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Abstract

Introduction Helminths are parasitic worms that infect millions of people worldwide and secrete a variety of excretory-
secretory products (ESPs), including proteins, peptides, and small molecules. Despite this, there is currently no compre-
hensive review article on cataloging small molecules from helminths, particularly focusing on the different classes of
metabolites (polar and lipid molecules) identified from the ESP and somatic tissue extracts of helminths that were studied
in isolation from their hosts.

Objective This review aims to provide a comprehensive assessment of the metabolomics and lipidomics studies of parasitic
helminths using all available analytical platforms.

Method To achieve this objective, we conducted a meta-analysis of the identification and characterization tools, meta-
bolomics approaches, metabolomics standard initiative (MSI) levels, software, and databases commonly applied in hel-
minth metabolomics studies published until November 2021.

Result This review analyzed 29 studies reporting the metabolomic assessment of ESPs and somatic tissue extracts of 17
helminth species grown under ex vivo/in vitro culture conditions. Of these 29 studies, 19 achieved the highest level of
metabolite identification (MSI level-1), while the remaining studies reported MSI level-2 identification. Only 155 small
molecule metabolites, including polar and lipids, were identified using MSI level-1 characterization protocols from various
helminth species. Despite the significant advances made possible by the ‘omics’ technology, standardized software and
helminth-specific metabolomics databases remain significant challenges in this field. Overall, this review highlights the
potential for future studies to better understand the diverse range of small molecules that helminths produce and leverage
their unique metabolomic features to develop novel treatment options.
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1 Introduction

Helminths are classified into two major phyla: nematodes
(or roundworms) and platyhelminths (or flatworms).
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The intestinal nematodes, such as Necator americanus,
Ancylostoma duodenale, Ascaris lumbricoides, and Tri-
churis trichiura, are major contributors to public health
burden, causing anaemia, digestive diseases, and stunted
growth (Sanchez et al., 2014). Despite their significant
impact on global health burden, helminth infections are
neglected tropical diseases and receive only 0.1% of global
research funding (Moran, 2011). Currently, no vaccine is
available for helminth infections, and the limited number
of anthelmintic drugs, coupled with drug resistance in
livestock animal nematodes, hinders the global fight
against parasitic worms. Moreover, the gold standard for
diagnosing helminth infections based on microscopy is
labour-intensive and is less sensitive. PCR-based molecular
diagnostic is expensive and the resource-constrained
developing tropical countries cannot afford them. There-
fore, there is a need for more sensitive, specific, and
affordable diagnostic tools that can be used in these
settings.

Helminth excretory/secretory products (ESPs) offer a
promising source of biomarkers and immunomodulatory
biomolecules, which are produced through unique bio-
chemical pathways that have evolved over millennia of co-
evolution between the parasites and humans (Loukas et al.,
2016). The ESPs contain a variety of components,
including extracellular vesicles, proteins, peptides, glycans,
and small molecules, that has specific biological functions
related to moulting, infection, immunopathogenesis,
immunoregulation, reproduction, intra- and inter- specific
competitions, and colony establishment in the gut
(Eichenberger et al., 2018). Recently, the immunomodu-
latory and therapeutic potential of helminth-derived small
molecules has been reviewed by Yeshi et al. (2022). Pro-
teomics and glycomics techniques have been used to
extensively study helminth-derived proteins, peptides, and
glycans, and these studies have been reviewed elsewhere
(Eichenberger et al., 2018; Wangchuk et al., 2019c).

Studies of helminth small molecules, particularly those
focused on ESPs of intestinal parasites (i.e., removed from
their hosts), are less advanced than transcriptomics and
proteomics studies. This could be partly due to the lack of
suitable culture media for gathering small molecule ESPs
and complex identification protocols. The classical culture
media such as RPMI-1640 contains more than 40 small
molecules, hindering the identification of ESPs small
molecule metabolites released in the culture media (Mai-
zels et al., 2018). However, a simple single-component
alternative culture media has been described recently,
resolving the technical difficulties presented by RPMI
culture media (McSorley et al., 2013; Wangchuk et al,,
2019c). The recent development of cutting-edge analytical
equipment and metabolomics bioinformatics platforms has
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enabled the investigation of small molecules produced by
helminths, thus gaining attention.

Metabolomics is a technique used to characterize a
complex mixture or a large number of metabolites or small
molecules (< 1 kDa) that are both exogenous and
endogenous and are produced by or present in an organism
(Zakeri et al., 2018). In helminthology, metabolomics is a
relatively new technique wiith great potential to identify
metabolites in the cells, biofluids (including ESPs), tissues,
and whole organisms (Ryan et al., 2020). Four major types
of analytical equipment are widely used in metabolomics:
gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS), capillary
electrophoresis-mass spectrometry (CE-MS), and nuclear
magnetic resonance (NMR) spectroscopy (Perez de Souza
et al.,, 2021). A review by Preidis and Hotez (Preidis &
Hotez, 2015) discussed the metabolomic profiles of para-
sitised hosts and the potential of metabolomics techniques,
including NMR, GC-MS, and LC-MS, to identify
biomarkers for developing more sensitive point-of-care
diagnostics for neglected tropical diseases. Kokova and
Mayboroda (Kokova & Mayboroda, 2019) described the
state-of-the-art NMR metabolomics of body fluids of ani-
mals or hosts infected with parasitic helminths, and
Whitman et.al (Whitman et al., 2021) provided a compre-
hensive review of the metabolomics of parasitic helminths
using mass spectrometry. To the best of our knowledge, a
comprehensive review on the cataloguing of small mole-
cules of helminths, particularly different classes of
metabolites (polar and lipid molecules) identified from the
ESPs and somatic tissue extracts of helminths collected
in vitro after removal from their hosts, has not been
attempted so far.

Herein, we have conducted a meta-analysis of the pub-
lished information on small molecules of helminths col-
lected from various databses, including PubMed, Embase,
Scopus, Web of Science, and Google Scholar. We have
collated all the available data and presented metabolites
identified with the highest level of the Metabolomics
Standards Initiative (MSI).We retrieved 28 metabolomics
studies (involving 17 different helminth species) that used
various analytical platforms and identification tools, and
conducted a meta-analysis of these 28 papers. Table 1
summarises analytical equipment, databases and software
used for metabolomics studies of various samples prepared
from different developmental stages of helminths. We
found that these 28 metabolomics studies used GC-MS,
LC-MS, CE-MS, and NMR for studying the ESP and the
somatic tissue extracts of various helminths. Besides these,
a few helminth metabolomics studies included in this
review have also applied other analytical platforms,
including Raman and Fourier transform infrared (FTIR)
spectroscopies, high-resolution mass spectrometry (HRM)
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such as Q-Exactive Orbitrap MS/HPLC, ultrahigh perfor-
mance  liquid-chromatography = mass  spectrometry
(UHPLC/MS), and atmospheric pressure (AP) matrix-as-
sisted laser desorption/ionization mass spectrometry
imaging (AP-SMALDI MSI) (Table 1). The advantages
and limitations of various mass spectrometry techniques
have been reviewed in-depth elsewhere (Dettmer et al.,
2007).

2 Polar metabolites identified
from excretory-secretory products
and tissue extracts

Before the widespread use of NMR spectroscopy, the
metabolic profile of body fluids and tissues of hosts
infected with parasitic helminths such as Schistosoma
japonicum and S. mansoni was studied (Nishina et al.,
1994). However, recent advancements in metabolomics
tools and techniques have allowed identifying metabolites
produced by helminths under in vitro culture conditions.
Through content analysis of the available literature, it was
found that a total of 100 polar metabolites (i.e., after
excluding common duplicates) were identified and con-
firmed with available standards (MSI-level-1 identification)
from six parasitic helminths (A. caninum, T. canis, N.
brasiliensis, T. muris, N. americanus, and D. caninum)
(Wangchuk et al., 2019a, 2019b, 2020; Yeshi et al., 2020)
(Table 2). The most abundant polar metabolites in the SE
were amino acids, carboxylic acids, and derivatives, while
ESPs mainly contained sugars and sugar alcohols. Among
these six helminths, eight polar metabolites were in com-
mon, including D-glucose-6-phosphate, L-alanine, L-me-
thionine, L-phenylalanine, L-tyrosine, mannitol, succinic
acid, and 5-oxoproline (Fig. 1; Table 2) (Wangchuk et al.,
2019b, 2020; Yeshi et al., 2020). Although bacterial spe-
cies also secrete succinic acid (Miiller et al., 2012), it is
more likely that it is a true metabolite of these six parasitic
helminths, given that the six helminth studies used 5%
antibiotic/antimycotic (A/A) for removing host fecal debris
and washing the parasites (3-5 times washes). An addi-
tional 2% A/A was used for worm culturing media, which
reduces the possibility of microbial contamination (Fig. 1).
Moreover, the presence of succinic acid in the ESPs of M.
brasiliensis was confirmed using "H NMR (Nadjsombati
et al., 2018).

Pterin, orotate, LL-2,6-diaminoheptanedioate, and 2,5-
dihydroxybenzoate have been identified as polar metabo-
lites unique to infective L3 stage of N. brasiliensis in a
study by Yeshi et al. (2020). Pterin, a pyrazino-pyrimidine
derivative, was first discovered as a fluorescent pigments in
butterfly wings by Hopkins in 1894 (Hopkins, 1894) and
has since been reported in various living organisms such as

@ Springer

cyanobacteria, mammals, and parasites. In humans,
monocytes or macrophages produce excess neopterin upon
stimulation with IFN-y (Weiss et al., 1993). Biopterin, a
pterin derivative, has been reported as a ROS scavenger
(Shen & Zhang, 1993) and was detected in the muscle
extract of A. lumbricoides through paper chromatographic
analysis followed by purification using a neutral pH Ecte-
ola (Epichlorohydrin triethanolamine)-cellulose column
(1.8 x 30 cm) and a Sephadex column (G-25, fine,
1.8 x 20 cm) (Fukushima, 1970). However, the specific
role of biopterin has not been reported in any available
literature.

Orotate, detected in the ESPs of N. brasiliensis L3 stage
might be the end-product of de novo pyrimidine biosyn-
thesis. Surprising, orotate was not detected in embryonated
eggs and adult 7. muris, despite all five enzymes involved
in pyrimidine metabolism being present in helminths,
including N. brasiliensis and T. muris (Yeshi et al., 2020).
The role of orotate in living organisms is described as a
regulator of genes involved in developing cells, tissues, and
organisms as a whole (Loffler et al., 2016). In the somatic
tissue extract of A. caninum, a non-reducing disaccharide
called trehalose (also known as mycose or tremalose) was
reported to be present. Trehalose was also detected (< 10%
of dry weight) in A. lumbricoides eggs (Fairbairn & Passey,
1957) as well as matured larvae of A. lumbricoides and
Porrocaecum decipiens (Kalf & Rieder, 1958). Fairbairn
(Fairbairn, 1958b) detected trehalose (a source of energy
and carbon) in the somatic tissues of 14 helminth species
(refer Table 1 above) and suggested that parasitic nema-
todes possess more trehalose than trematodes and cestodes.
Trehalose is commonly found in yeast and fungi (Elbein
et al., 2003).

Several metabolites unique to different parasitic hel-
minths have been identified, including amino acids and
carboxylic acids, with A. caninum (adult) having 13, N.
brasiliensis infective stage (L3) having three, and adult 7.
canis having one (Fig. 1, Table 1). Additionally, glu-
conolactone (gluconic-d-lactone) has been reported as a
unique metabolite in the ESPs of adult 7. canis (Wangchuk
et al.,, 2020). A representative structure of metabolites
unique to different parasitic helminths is given in Fig. 2.
The presence of species-specific metabolites suggests the
potential for developing diagnostic biomarkers. However,
the reliability of unique metabolites, both polar metabolites
and lipids, may be limited as experimental conditions and
analytical platforms differ across studies, and comparisons
may not provide a comprehensive picture of the samples
under investigation. It is also important to note that the
unique or different molecules in the metabolite profiles
among the helminths could be due to different experi-
mental conditions, analytical platforms, helminth species,
and their different life-cycle stages, which are known to
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produce stage-specific metabolites (Barrett, 1987; Wang-
chuk et al., 2019b).

3 Lipids of the excretory-secretory products
and tissue extracts of helminths

Out of the 28 helminth metabolomics studies we reviewed,
17 solely focused on lipidomics analysis (as shown in
Table 2), using untargeted (8 studies) and targeted (9
studies) approaches. However, only seven of these studies
achieved MSI level-1 identification (i.e., confirmed the
identity of lipids with authentic standards) (refer to Table 3
and Fig. 3), while 10 studies reported MSI level-2 (puta-
tively identified) lipids. Due to the large number of putative
lipids identified, it is not feasible to include them all in this
review, and they can be accessed from the references in
Table 2. For example, in the infective stages of N.
brasiliensis and T. muris, 350 putative lipids were identi-
fied, with glycerophospholipids and glycerolipids being the
predominant lipid groups (Yeshi et al., 2020). In S. man-
soni, Ferreira et al. (2014a) reported the presence of
phospholipids and triacylglycerols, with phosphatidyl-
cholines (PCs) being the major lipids (Ferreira et al., 2015).
Similarly, Wang et al. (2020) putatively identified 587
lipids from the somatic tissue extract of Ascaris suum.
The identities of 55 lipids produced by 10 different
helminth species at various life cycle stages were con-
firmed through MSI level-1 identification protocols after
excluding duplicates (Table 3). Many unique MSI level-1
identified lipids were reported, such as seven unique lipids

Fig. 1 Venn diagram showing
both common and uncommon
MSI-1 identified polar
metabolites among different
helminth species

T. canis
Total = 39
Unique =2

(elaidic acid, erucic acid, heneicosylic acid, lignoceric
acid, nonadecylic acid, pelargonic acid, and stearic acid)
from A. caninum, five (linoleic acid, linolenic acid, 2,5-
dimethyl-2E-tridecenoic acid, 7-methyl-6E-hexadecenoic
acid, and 7,7-dimethyl-5Z,8Z-eicosadienoic acid) from D.
viviparus, three (caproic acid, valeric acid, and tiglic acid)
from A. lumbricoides, and one in T. canis (o-glyc-
erophosphorylcholine) (Table 3). Only three lipids were
isolated and identified using 'H NMR spectroscopy (i.e.,
from somatic tissues of 7. canis) (see Table 2). There were
41 lipids common to all 17 helminths included in Table 3,
such as palmitic acid, oleic acid, and stearic acid, which
were present in eight helminth species (A. caninum, T.
canis, D. caninum, N. brasiliensis, T. muris, D. viviparus,
and S. ratti).

The presence of fatty acids such as cis-octadecenoic
acid, branched-chain, and monoenoic acids like oleic and
vaccenic acid can modify the physical properties of host
cell membranes and result in cell rupture (Ward, 1982).
However, caution should be exercised when considering
common and unique lipids among these helminths, as each
study’s experimental conditions and analytical platforms
vary. Stearic acid (C18) was found to be one of the major
fatty acids in the ESPs of adult A. caninum (Wangchuk
et al.,, 2019c), T. muris, and N. brasiliensis (Wangchuk
et al., 2019b), T. canis (Wangchuk et al., 2020), D. can-
inum (Wangchuk et al., 2019a), and Ascaridia galli (Ghosh
et al., 2010). Additionally, stearic, palmitic, palmitoleic,
and oleic acids were the most prevalent fatty acids iden-
tified in the free-living (L1 — L3) and parasitic stages of D.
viviparus (Becker et al., 2017).

N. brasiliensis
Total = 78

N. americanus
Total = 44

A. caninum
Total = 50
Unique = 14

D. caninum
Total = 34

@ Springer
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Fig. 2 Chemical structures of

commonly reported compounds o
(polar) unique to specific OH
helminth species. Compounds H2N4<L_(O
1-13: unique to adult A. NH,
caninum; compound 14: unique
to adult 7. canis; compounds
15-17: unique to infective larval

L-Asparagine (1)

third stage (L3) of N. OH
brasiliensis HOW_~__,OH
HO "'OH
Q
HO-P-OH
(0]

L-Isoleucine (13) Gluconolactone (14)

Barrett (1981) reported that helminths have a higher
percentage of unsaturated C18 fatty acids than other lipid
compositions. However, as they transition from free-living
to the parasitic stage, considerable changes occur, includ-
ing alterations in energy metabolism (Harder, 2016) and
membrane fatty acid composition (Proudfoot et al., 1990).
For instance, free-living stages require more unsaturated
fatty acids in their membrane to protect themselves from
low environmental temperatures, but these fatty acids are
not required as they develop into the parasitic stage (Hazel
& Williams, 1990). The majority of the fatty acids iden-
tified in adult stages of A. caninum (Wangchuk et al.,
2019c), T. muris and N. brasiliensis (Wangchuk et al.,
2019b), D. caninum (Wangchuk et al., 2019a), and D.
viviparus (Becker et al., 2017) were saturated fatty acids,
which supports the phospholipid membrane hypothesis
(Proudfoot et al., 1990), as membrane phospholipids have a
polar head and two nonpolar tails (composed of fatty
acids), whereby one of the tails has saturated fatty acids
(Lombard, 2014). However, in Haemonchus contortus,
fatty acid saturation levels decreased as they matured into
the parasitic stage (Wang et al., 2018). There was a reduced
synthesis of triradylglycerols and increased glycerophos-
pholipids (predominantly glycerophosphoethanolamines
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and glycerophosphocholines) as H. confortus transitioned
from free-living to the parasitic stage. In Trichinella
papuae L1 stage, glycerophospholipids were dominant,
with the most abundant glycerolipid diglycerides (Mang-
mee et al., 2020). The tegumental membranes of S. man-
soni are also enriched with unsaturated fatty acids such as
eicosenoic acid (20:1) and 5-octadecenoic acid, which were
absent in their host (Retra et al., 2015). Phos-
phatidylethanolamines (PE) were abundant in O. ochengi
worms and bovine nodule fluid, suggesting that these
phospholipids might be released from O. ochengi into the
host and could serve as potential biomarkers (Wewer et al.,
2017).

Giera et al. (2018) found that the lipid composition of
different life cycle stages of S. mansoni varied. Pros-
taglandins were enriched in eggs, while the cercaria stage
contains mainly resolvins. Mature eggs of S. mansoni had
higher levels of phospholipids, while immature eggs con-
tained more neutral lipids (Bexkens et al., 2019). S. man-
soni does not oxidise fatty acids because they lack the
genes encoding enzymes required for B-oxidation. Instead,
they (mostly females) uptake and use fatty acids, including
stored fatty acids such as triacylglycerols, which are used
for membrane phospholipid biosynthesis in developing
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Table 3 Lipids identified (MSI-1) from the excretory-secretory products, and tissue extracts of helminths (Greichus & Greichus, 1966; Lear-
month et al., 1987; Minematsu et al., 1990; Nadjsombati et al., 2018; Wangchuk et al., 2019a, 2019b, 2019¢, 2020; Yeshi et al., 2020)

Lipids Helminth and life cycle stage Sample  Formula Chemical sub class*
types
Acetic acid Ancylostoma caninum (adult), Nippostrongylus brasiliensis  ESPs, C,H,0, Carboxylic acids
(adult), Trichuris muris (adult), Toxocara canis (adult), SE
Ascaris lumbricoides (adult)
Adrenic acid A. caninum (adult) ESPs Cy,H360, Fatty acids and
conjugates
Arachidic acid Dipylidium caninum (adult), N. brasiliensis (adult), T. muris ESPs, C,0H400> Fatty acids and
(adult), T. canis (adult), Brugia malayi (adult), SE conjugates

Dictyocaulus viviparus (eggs, L1-L3, pre-adult, adult), A.
caninum (adult)

Arachidonic acid D. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs, C,0H3,0, Fatty acids and
T. canis (adult); Strongyloides rattii (L1, L3, adult), B. SE conjugates
malayi (adult), D. viviparus (eggs, L1-L3, pre-adult, adult)

Behenic acid A. caninum (adult), B. malayi (adult) ESPs, Cy,Hy40, Fatty acids and

SE conjugates

Butyric acid A. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs, C4H,0, Fatty acids and
T. canis (adult), A. lumbricoides (adult) SE conjugates

Capric acid D. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs C9H»00, Fatty acids and
T. canis (adult), A. caninum (adult); D. viviparus (eggs, conjugates
L1-L3, pre-adult, adult)

Caproic acid A. lumbricoides (adult) ESPs CegH;,0, Fatty acids and

conjugates

Caprylic acid A. caninum (adult), D. viviparus (eggs, L1-L3, pre-adult, ESPs, CgH 60, Fatty acids and
adult) SE conjugates

Cholesterol Hymenolepis diminuta (infective stage) SE C,7H460 Cholestane steroids

dihomo-y-linolenic acid S. rattii (L1, L3, adult), D. viviparus (eggs, L1-L3, pre- SE C,0H340, Fatty acids and
adult, adult), B. malayi (adult) conjugates

Docosahexaenoic acid N. brasiliensis (adult), T. muris (adult), D. caninum (adult), ESPs C,,H3,0, Fatty acids and
T. canis (adult) conjugates

Lipids Helminth and life cycle stage Sample  Formula Chemical sub class*

types

Eicosadienoic acid S. rartii (L1, L3, adult), B. malayi (adult), D. viviparus SE C,0H360, Fatty acids and
(eggs, L1-L3, pre-adult, adult) conjugates

Eicosapentaenoic acid S. rattii (L1, L3, adult), D. viviparus (eggs, L1-L3, pre- SE CoH300, Fatty acids and
adult, adult) conjugates

Elaidic acid A. caninum (adult) ESPs C,3H54,0, Fatty acids and

conjugates

Erucic acid A. caninum (adult) ESPs C»,Hy,0, Fatty acids and

conjugates
9Z-Eicosenoic acid B. malayi (adult), D. viviparus (eggs, L1-L3, pre-adult, SE Cy0H350, Fatty acids and
adult) conjugates

Heneicosanoic acid A. caninum (adult) ESPs C,1H4,0, Fatty acids and

conjugates

Isobutyric acid A. caninum (adult), T. canis (adult), A. lumbricoides (adult) ESPs, C4H,0, Carboxylic acids

SE

Isovaleric acid A. caninum (adult), T. canis (adult) ESPs CsHyO, Fatty acids and

conjugates

Dodecanoic acid D. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs, C,H»,0, Fatty acids and
A. caninum (adult), T. canis (adult), B. malayi (adult), D. SE conjugates

viviparus (eggs, L1-L3, pre-adult, adult)
Lecithin H. diminuta (infective stage) SE C44HggNOgP  Glycerophosphocholines
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Table 3 (continued)

Lipids Helminth and life cycle stage Sample  Formula Chemical sub class*
types
Tetracosanoic acid A. caninum (adult) ESPs C,4Hy30, Fatty acids and
conjugates
Linoleic acid D. caninum (adult), T. canis (adult), N. brasiliensis (adult), ESPs, C3H3,0, Linoleic acids and
T. muris (adult), A. caninum (adult), S. rattii (L1, L3, SE derivatives
adult), D. viviparus (eggs, L1-L3, pre-adult, adult), B.
malayi (adult)
cis-Linoleic acid D. viviparus (eggs, L1-L3, pre-adult, adult) SE C7H300, Linoleic acids and
derivatives
trans-Linoleic acid D. viviparus (eggs, L1-L3, pre-adult, adult) SE C17H300, Linoleic acids and
derivatives
a-Linolenic acid D. viviparus (eggs, L1-L3, pre-adult, adult) SE C,3H300, Lineolic acids and
derivatives
Heptadecanoic acid D. caninum (adult), T. canis (adult), A. caninum (adult), N. ESPs C7H340, Fatty acids and
brasiliensis (adult), T. muris (adult), D. viviparus (eggs, conjugates
L1-L3, pre-adult, adult)
Lipids Helminth and life cycle stage Sample  Formula Chemical sub class*
types
Myristic acid D. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs, C,4H>30, Fatty acids and
T. canis (adult), A. caninum (adult), B. malayi (adult), D. SE conjugates
viviparus (eggs, L1-L3, pre-adult, adult)
Myristic acid D. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs, C4H50, Fatty acids and
T. canis (adult), A. caninum (adult), B. malayi (adult), D. SE conjugates
viviparus (eggs, L1-L3, pre-adult, adult)
Myristoleic acid B. malayi (adult), D. viviparus (eggs, L1-L3, pre-adult, SE C14H60, Fatty acids and
adult) conjugates
Nervonic acid A. caninum (adult), D. viviparus (eggs, L1-L3, pre-adult, ESPs C4H460, Fatty acids and
adult) conjugates
Nonadecanoic acid A. caninum (adult) ESPs C,9H330, Fatty acids and
conjugates
Oleic acid N. brasiliensis (adult), T. muris (adult), S. rattii (L1, L3, ESPs, C,sH340, Fatty acids and
adult), B. malayi (adult), D. caninum (adult), T. canis SE conjugates
(adult), D. viviparus (eggs, L1-L3, pre-adult, adult)
Palmitic acid D. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs, C,6H3,0, Fatty acids and
T. canis (adult), A. caninum (adult), S. rartii (L1, L3, SE conjugates
adult), B. malayi (adult), D. viviparus (eggs, L1-L3, pre-
adult, adult)
Palmitoleic acid S. rattii (L1, L3, adult), B. malayi (adult), D. viviparus SE C16H300> Fatty acids and
(eggs, L1-L3, pre-adult, adult) conjugates
Pelargonic acid A. caninum (adult) ESPs CoH;50, Fatty acids and
conjugates
Pentadecanoic acid D. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs C,5H300, Fatty acids and
T. canis (adult), A. caninum (adult), D. viviparus (eggs, conjugates
L1-L3, pre-adult, adult)
Petroselinic acid A. caninum (adult), D. viviparus (eggs, L1-L3, pre-adult, ESPs, C3H340, Fatty acids and
adult) SE conjugates
Propionic acid A. caninum (adult), N. brasiliensis (adult), T. muris (adult), ESPs, C3HgO, Carboxylic acids
T. canis (adult), A. lumbricoides (adult) SE
Lipids Helminth and life cycle stage Sample  Formula Chemical sub class*
types
Stearic acid D. caninum (adult), T. canis (adult), A. caninum (adult), N. ESPs C,3H360, Fatty acids and

brasiliensis (adult), T. muris (adult), S. rartii (L1, L3,
adult), B. malayi (adult), D. viviparus (eggs, L1-L3, pre-
adult, adult)

conjugates
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Table 3 (continued)

Lipids Helminth and life cycle stage Sample  Formula Chemical sub class*
types
Stearidonic acid A. caninum (adult) ESPs CgH30, Lineolic acids and
derivatives
Tiglic acid A. lumbricoides (adult) ESPs CsHgO, Fatty acids and
conjugates
Tridecanoic acid D. caninum (adult), T. canis (adult), N. brasiliensis (adult), ESPs C3H60, Fatty acids and
T. muris (adult), A. caninum (adult) conjugates
Tricosanoic acid A. caninum (adult), D. viviparus (eggs, L1-L3, pre-adult, ESPs Cy3Hy60, Fatty acids and
adult) conjugates
Undecanoic acid D. caninum (adult), T. canis (adult), A. caninum (adult), D. ESPs C,1H»0, Fatty acids and
viviparus (eggs, L1-L3, pre-adult, adult) conjugates
Valeric acid A. lumbricoides (adult) ESPs CsHoO, ™ Fatty acids and
conjugates
a-Linolenic acid B. malayi (adult), D. viviparus (eggs, L1-L3, pre-adult, SE C,3H300, Lineolic acids and
adult), S. rartii (L1, L3, adult) derivatives
ol- T. canis (adult) SE CgHyoNOgP  Glycerophosphocholines
Glycerophosphorylcholine
v-Linolenic acid S. rattii (L1, L3, adult), B. malayi (adult) SE CgH300, Lineolic acids and
derivatives
Ethylmethylacetic acid A. caninum (adult), T. canis (adult), A. lumbricoides (adult) ESPs CsHoO, Fatty acids and
conjugates
( +)-2-Methylpentanoic A. caninum (adult), A. lumbricoides (adult) ESPs CeH 20, Fatty acids and
acid conjugates
2,5-Dimethyl-2E- D. viviparus (eggs, L1-L3, pre-adult, adult) SE C5H50, Fatty acids and
tridecenoic acid conjugates
7-Methyl-6E-hexadecenoic  D. viviparus (eggs, L1-L3, pre-adult, adult) SE C7H3,0, Fatty acids and
acid conjugates
7,7-Dimethyl-5Z,8Z- D. viviparus (eggs, L1-L3, pre-adult, adult) SE Cy,Hy00, Fatty acids and

eicosadienoic acid

conjugates

MSI-1 Metabolomics Standards Initiative level-1; SE somatic extract; ESPs excretory-secretory products; L3 third stage larva; L4 fourth stage

larva

*Chemical sub class as described in HMDB, LipidMaps, and PubChem

Fig. 3 Venn diagrams showing

the MSI-1 identified lipids
among different helminth
species

T. Muris
Total = 16

A. caninum
Total = 31

nique =8

H. diminuta

A. lumbricoides
Total =2

Total =9
Unique =3

D. caninum

Total =30
Unique =7

Total =11
Unique =1
S. rattii

@ Springer



63 Page 18 of 23

Wangchuk et al.

miracidia (Bexkens et al., 2019). Prostaglandins are not
only enriched in S. mansoni eggs, but they are also major
lipids in T. suis ESPs (Laan et al., 2017).

4 Metabolic pathways and biosynthesis

This review found that 155 metabolites, including 100
polar compounds and 55 lipids were identified using MSI
level-1 identification protocols. Therefore, our discussion
of biosynthetic pathways is focussed on these metabolites.
We observed that helminths primarily rely on amino acids,
carbohydrates, and lipids metabolism in both adults and
infective stages, depending on the culture media used for
ESPs collection. Amino acids were the most commonly
reported metabolites from helminths, and pathway analysis
revealed that aminoacyl-tRNA biosynthesis, arginine
biosynthesis, lysine degradation, aspartate, alanine, and
glutamate metabolism were the most common amino acid
pathways (Yeshi et al., 2020). Yeshi et al. (2020) also
suggested that isocitrate, a unique metabolite in the ESPs
of N. brasiliensis infective stage, could be the product of
glyoxylate metabolism, a common pathway in free-living
nematodes. Adult helminth parasites typically use two
forms of energy metabolism: anaerobic glycolysis, which is
predominant in schistosomes and filarial nematodes, and
degradation of carbohydrates to phosphoenolpyruvate
(PEP) through the same glycolytic pathway without oxygen
(Tielens, 1994). The presence of PEP in adult 7. muris and
most of the helminths included in this review suggests that
anaerobic degradation of carbohydrates to PEP could be
one of the primary energy pathways.

Parasites typicaally have a functionally incomplete TCA
cycle (Prichard, 1989), as observed in the parasitic hel-
minths discussed in this review. Glucose is obtained from
the host and subsequently utilised in anaerobic glycolysis
(Miiller et al., 2012). Parasitic helminths, in particular,
prefer lipids and amino acids over carbohydrates as a
source of energy (Clark, 1969). Amino acid metabolism is
a major pathway for these parasites, and they use the TCA
cycle and fatty acid degradation for this purpose rather than
for ATP production (Tielens and van den Bergh, 1993).
Studies have shown that C'*-labelled glucose in dog
hookworm is not converted to glycogen (Araujo et al.,
2013) but is instead diverted into amino acid production
(Perez Gimenez et al., 1967) in a metabolism dominated by
fermentative processes (Miiller et al., 2012; Warren &
Poole, 1970). Exposure to dog sera increases feeding rates
in dog hookworm (L3 stage) (Warren & Guevara, 1962),
and large diffusible solutes (such as the protein fraction)
stimulate glucose consumption (Komiya et al., 1956).
Adult dog hookworms are capable of aerobic metabolism,
and cyanide inhibition studies indicate that they have a
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TCA cycle that can oxidize pyruvic and succinic acids
(Warren & Karlsson, 1965). However, NADH respiration
is not strongly coupled to oxidative phosphorylation, and
hookworms lack respiratory control (Warren, 1970). The
activity of succinoxidase in adult A. caninum is not tightly
coupled to the synthesis of ATP, and external NADH
oxidation that is not coupled to phosphorylation can occur.
The low phosphorylation or oxidation ratios may reflect
loosely coupled respiratory pathways or the existence of
two respiration pathways—one coupled to the esterification
of inorganic phosphate and another to the NADH pathway
(Warren, 1970).

Recent studies have shown significant interest in
immunometabolism, which investigates the metabolic
profiles of activated immune cells and their role in immune
homeostasis (O’Neill et al., 2016). In particular, six path-
ways have been linked to immune function: glycolysis
(which is pro-inflammatory), the TCA cycle, the pentose
phosphate pathway, fatty acid oxidation, fatty acid syn-
thesis, and amino acid metabolism. Interestingly, high
levels of fatty acids and amino acids have been found to
inhibit cell activation of the mTOR pathway, which can
have anti-inflammatory effects (O’Neill et al., 2016). It
would be intriguing to investigate the levels of mTOR
expression at the site of gastrointestinal helminth attach-
ment in the gut to determine whether this is one of the
mechanisms by which the worms induce immune toler-
ance. Furthermore, M1 and M2 macrophages have distinct
differences in their TCA cycles, with M2 macrophages
having a complete TCA cycle, while M1 macrophages
have a TCA cycle that is broken in two places (after citrate
and succinate) (O’Neill et al., 2016). Notably, M2 macro-
phages are associated with helminth expulsion, yet we
observe that A. caninum exhibits the broken TCA cycle
pattern associated with M1 macrophages, suggesting that
other factors may influence macrophage polarisation in
helminth infections.

The interactions of the end products of helminth meta-
bolism within the host have not been extensively studied.
Additionally, there needs to be more investigation into the
role of secondary metabolites produced by helminths and
their roles in the host-parasite relationship. Parasites often
utilize fermentation as a metabolism, producing end
products such as short-chain fatty acids (SCFAs). How-
ever, we can easily distinguish cellular intermediates of
biochemical pathways in the case of A. caninum. While
these molecules may be released from dying cells or the
worm itself, we believe that the hookworm actively
secretes these molecules to create an environment of tol-
erance and immune homeostasis around its attachment
sites, despite the relative impermeability of its outer cuti-
cle. It has been observed that successful parasites, includ-
ing A. caninum, use anaerobic metabolism during active
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parasitism to produce fatty acids, such as SCFAs, which
may play essential roles in modulating host immune
responses.

Helminths in their parasitic stages contain more diverse
range of fatty acids than their non-parasitic stages (Becker
et al., 2017), as lipids are seential for establishing their
niches inside their hosts (Sato et al., 2008). Glucose is
metabolized to produce SCFAs, such as acetate and pro-
pionate, while L-valine and L-leucine are the precursors of
isobutyric acid and isovaleric acid, respectively, as
demonstrated by labelling studies (Warren, 1970). A.
lumbricoides was the first to have a few SCFAs, such as
acetic acid, propionic acid, n-valeric acid, methylbutyric
acid, and methylvaleric acid, reported in 1965 (Beames,
1965). Our studies involving A. caninum, D. caninum, T.
canis, and T. muris (Wangchuk et al., 2019b, 2019c)
showed that fatty acids, including SCFAs, were the major
lipids metabolised when cultured outside their host using a
single-component culture media (Glutamax). Another
group reported the presence of saturated fatty acids (not
SCFAs) from the ova of A. caninum (Gyawali et al., 2016).
The origin of the excreted SCFAs of A. caninum was
demonstrated through D-glucose-'*C isotope labelling,
which suggested intermediary glucose metabolism in both
aerobes and anaerobes (Warren & Poole, 1970). The for-
mation and excretion of acetate as a metabolic end-product
of energy metabolism have also been reported in many
other helminth parasites, such as F. hepatica, A. suum, and
H. contortus (Tielens et al., 2010).

However, another body of scholarly literature suggests
that helminths cannot synthesize most essential lipids,
including SCFAs, and instead rely on obtaining them
exogenously from their host (Smyth, 1994). For instance, it
is reported that schistosomes obtain lipids from their host
and convert them to triglyceride (TG) (Brouwers et al.,
1997), as they cannot synthesize fatty acids (Berriman
et al., 2009). Analyses of the available literature have
revealed that two enzymes are involved in propanoate
synthesis in A. caninum. However, enzymes involved in
SCFAs biosynthesis, such as cytosolic acetyl-CoA syn-
thetase or an organellar acetate: succinate CoA-transferase,
are poorly represented when mapped against the known
metabolic KEGG pathways of 81 worm genomes (Wang-
chuk et al., 2019c¢). This suggests that helminths are unable
to synthesize SCFAs. It has been suggested that gut
microbiota could be another source of SCFAs in helminth
ESPs. Studies have shown that experimental human
hookworm infection enriches bacterial species in the gut
interface and elevates the production of SCFAs (Giacomin
et al., 2015). The SCFAs such as acetate, butyrate, and
propionate are produced and utilized by bacteria and ben-
efit host epithelial cells by producing molecules such as
vitamin B, (Belzer et al.,, 2017). However, due to

contradictory biosynthetic information described in the
literature, further studies will be needed to define the
contribution of the commensal microbiome to fatty acid
production, especially SCFAs synthesis in helminths.

Helminth-derived lipids also participate in biochemical
interactions between the host and the parasite. However,
most lipids reported from various helminth metabolomics
studies, including those listed in Table 2, are putative, and
only about 55 lipids have been identified at MSI level-1
(confirmed with reference standards), primarily fatty acyls
(as shown in Table 3). Fatty acids are crucial in various
biological processes, and some, such as the cis-form of
octadecanoic acid (stearic acid), monoenoic acids (oleic
acid and vaccenic acid), and other branched-chain acids,
aid in penetrating the host cell membrane (Ward, 1982).
The presence of octadecanoic acid (stearic acid) and oleic
acid in the ESPs or somatic tissues of at least seven hel-
minths (as listed in Table 1) suggests that these compounds
may play a role in host invasion and establishing infection
(Yeshi et al., 2020).

The utilization of lipids by helminths varies across dif-
ferent stages of their life-cycle. During the parasitic adult
stage, helminths mainly rely on their host for energy and
nutrients, utilizing only specific fatty acids and fat-soluble
vitamins for energy (Tielens, 1997). Many lipids are stored
and excreted, later becoming food for gametes in adults,
without other essential functions (Barrett, 1968; Cheng,
1986). It is hypothesized that SCFAs, such as propionate
and acetate, identified in the ESPs of adult A. caninum, N.
brasiliensis, and T. muris, may be stored as food reserves
for gametes (Andoh et al., 1999; Kovarik et al., 2011;
Tedelind et al., 2007). Other lipids, such as phosphatidyl-
cholines (PCs), have been identified as major lipids in S.
mansoni (Ferreira et al., 2015), while pterin was detected in
the ESPs of the infective L3 stage of N. brasiliensis (Yeshi
et al., 2020). Succinate (succinic acid) is among the
metabolites reported to be secreted or excreted by a few
helminth species, including N. brasiliensis, N. americanus,
T. muris, A. caninum, D. caninum, and T. canis (Table 1).

Over 500 putative metabolites, including lipids, have
been reported from a single helminth species (Wang et al.,
2018, 2020; Wangchuk et al., 2019b; Yeshi et al., 2020),
yet their bioactivity remains largely unexplored. Currently,
only 20-30% of the total metabolites are known, with
70-80% remaining unidentified due to limitations in
identification protocols and helminth-specific compound
libraries. There is a pressing need for extensive and com-
prehensive metabolomics studies. In 2020, a new pulsed
MS ion generation technique called triboelectric nano-
generator inductive nanoelectrospray ionization (TENGi
nanoESI) MS was introduced. This technique enables the
analysis of volume-limited samples, even at nanolitre scale,
via. LC-MS (Li et al., 2020). Such technological
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advancement are likely to popularise metabolomics studies
of helminths. Isolating compounds from helminths could
result in discovering many novel molecules new to science,
thereby improving the understanding of helminth biology
and their molecular interactions with hosts.

5 Conclusion

While there is a significant amount of literature on genomic
and proteomic analyses of parasitic helminths, metabo-
lomics is a relatively new ‘omics’ technology that has
recently been applied to study helminth metabolomics. The
metabolome is the final downstream product of the genome
and proteome and has proven to be complementary
approach to genomics and proteomics techniques in
understanding helminth biology at a more comprehensive
level. Metabolomics techniques are increasingly being used
to study helminths in various ways, including in vitro
parasite culture, in vivo animal models, and clinical studies
in humans. Initially, many metabolomics studies focused
on detecting changes in the metabolome profile of infected
hosts (mostly in vivo animal and human biofluids) com-
pared to ESPs derived from in vitro parasite culture.

We analyzed 28 studies that reported the metabolomic
assessment of ESPs and somatic tissue extracts of 17 hel-
minth species grown under in vitro culture conditions. Of
these 28 reported studies, included in this review, 19
achieved the highest level of metabolite identification (MSI
level-1), while the remaining studies reported MSI level-2
identification. Only 155 small molecule metabolites,
including polar and lipids, were identified using MSI level-
1 characterization protocols from various helminth species.
Although MSI level-1 is the best and the highest identifi-
cation level, its use is limited by the number of known
standards, which are often expensive and may not be
readily available to researchers or metabolomics institutes.
As a result, targeted and MSI level-1 platforms are only
sometimes feasible options for researchers.

The advances in analytical technologies and identifica-
tion tools offer immense potential for providing a com-
prehensive metabolic snapshot of helminths throughout
their lifecycle and greater opportunities for higher identi-
fication rates. However, several challenges must be
addressed when using this latest ‘omics’ platform. These
challenges include:

e The need for expensive analytical instrumentation such
as MS and NMR to obtain raw data makes it
challenging for resourced-constrained countries with
high helminth endemicity to conduct metabolomics
studies. Moreover, none of these analytical platforms

@ Springer

can provide a complete picture of complex helminth-
derived samples.

e The requirement of sophisticated bioinformatics tools
and statistical software for data management, integra-
tion, mining, and interpretation. Although many free
software programs are available, no standardized soft-
ware programs can be used across all the analytical
platforms.

e Existing helminth databases, such as WormBook,
WormBase, and Wormatlas focus on the biology,
breeding, genome, proteome, and biochemistry of the
free-living model nematode Caenorhabditis elegans,
rather than parasitic helminths. As the metabolic
pathways and metabolome compositions of the free-
living C. elegans and parasitic helminths are expected
to be different, a database specializing in parasitic
helminth-specific small molecules is needed.
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