore, characterising the metabolome of T. canis ESPs and identifying
specific metabolites would be valuable for developing more sensitive diagnostics and biomarkers of
infection, as well as potential therapeutics that exploit the immunoregulatory properties of helminth
ESPs [57,58].

Metabolite studies with parasitic helminths, however, face several technical challenges. First, it is
often difficult to obtain sufficient quantities of worms from the natural host, which limits ESP collection.
Second, the metabolomes of parasites can be influenced by strains and circadian rhythm of the host,
sex of the parasite, timing of isolation from the host, culture media and metabolomic techniques
and tools used for the study. Third, the removal of a parasite from its host for in vitro experiments
impacts the state of dynamic equilibrium with their hosts, and the metabolite composition might differ
between in vivo and in vitro culture settings. Fourth, the physiology of worms and the identified
metabolites secreted by the parasite in vivo, or even in co-culture with host cells or serum, makes it
difficult to determine the origin of identified compounds as host-, parasite- or even media-derived.
In this study, we collected adult T. canis from the natural host (impound dogs) and analysed their ESPs
for metabolites. We demonstrated that T. canis produces a large number of non-proteinaceous small
biomolecules. Using targeted GC-MS and LC-MS, we identified 61 small biomolecules in total: 41 polar
metabolites, 14 MLCFAs, and 6 SCFAs. The majority of these metabolites seem to arise through fatty
acid, amino acid and carbohydrate metabolism that the parasite engages in during the ESP culturing
process. While talose was found to be the major polar metabolite, stearic acid and isolvalerate were
identified as the major MLCFA and SCFA present in the ESP of T.canis. Talose is a relatively rare and
unnatural monosaccharide and is a C-2 epimer of galactose. This fact potentially makes talose a very
useful biomarker of T. canis infection. However, it is not clear whether T. canis produces talose as
a natural metabolite or whether the talose production is an artefact or by-product of the media the
parasite is cultured in. Further studies will be needed to confirm the presence of talose in infected
animals or infected tissues/biofluids. If this can be confirmed using live host infection, we would argue
that a “talose test” would be a fast and simple way of detecting T. canis infection. Six of the 41 polar
metabolites (alanine, phenylalanine, methionine, aspartic acid, glutamine and glucose) were identified
previously from somatic tissue extracts of T. canis [59] using NMR. In particular, previous NMR studies
identified 17 amino acids, two organic acids, two sugars, and two phosphorus metabolites from the
somatic tissue extract. However no fatty acids or SCFAs were reported in this earlier study [59]. It has
been suggested that helminths can produce SCFAs de novo, and p-glucose-'#C labelling studies using
Ancylostoma caninum (a hookworm nematode) have shown that glucose is metabolised to produce
acetate, propionate, and CO, [25]. In addition, a recent review [60] suggested that the formation and
excretion of acetate as a metabolic end product of energy metabolism occurs in numerous protist and
helminth parasites. Likewise, this study showed that SCFAs may have been produced by T. canis as an
end product of energy metabolism (using glucose). Since we used PBS with 5% antibiotic/antimycotic to
remove faecal debris and other microbial components and culture media with 2% antibiotic/antimycotic
for worm culture, we expected minimal microbial contamination. On the other hand, the contribution
of the commensal microbiota in the mammalian gut to the production of SCFAs is well known [61].
Given that the production of SCFAs by helminths remains refutable, it is unlikely that the presence of
SCFAs can be used to diagnose T. canis infections conclusively, nor would SCFAs be likely to serve as
metabolic targets to limit their infection.
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Interestingly, we detected many of the same T. canis metabolites, including SCFAs, in the ESPs
of other nematodes including A. caninum [25] and the tapeworm Dipylidium caninum [1], which were
isolated from the same canine hosts. For instance, A. caninum ESPs contained pyroglutamic acid and
propionate (as well as other SCFAs) as the major constituents of their polar ESP metabolome [25].
D. caninum ESPs contained succinic acid as the major polar metabolite, while acetate was the only
identified SCFA [1]. On the other hand, T. canis ESPs contain talose and isovalerate as the major
constituents of the polar and SCFA fractions, respectively. Ten polar metabolites (citric acid, glutamine,
cis-aconitic acid, glucose-6-phosphate, glucosamine, galactose-6-phosphate, fructose-6-phosphate,
gluconic acid, sucrose and tryptophan) appear to be exclusively produced by T. canis, as these were
absent in A. caninum ESPs generated in the same basal media (Glutamax) using the same culturing
processes. D. caninum ESPs also did not contain glucosamine, fructose-6-phosphate, gluconic acid,
gluconic acid-8-lactone, 3-phosphoglyceric acid and tryptophan, all of which were present in the ESPs
of T. canis. These variances in ESP metabolite composition were expected since they belong to different
phyla of parasitic helminths and they compete for the same nutritional sources in the gut. They also
potentially defend themselves (or their privileged intestinal niche) against each other within the same
canine host. Indeed, it is possible that helminths use their ESPs as “bioweapons” to guard their habitat
against their competitors. The intra- and interspecific competition among helminth parasites that share
the same habitat for reproduction, growth and life cycle completion has been well documented in
parasitic trematodes [62]. Similarly, our post-mortem observations within the canine hosts revealed
that wherever T. canis was found in abundance, A. caninum was absent, and vice versa. This is likely
reflective of their intraspecific competition. However, most of the parasite-specific metabolites that we
identified herein may likely be playing a role only as a metabolic fuel, and there is nothing suggestive
of any competitive advantage of T. canis over other helminths present in the same host. While it
is tempting to hypothesise that mannitol may contribute to increased tolerance of parasites to salt,
oxidative and osmotic stress as a result of mannitol’s function as a ‘compatible solute’, there is no
evidence to date to support it.

A key limitation of this study is that our targeted approach of compound identification may
have missed out many novel biomolecules (with no entries in the inhouse Mass Hunter library)
that may play a more direct role in interspecies competition and growth suppression. In principle,
some of these unidentified metabolites may be specifically used by T. canis to repel A. caninum and
D. caninum. Further untargeted metabolomic studies of T. canis ESP are clearly warranted to identify
these compounds. Ideally, these studies should be performed by analyzing the ESP samples (proteins
and non-proteinaceous components) of different gastrointestinal helminths that polyparasitise the
same canine host as opposed to studying single species in isolation.

Of the 61 small molecules identified in adult T. canis ESPs, there was limited/no information
on the biological or physiological properties of 31 metabolites (including 21 polar compounds,
7 MLCFAs and 3 SCFAs). However, for at least 30 metabolites (including 20 polar compounds,
7 MLCFAs, 3 SCFAs) there was a good deal of previously known and well-supported data on their
biological and physiological functions. We found that many of these better-annotated compounds
were reported to possess anti-inflammatory, antimicrobial, antidiabetic, wound healing, laxative and
anti-aggregant properties. They were also implicated in improving gut health barrier, as well as
possessing anti-arhythmic, hypolipidemic, and vasodilatory properties, among others. Moreover, some
of these compounds have been associated with prevention of coronary heart disease, hypertension, type
2 diabetes, theumatoid arthritis, ulcerative colitis, Crohn’s disease and chronic pulmonary diseases [63]
(see Table 1; Table 2). It is possible that these ESP compounds may be, individually or in combination,
playing important roles in skewing the immune response of the infected host towards a phenotype that
favours sustained immune suppression and “stealthy” growth of the T. canis parasite within the host.
For example, the majority of the metabolites (17 metabolites) we identified were reported to possess
anti-inflammatory properties. Therefore, it is highly likely that at least some of these molecules are used
by T. canis for achieving its immune dampening effects on its host(s). In particular, the SCFAs, especially



Biomolecules 2020, 10, 1157 14 of 18

butyrate and propionate, are well-known anti-inflammatory agents. They have been implicated in the
maintenance of colon homeostasis, in host defence against pathogenic microorganisms [61,64—66], and
in the protection against autoimmune diseases [67,68]. It is possible that this combination (or cocktail)
of anti-inflammatory metabolites found in T. canis ESPs may offer some direction/modality in the
development of an all-natural, multi-metabolite therapeutic cocktail for treating a variety of gut
disorders, such as inflammatory bowel disease (IBD), for which there is no cure.

While there are health benefits (such as reduced levels of IBD, irritable bowel syndrome (IBS) or
other gut disorders) associated with helminth infections, extensive and chronic infection is a major
cause or morbidity and even death in developing countries. Chronic T. canis infection is linked to
stunted growth, decreased physical activity, and poor physical and mental development in children [69].
Moreover, high levels of methionine, which we detected in T. canis ESP, have been linked to infantile
intellectual disability, delays in motor skills, sluggishness, muscle weakness, and liver problems [36].
It is possible that T. canis may be producing methionine in larger quantities while metabolising
nutrients found in the host’s gut. Another metabolite produced by T. canis that appears to exhibit
negative health affects is talose (a major metabolite of ESP). Talose is known to inhibit the growth
of Caenorhabditis elegans [31], and given its widespread anti-metabolite role as an “unusuable” sugar
analog, it may be involved in causing stunting in their host, which requires further corroboration.
Since talose is a major component of the T. canis ESP, this compound could be exploited for developing
specific diagnostic biomarkers to detect T. canis infections in humans and pets. The use of metabolite
markers to detect bacterial or parasitic infections is not new. For instance, arachidonic acid can be used
to detect and differentiate leprosy patients with low bacterial indices of Mycobacterium leprae from those
with high bacterial indices [24]. Likewise, nitrite levels and heme levels in urine can be used clinically
to detect the presence of bacteria causing urinary tract infections. Although metabolite biomarkers
have yet to be applied for helminth diagnostics, their utility as specific diagnostic biomarkers will
become more apparent as more helminth metabolomes are characterised. Further work is obviously
needed to confirm the potentially utility of talose as a diagnostic marker for T. canis infection including
assessments of whether this compound is detectable in host blood/urine or if it is up-/down-regulated
in the host at the time of T. canis infection.

5. Conclusions

In this study, we identified at least 61 small molecules in T. canis ESP. These include 41 polar
metabolites, 14 medium-long chain fatty acids, and six SCFAs. Most of these metabolites appear to be
produced as a result of fatty acid, amino acid and carbohydrate metabolism that T. canis engages in
during the ESP culturing process using a single component (glutamax) medium. It is possible that these
metabolites, individually or in combination, are being used by the parasite to perform key biological
functions in various facets of parasitism, including establishment of “stealthy” infection, immune
suppression, intra-parasitic competition and protection from the host defences. Since the majority
of the metabolites identified in T. canis ESP are known to possess anti-inflammatory properties, it is
possible that this combination or “cocktail” of anti-inflammatory metabolites could be exploited to
create an all-natural, fully biocompatible, anti-inflammatory cocktail to treat a plethora of inflammatory
diseases (such as IBD or other immune dysregulation diseases). In addition to identifying a potentially
useful therapeutic metabolite cocktail, we also identified a potentially diagnostic metabolite for T. canis
infection. In particular, based on our preliminary work, we believe that talose (a major metabolite of
T. canis ESP) could be exploited to develop a cheap, inexpensive T. canis specific diagnostic biomarker
to detect T. canis infections in pets.

Author Contributions: Conceptualisation, methodology, resource, analysis, writing and funding performed by
P.W. and A.L. O.L. provided resources for the study. Additional analysis, editing and writing performed by D.S.W.
All authors have read and agreed to the published version of the manuscript.



Biomolecules 2020, 10, 1157 15 of 18

Funding: This research was funded by NHMRC Peter Doherty Early Career Researcher fellowship (APP1091011)
and an AITHM Capacity Development Grant to PW; an NHMRC program grant to A.L (APP1132975), and senior
principal research fellowship (APP1117504) to A.L.

Acknowledgments: We thank Luke Becker, Catherine Shepherd, and Constantin Constantinoiu of the Australian
Institute of Tropical Health and Medicine, James Cook University for their help with the collection of T. canis.
We also acknowledge the contribution of Malcolm ] McConville and Konstantinos Kouremenos of the University
of Melbourne for analysing the samples and providing us the data.

Conflicts of Interest: The authors declare no conflict of interest and the funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Wangchuk, P.; Constantinoiu, C.; Eichenberger, R.M.; Field, M.; Loukas, A. Characterization of Tapeworm
Metabolites and Their Reported Biological Activities. Molecules 2019, 24, 1480. [CrossRef] [PubMed]

2. Chen,],; Liu, Q.; Liu, G.-H.; Zheng, W.-B.; Hong, S.-].; Sugiyama, H.; Zhu, X.-Q.; Elsheikha, H.M. Toxocariasis:
A silent threat with a progressive public health impact. Infect. Dis. Poverty 2018, 7, 59. [CrossRef] [PubMed]

3.  Lim, PK.C,; Yamasaki, H.; Mak, ].W.; Wong, S.F,; Chong, CW.; Yap, LK.S.; Ambu, S.; Kumarasamy, V. Field
evaluation of a rapid diagnostic test to detect antibodies in human toxocariasis. Acta Trop. 2015, 148, 32-37.
[CrossRef] [PubMed]

4. Lee, A.C.Y; Schantz, PM.; Kazacos, K.R.; Montgomery, S.P.; Bowman, D.D. Epidemiologic and zoonotic
aspects of ascarid infections in dogs and cats. Trends Parasitol. 2010, 26, 155-161. [CrossRef]

5. Taira, K;; Saeed, I.; Permin, A.; Kapel, C.M.O. Zoonotic risk of Toxocara canis infection through consumption
of pig or poultry viscera. Vet. Parasitol. 2004, 121, 115-124. [CrossRef]

6.  Nagakura, K.; Tachibana, H.; Kaneda, Y.; Kato, Y. Toxocariasis Possibly Caused by Ingesting Raw Chicken. J.
Infect. Dis. 1989, 160, 735-736. [CrossRef]

7. Salem, G.; Schantz, P. Toxocaral Visceral Larva Migrans After Ingestion of Raw Lamb Liver. Clin. Infect. Dis.
1992, 15, 743-744. [CrossRef]

8.  Stiirchler, D.; Weiss, N.; Gassner, M. Transmission of Toxocariasis. J. Infect. Dis. 1990, 162, 571. [CrossRef]

9.  Choi, D,; Lim, ].H.; Choi, D.-C.; Paik, S.W.; Kim, S.-H.; Huh, S. Toxocariasis and Ingestion of Raw Cow Liver
in Patients with Eosinophilia. Korean J. Parasitol. 2008, 46, 139-143. [CrossRef]

10.  Strube, C.; Heuer, L.; Janecek, E. Toxocara spp. infections in paratenic hosts. Vet. Parasitol. 2013, 193, 375-389.
[CrossRef]

11. Rostami, A.; Ma, G.; Wang, T.; Koehler, A.V,; Hofmann, A.; Chang, B.C.H.; Macpherson, C.N.; Gasser, R.B.
Human toxocariasis—A look at a neglected disease through an epidemiological ‘prism’. Infect. Genet. Evol.
2019. [CrossRef] [PubMed]

12.  Sperotto, R.L.; Kremer, ES.; Aires Berne, M.E.; de Costa Avila, L.F.; da Silva Pinto, L.; Monteiro, K.M.;
Caumo, K.S,; Ferreira, H.B.; Berne, N.; Borsuk, S. Proteomic analysis of Toxocara canis excretory and secretory
(TES) proteins. Mol. Biochem. Parasitol. 2017, 211, 39-47. [CrossRef] [PubMed]

13.  Zhu, X.-Q.; Korhonen, PK; Cai, H.; Young, N.D.; Nejsum, P.; von Samson-Himmelstjerna, G.; Boag, PR.;
Tan, P; Li, Q.; Min, J.; et al. Genetic blueprint of the zoonotic pathogen Toxocara canis. Nat. Commun. 2015, 6,
6145. [CrossRef] [PubMed]

14. Preidis, G.A.; Hotez, PJ. The newest “omics”—Metagenomics and metabolomics—Enter the battle against
the neglected tropical diseases. PLoS Negl. Trop. Dis. 2015, 9, e0003382. [CrossRef] [PubMed]

15.  Mushtaq, M.Y.; Choi, Y.H.; Verpoorte, R.; Wilson, E.G. Extraction for metabolomics: Access to the metabolome.
Phytochem. Anal. 2014, 25, 291-306. [CrossRef]

16. Maizels, R.M. Toxocara canis: Molecular basis of immune recognition and evasion. Vet. Parasitol. 2013, 193,
365-374. [CrossRef]

17. Loukas, A.; Hintz, M.; Linder, D.; Mullin, N.P,; Parkinson, J.; Tetteh, KK.A.; Maizels, RM. A Family of
Secreted Mucins from the Parasitic Nematode Toxocara canis Bears Diverse Mucin Domains but Shares Similar
Flanking Six-cysteine Repeat Motifs. J. Biol. Chem. 2000, 275, 39600-39607. [CrossRef]

18.  Khoo, K.-H.; Maizels, R.M.; Page, A.P,; Taylor, G.W.; Rendell, N.B.; Dell, A. Characterization of nematode
glycoproteins: The major O-glycans of Toxocara excretory-secretory antigens are O-methylated trisaccharides.
Glycobiology 1991, 1, 163-171. [CrossRef]


http://dx.doi.org/10.3390/molecules24081480
http://www.ncbi.nlm.nih.gov/pubmed/30991712
http://dx.doi.org/10.1186/s40249-018-0437-0
http://www.ncbi.nlm.nih.gov/pubmed/29895324
http://dx.doi.org/10.1016/j.actatropica.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/25910623
http://dx.doi.org/10.1016/j.pt.2010.01.002
http://dx.doi.org/10.1016/j.vetpar.2004.01.018
http://dx.doi.org/10.1093/infdis/160.4.735
http://dx.doi.org/10.1093/clind/15.4.743
http://dx.doi.org/10.1093/infdis/162.2.571
http://dx.doi.org/10.3347/kjp.2008.46.3.139
http://dx.doi.org/10.1016/j.vetpar.2012.12.033
http://dx.doi.org/10.1016/j.meegid.2019.104002
http://www.ncbi.nlm.nih.gov/pubmed/31412276
http://dx.doi.org/10.1016/j.molbiopara.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27638150
http://dx.doi.org/10.1038/ncomms7145
http://www.ncbi.nlm.nih.gov/pubmed/25649139
http://dx.doi.org/10.1371/journal.pntd.0003382
http://www.ncbi.nlm.nih.gov/pubmed/25675250
http://dx.doi.org/10.1002/pca.2505
http://dx.doi.org/10.1016/j.vetpar.2012.12.032
http://dx.doi.org/10.1074/jbc.M005632200
http://dx.doi.org/10.1093/glycob/1.2.163

Biomolecules 2020, 10, 1157 16 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Schabussova, I.; Amer, H.; van Die, I.; Kosma, P.; Maizels, R M. O-Methylated glycans from Toxocara are
specific targets for antibody binding in human and animal infections. Int. J. Parasitol. 2007, 37, 97-109.
[CrossRef]

Carlson, D.A.; Langley, P.A.; Huyton, P. Sex pheromone of the tsetse fly: Isolation, identification, and
synthesis of contact aphrodisiacs. Science 1978, 201, 750-753. [CrossRef]

Lima, E.O.; Esteves, C.Z,; Oliveira, D.N.; Guerreiro, TM.; Melo, C.FO.R.; Catharino, R.R. Mass Spectrometry
and Metabolomics—New Approaches for Helminth Biochemical Studies. In Human Helminthiasis; Rodrigo, L.,
Ed.; InTech: London, UK, 2017. [CrossRef]

Aguero, F; Al-Lazikani, B.; Aslett, M.; Berriman, M.; Buckner, FES.; Campbell, RK.,; Carmona, S.;
Carruthers, LM.; Chan, AW.; Chen, E; et al. Genomic-scale prioritization of drug targets: The TDR
Targets database. Nat. Rev. Drug Discov. 2008, 7, 900-907. [CrossRef] [PubMed]

Bjorn, F.C.; Llinas, M. Eating at the table of another: Metabolomics of host/parasite interactions. Cell Host
Microbe 2010, 7, 90-99.

Wangchuk, P.; Kouremenos, K.; Eichenberger, R M.; Pearson, M.; Susianto, A.; Wishart, D.S.; McConville, M.].;
Loukas, A. Metabolomic profiling of the excretory—secretory products of hookworm and whipworm.
Metabolomics 2019, 15, 101. [CrossRef] [PubMed]

Wangchuk, P; Shepherd, C.; Constantinoiu, C.; Ryan, R.Y.M.; Kouremenos, K.A.; Becker, L.; Jones, L.;
Buitrago, G.; Giacomin, P.; Wilson, D.; et al. Hookworm-derived metabolites suppress pathology in a mouse
model of colitis and inhibit secretion of key inflammatory cytokines in primary human leukocytes. Infect.
Immun. 2019. [CrossRef]

Overgaard, A.J.; Weir, ] M.; De Souza, D.P; Tull, D.; Haase, C.; Meikle, PJ.; Pociot, F. Lipidomic and
metabolomic characterization of a genetically modified mouse model of the early stages of human type 1
diabetes pathogenesis. Metabolomics 2016, 12, 13. [CrossRef]

Xia, J.; Psychogios, N.; Young, N.; Wishart, D.S. MetaboAnalyst: A web server for metabolomic data analysis
and interpretation. Nucleic Acids Res. 2009, 37, W652-W660. [CrossRef]

Wishart, D.S.; Jewison, T.; Guo, A.C.; Wilson, M.; Knox, C.; Liu, Y.; Djoumbou, Y.; Mandal, R.; Aziat, F;
Dong, E.; et al. HMDB 3.0—The Human Metabolome Database in 2013. Nucleic Acids Res. 2013, 41,
D801-D807. [CrossRef]

Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, EJ.; Marcu, A.; Grant, ].R.; Sajed, T.; Johnson, D.; Li, C,;
Sayeeda, Z.; et al. DrugBank 5.0: A major update to the DrugBank database for 2018. Nucleic Acids Res. 2017.
[CrossRef]

Kim, S.; Thiessen, P.A.; Bolton, E.E.; Chen, J.; Fu, G.; Gindulyte, A ; Han, L.; He, J.; He, S.; Shoemaker, B.A;
et al. PubChem Substance and Compound databases. Nucleic Acids Res. 2016, 44, D1202-D1213. [CrossRef]
Sakoguchi, H.; Yoshihara, A.; Izumori, K.; Sato, M. Screening of biologically active monosaccharides: Growth
inhibitory effects of d-allose, d-talose, and l-idose against the nematode Caenorhabditis elegans. Biosci.
Biotechnol. Biochem. 2016, 80, 1058-1061. [CrossRef]

Wishart, D.S.; Knox, C.; Guo, A.C.; Eisner, R.; Young, N.; Gautam, B.; Hau, D.D.; Psychogios, N.; Dong, E.;
Bouatra, S.; et al. HMDB: A knowledgebase for the human metabolome. Nucleic Acids Res. 2009, 37,
D603-D610. [CrossRef] [PubMed]

Cavone, L.; Calosi, L.; Cinci, L.; Moroni, E; Chiarugi, A. Topical mannitol reduces inflammatory edema in a
rat model of arthritis. Pharmacology 2012, 89, 18-21. [CrossRef] [PubMed]

Hearps, A.C.; Tyssen, D.; Srbinovski, D.; Bayigga, L.; Diaz, D.].D.; Aldunate, M.; Cone, R.A.; Gugasyan, R.;
Anderson, D.J.; Tachedjian, G. Vaginal lactic acid elicits an anti-inflammatory response from human
cervicovaginal epithelial cells and inhibits production of pro-inflammatory mediators associated with HIV
acquisition. Mucosal Immunol. 2017, 10, 1480-1490. [CrossRef] [PubMed]

Glushakova, O.; Kosugi, T.; Roncal, C.; Mu, W.; Heinig, M.; Cirillo, P; Sdnchez-Lozada, L.G.; Johnson, R.J.;
Nakagawa, T. Fructose Induces the Inflammatory Molecule ICAM-1 in Endothelial Cells. ]. Am. Soc. Nephrol.
2008, 19, 1712-1720. [CrossRef] [PubMed]

Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C,; Liang, K.; Vazquez-Fresno, R.; Sajed, T.; Johnson, D.;
Li, C.; Karu, N.; et al. HMDB 4.0: The Human Metabolome Database for 2018. Nucleic Acids Res. 2018, 46,
D608-D617. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ijpara.2006.09.006
http://dx.doi.org/10.1126/science.675256
http://dx.doi.org/10.5772/62673
http://dx.doi.org/10.1038/nrd2684
http://www.ncbi.nlm.nih.gov/pubmed/18927591
http://dx.doi.org/10.1007/s11306-019-1561-y
http://www.ncbi.nlm.nih.gov/pubmed/31254203
http://dx.doi.org/10.1128/IAI.00851-18
http://dx.doi.org/10.1007/s11306-015-0889-1
http://dx.doi.org/10.1093/nar/gkp356
http://dx.doi.org/10.1093/nar/gks1065
http://dx.doi.org/10.1093/nar/gkx1037
http://dx.doi.org/10.1093/nar/gkv951
http://dx.doi.org/10.1080/09168451.2016.1146069
http://dx.doi.org/10.1093/nar/gkn810
http://www.ncbi.nlm.nih.gov/pubmed/18953024
http://dx.doi.org/10.1159/000335094
http://www.ncbi.nlm.nih.gov/pubmed/22236612
http://dx.doi.org/10.1038/mi.2017.27
http://www.ncbi.nlm.nih.gov/pubmed/28401934
http://dx.doi.org/10.1681/ASN.2007121304
http://www.ncbi.nlm.nih.gov/pubmed/18508964
http://dx.doi.org/10.1093/nar/gkx1089
http://www.ncbi.nlm.nih.gov/pubmed/29140435

Biomolecules 2020, 10, 1157 17 of 18

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tang, X,; Liu, J.; Dong, W.; Li, P; Li, L,; Lin, C.; Zheng, Y.; Hou, J.; Li, D. The cardioprotective effects of citric
Acid and L-malic Acid on myocardial ischemia/reperfusion injury. Evid. Based Complement. Altern. Med.
2013, 2013, 820695. [CrossRef]

Largo, R.; Alvarez-Soria, M.A.; Diez-Ortego, 1.; Calvo, E.; Sanchez-Pernaute, O.; Egido, J;
Herrero-Beaumont, G. Glucosamine inhibits IL-1p3-induced NF«B activation in human osteoarthritic
chondrocytes. Osteoarthr. Cartil. 2003, 11, 290-298. [CrossRef]

Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.; Sawhney, S.;
et al. HMDB: The Human Metabolome Database. Nucleic Acids Res. 2007, 35, D521-D526. [CrossRef]

Han, D.; Kim, H.Y,; Lee, H.].; Shim, I.; Hahm, D.H. Wound healing activity of gamma-aminobutyric Acid
(GABA) in rats. J. Microbiol. Biotechnol. 2007, 17, 1661-1669.

Alamshah, A.; Spreckley, E.; Norton, M.; Kinsey-Jones, J.S.; Amin, A.; Ramgulam, A.; Cao, Y.; Johnson, R.;
Saleh, K.; Akalestou, E.; et al. I-phenylalanine modulates gut hormone release and glucose tolerance, and
suppresses food intake through the calcium-sensing receptor in rodents. Int. J. Obes. 2017, 41, 1693-1701.
[CrossRef]

Naégeli, M.; Fasshauer, M.; Sommerfeld, J.; Fendel, A.; Brandi, G.; Stover, J.F. Prolonged continuous
intravenous infusion of the dipeptide L-alanine- L-glutamine significantly increases plasma glutamine and
alanine without elevating brain glutamate in patients with severe traumatic brain injury. Crit. Care 2014, 18,
R139. [CrossRef] [PubMed]

Coqueiro, A.Y,; Raizel, R.; Hypolito, T.M.; Tirapegui, J. Effects of supplementation with L-glutamine and
L-alanine in the body composition of rats submitted to resistance exercise. Rev. Bras. Ciéncias Esporte 2017,
39, 417-423. [CrossRef]

Raizel, R; Leite, ].S.; Hypolito, T.M.; Coqueiro, A.Y.; Newsholme, P.; Cruzat, V.F; Tirapegui, ]. Determination of
the anti-inflammatory and cytoprotective effects of L-glutamine and L-alanine, or dipeptide, supplementation
in rats submitted to resistance exercise. Br. J. Nutr. 2016, 116, 470-479. [CrossRef] [PubMed]

Szél, E.; Polyanka, H.; Szabg, K.; Hartmann, P.; Degovics, D.; Balazs, B.; Németh, 1.B.; Korponyai, C.;
Csanyi, E.; Kaszaki, J.; et al. Anti-irritant and anti-inflammatory effects of glycerol and xylitol in sodium
lauryl sulphate-induced acute irritation. J. Eur. Acad. Dermatol. Venereol. 2015, 29, 2333-2341. [CrossRef]
[PubMed]

Mine, Y.; Zhang, H. Calcium-sensing receptor (CaSR)-mediated anti-inflammatory effects of L-amino acids
in intestinal epithelial cells. J. Agric. Food Chem. 2015, 63, 9987-9995. [CrossRef]

Yue, Y.; Guo, Y.; Yang, Y. Effects of dietary L-tryptophan supplementation on intestinal response to chronic
unpredictable stress in broilers. Amino Acids 2017, 49, 1227-1236. [CrossRef]

Islam, J.; Sato, S.; Watanabe, K.; Watanabe, T.; Ardiansyah; Hirahara, K.; Aoyama, Y.; Tomita, S.; Aso, H.;
Komai, M.; et al. Dietary tryptophan alleviates dextran sodium sulfate-induced colitis through aryl
hydrocarbon receptor in mice. J. Nutr. Biochem. 2017, 42, 43-50. [CrossRef]

Jain, P.; Khanna, N.K. Evaluation of anti-inflammatory and analgesic properties of L-glutamine. Agents
Actions 1981, 11, 243-249. [CrossRef]

Unnikrishnan, M.K.; Rao, M.N. Antiinflammatory activity of methionine, methionine sulfoxide and
methionine sulfone. Agents Actions 1990, 31, 110-112. [CrossRef]

Derakhshanfar, A.; Bidadkosh, A.; Hashempour Sadeghian, M. L-methionine attenuates gentamicin
nephrotoxicity in male Wistar rat: Pathological and biochemical findings. Iran. ]. Vet. Res. 2009, 10,
323-328.

Aparna, V; Dileep, K.V.; Mandal, PK.; Karthe, P.; Sadasivan, C.; Haridas, M. Anti-inflammatory property of
n-hexadecanoic acid: Structural evidence and kinetic assessment. Chem. Biol. Drug Des. 2012, 80, 434—439.
[CrossRef] [PubMed]

Ahmad, M.; Baba, W.N.; Gani, A.; Wani, T.A.; Gani, A.; Masoodi, F.A. Effect of extraction time on antioxidants
and bioactive volatile components of green tea (Camellia sinensis), using GC/MS. Cogent Food Sci. Agric.
2015, 1, 1106387. [CrossRef]

Fava, N.ML.N.; Cury, M.C.; Santos, H.A.; Takeuchi-Storm, N.; Strube, C.; Zhu, X.-Q.; Taira, K.; Odoevskaya, I.;
Panovag, O.; Mateus, T.L.; et al. Phylogenetic relationships among Toxocara spp. and Toxascaris sp. from
different regions of the world. Vet. Parasitol. 2020. [CrossRef] [PubMed]


http://dx.doi.org/10.1155/2013/820695
http://dx.doi.org/10.1016/S1063-4584(03)00028-1
http://dx.doi.org/10.1093/nar/gkl923
http://dx.doi.org/10.1038/ijo.2017.164
http://dx.doi.org/10.1186/cc13962
http://www.ncbi.nlm.nih.gov/pubmed/24992948
http://dx.doi.org/10.1016/j.rbce.2017.06.003
http://dx.doi.org/10.1017/S0007114516001999
http://www.ncbi.nlm.nih.gov/pubmed/27215379
http://dx.doi.org/10.1111/jdv.13225
http://www.ncbi.nlm.nih.gov/pubmed/26370610
http://dx.doi.org/10.1021/acs.jafc.5b03749
http://dx.doi.org/10.1007/s00726-017-2424-3
http://dx.doi.org/10.1016/j.jnutbio.2016.12.019
http://dx.doi.org/10.1007/BF01967621
http://dx.doi.org/10.1007/BF02003229
http://dx.doi.org/10.1111/j.1747-0285.2012.01418.x
http://www.ncbi.nlm.nih.gov/pubmed/22642495
http://dx.doi.org/10.1080/23311932.2015.1106387
http://dx.doi.org/10.1016/j.vetpar.2020.109133
http://www.ncbi.nlm.nih.gov/pubmed/32460110

Biomolecules 2020, 10, 1157 18 of 18

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Poltl, G.; Kerner, D.; Paschinger, K.; Wilson, I.B.H. N-glycans of the porcine nematode parasite Ascaris suum
are modified with phosphorylcholine and core fucose residues. FEBS ]. 2007, 274, 714-726. [CrossRef]
[PubMed]

Lok, J.B. Nucleic acid transfection and transgenesis in parasitic nematodes. Parasitology 2012, 139, 574-588.
[CrossRef] [PubMed]

Kahl, J.; Brattig, N.; Liebau, E. The Untapped Pharmacopeic Potential of Helminths. Trends Parasitol. 2018,
34, 828-842. [CrossRef]

Maizels, R.M.; Smits, H.-H.; McSorley, H.]. Modulation of Host Immunity by Helminths: The Expanding
Repertoire of Parasite Effector Molecules. Immunity 2018, 49, 801-818. [CrossRef]

Learmonth, M.P; Euerby, M.R.; Jacobs, D.E.; Gibbons, W.A. Metabolite mapping of Toxocara canis using one-
and two-dimensional proton magnetic resonance spectroscopy. Mol. Biochem. Parasitol. 1987, 25, 293-298.
[CrossRef]

Tielens, A.G.M.; van Grinsven, K.W.A.; Henze, K.; van Hellemond, ]J.J.; Martin, W. Acetate formation in the
energy metabolism of parasitic helminths and protists. Int. J. Parasitol. 2010, 40, 387-397. [CrossRef]

Zaiss, M.M.; Rapin, A.; Lebon, L.; Dubey, L.K.; Mosconi, I.; Sarter, K.; Piersigilli, A.; Menin, L.; Walker, A.W.;
Rougemont, J.; et al. The Intestinal Microbiota Contributes to the Ability of Helminths to Modulate Allergic
Inflammation. Immunity 2015, 43, 998-1010. [CrossRef]

Lagrue, C.; Poulin, R. Intra- and interspecific competition among helminth parasites: Effects on Coitocaecum
parvum life history strategy, size and fecundity. Int. J. Parasitol. 2008, 38, 1435-1444. [CrossRef] [PubMed]
Simopoulos, A.P. Essential fatty acids in health and chronic disease. Am. J. Clin. Nutr. 1999, 70, 560s-569s.
[CrossRef] [PubMed]

Wong, ].M.; de Souza, R.; Kendall, C.W.; Emam, A; Jenkins, D.J. Colonic health: Fermentation and short
chain fatty acids. J. Clin. Gastroenterol. 2006, 40, 235-243. [CrossRef] [PubMed]

Greer, ].B.; O’Keefe, S.J. Microbial induction of immunity, inflammation, and cancer. Front. Physiol. 2011,
1, 168. [CrossRef]

Scheppach, W. Effects of short chain fatty acids on gut morphology and function. Gut 1994, 35, S35-S38.
[CrossRef]

Belzer, C.; Chia, L.W.; Aalvink, S.; Chamlaqain, B.; Piironen, V.; Knol, J.C.; de Vos, WM. Microbial metabolic
networks at the mucus layer lead to diet-independent butyrate and vitamin B12 production by intestinal
symbionts. mBio 2017, 8, €00770-17. [CrossRef]

Smith, PM.; Howitt, M.R.; Panikov, N.; Michaoud, M.; Gallini, C.A.; Bohlooly, YM.; Glickman, J.N.;
Garrett, W.S. The microbial metabolites, short-chain faty acids, regulate colonic Treg cell homeostasis. Science
2013, 341, 569-573. [CrossRef]

Paller, V.G.V.; de Chavez, E.R.C. Toxocara (Nematoda: Ascaridida) and Other Soil-Transmitted Helminth Eggs
Contaminating Soils in Selected Urban and Rural Areas in the Philippines. Sci. World ]. 2014, 2014, 386232.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1742-4658.2006.05615.x
http://www.ncbi.nlm.nih.gov/pubmed/17181538
http://dx.doi.org/10.1017/S0031182011001387
http://www.ncbi.nlm.nih.gov/pubmed/21880161
http://dx.doi.org/10.1016/j.pt.2018.05.011
http://dx.doi.org/10.1016/j.immuni.2018.10.016
http://dx.doi.org/10.1016/0166-6851(87)90093-4
http://dx.doi.org/10.1016/j.ijpara.2009.12.006
http://dx.doi.org/10.1016/j.immuni.2015.09.012
http://dx.doi.org/10.1016/j.ijpara.2008.04.006
http://www.ncbi.nlm.nih.gov/pubmed/18555255
http://dx.doi.org/10.1093/ajcn/70.3.560s
http://www.ncbi.nlm.nih.gov/pubmed/10479232
http://dx.doi.org/10.1097/00004836-200603000-00015
http://www.ncbi.nlm.nih.gov/pubmed/16633129
http://dx.doi.org/10.3389/fphys.2010.00168
http://dx.doi.org/10.1136/gut.35.1_Suppl.S35
http://dx.doi.org/10.1128/mBio.00770-17
http://dx.doi.org/10.1126/science.1241165
http://dx.doi.org/10.1155/2014/386232
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Collection of Toxocara canis ESPs and Sample Preparation 
	Cryomill Extraction of ESP Samples for GC-MS Analysis 
	Targeted Analysis of Polar Metabolites Using GC-MS 
	Targeted Analysis of Medium–Long Chain Fatty Acids (MLCFAs) Using GC-MS 
	Targeted Analysis of Short Chain Fatty Acids Using LC-MS 
	Metabolite Identification Standards and Data Analysis 
	Literature Assessment of the Small Molecules Identified from Toxocara canis ESPs 

	Results 
	Polar Metabolites of Toxocara canis ESPs Identified Using GC-MS 
	Reported Biological Activities of Polar Metabolites 
	Univariate Volcano Plot Analysis of Polar Metabolites 
	Multivariate Chemometric Analyses of Polar Metabolites 
	Non-Polar Components of T. canis ESPs 
	Medium–Long Chain Fatty Acids Identified Using GC-MS 
	Short Chain Fatty Acids Identified Using LC-MS 

	Potential Biological Properties of Non-Polar Metabolites 

	Discussion 
	Conclusions 
	References

