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General introduction



Opisthorchiasis: a brief overview

Food-borne trematodes are one of the big groups of human
helminthiases, includes liver, lung, and intestinal flukes. They affect
more than 56 million people around the world and 900 million at the
risk [1, 2]. These parasites are mostly prevalent in developing coun-
tries with tropical climate: Asia, Africa, and South America [1]. The
flukes of Opisthorchiidae family are responsible for the largest “share”
of infected population with approximately 46 million people infected
and 600 people - at risk. Opisthorchis viverrini (O. viverrini), and Clonor-
chis sinensis (C. sinensis) have tropical and subtropical endemic areas
such us Thailand and China, respectively [3, 4]. However, food-borne
trematode Opisthorchis felineus (O. felineus), which belongs to the same
family, has another unique prevalence area around the middle and
lower Ob and Irtysh rivers (Western Siberia) where average annual
temperature is +1 °C. O. felineus was described for the first time at the
end of the XIX century in the Northern Italy as a parasite of the cats.
In 1891, the Russian scientist K. N. Vinogradov described this para-
site in the human liver during post-mortem examination and named
it the “Siberian liver fluke” [5]. In the last decade of the 20" century
(1990-2000) up to 80% of population were infected with O. felineus in
the Siberian region [6]. Today, despite availability of the affordable
treatments and relatively straightforward diagnostics, the infection
still impacts the Russian health care system (Figure 1). Furthermore,
the cases of O. felineus infection are being reported in the Far East,
Southeast Asia, and Eastern Europe and well as in North America,
which may be attributed largely to global mobility or migration [7].

All three species of Opisthorchiidae have endemic areas around
rivers or lakes, which is due to a complex life cycle of the flukes. There
are two intermediate hosts; the first intermediate host is a susceptible
snail, and the second - a fish of Cyprinidae family. In the first interme-
diate host, parasite eggs develop from miracidia to cercariae through
sporocysts and rediae. Then metacercariae enter the second intermedi-
ate host - freshwater fish, where the cercaria develop to metacercaria.
After eating contaminated undercooked fish, the parasite enters the fi-
nal host (human or other fish-eating mammals). When the metacercaria
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Figure 1. Numbers of reported new cases of O. felineus infection per
100 000 population per year in Russia in 2011-2013 (the figure was
generated using, the data summarised by Fedorova O.S. et al., [6])

reach the duodenum of the final host, they ascend through the ampulla
of Vater into biliary ducts (their final destination), where they become
adults and start to pass eggs from 3™ to 4™ week post-infection [8].

A clinical presentation of opisthorchiasis is not very specific; nei-
ther for acute, nor for chronic forms of the disease. For example, the
main symptoms of the acute phase such as fever and abdominal pain,
are strongly dependent on the intensity of infection and, previous ex-
posure to the parasite, commonly, opisthorchiasis with worm burden
less than 100 flukes is asymptomatic, and nonspecific mild symptoms
are associated with 100 to 1000 worms [9]. Yet, with a typical, for a
Trematoda, life span of 25-30 years, the flukes obstructing the bile ducts
of the host may trigger multiple local and systemic complications due
to the bile duct obstruction and usually presented in a form of fibro-
sis, cholangitis, obstructive jaundice, hepatomegaly, abdominal pain,
and nausea [3]. Importantly, epidemiological and animal studies show
that O. viverrini and C. sinensis infections can lead to cholangiocarcino-
ma (bile duct cancer), which has resulted in the classification of these
parasites to the Group I carcinogens by the International Agency for
Research on Cancer [10]. Discovery of an association between opist-
horchiasis and an increased risk of cholangiocarcinoma has triggered



14
interest in the disease as evident from the number of publications
overtime (Figure 2). Most of the publications cover the common areas
of parasitology and epidemiology. Yet, in the last twenty years the
pattern of opisthorchiasis research has changed; studies on diagnosis,
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Figure 2. Dynamics of the publications on opisthorchiasis based on an on-
line bibliographic database “Web of Science”
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Figure 3. The frequency of the publications on opisthorchiasis related to
“omics” sciences; light-grey — O. felineus, dark-grey — O. viverrini
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treatment, and additionally, opisthorchis-inducted cholangiocarcino-
ma started to be performed taking new molecular-based approaches.

New, enabling molecular and analytical techniques are used
more and more frequently to generate data, which describe the par-
asite and its interaction with its host at a molecular level (Figure 3).
Therefore, genomes of O. viverrini and O. felineus have been well stud-
ied [11-14]; genomes of the three species (O. viverrini, O. felineus, C.
sinensis) have been compered [14] and, the mitochondrial genome of
O. felineus was sequenced [15]. At the same time, DNA markers of
oxidative stress, such as 8-oxo-7,8-dihydro-2'-deoxyguanosine, were
discovered as significant markers that predict the initiation, promo-
tion and progression of opisthorchiasis-induced cholangiocarcinoma
[16, 17]. The transcriptomic study of O. felineus has obtained four high-
ly encoded proteins myoglobin, vitelline proteins, cathepsin F, and 28
kDa glutathione S-transferase which participate in adaptation of the
fluke in the bile duct [18, 19]. One of important study was exploring
and comparing transcriptome of O. viverrini and C. sinensis [20], which
also generated data on differences between transcriptome of juve-
nile and adult stages of O. viverrini [21]. Most notable are differenc-
es among the C13-peptide and cathepsin L-like cysteine peptidases,
which play key roles in tissue migration, immune evasion and feed-
ing, and, thus, represent potential drug and/or vaccine targets [21].

Proteomics is probably the best studied area when it comes to
biology of Opisthorchiidae. For instance, the excretory/secretory prod-
ucts of adult stage of O. viverrini were shown to include proteins that
have been associated with cancers, including proteases with differ-
ent characteristics, orthologues of mammalian growth factors and
anti-apoptotic proteins [22]. Moreover, it has been shown in animal
models that a liver antioxidant enzyme, peroxiredoxin 6, plays a key
role in host response to the infection and be both a biomarker and a
therapeutic target for opisthorchiasis [23]. In addition, the studies
at different “omics” levels, have allowed integration of results tran-
scriptomics and proteomics. The identification of cathepsin B-1 pro-
tease as a possible serodiagnostic antigen was guided by transcrip-
tomic data and confirmed by excretory/secretory proteome analysis
of O. viverrini. Also, a recombinant form of cathepsin B-1 protein was
produced and tested as a serodiagnostic antigen in enzyme linked
immunosorbent assays that showed a sensitivity and specificity 67%
and 81%, respectively [24]. There are also a few protein markers of
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cholangiocarcinoma detectable during chronic opisthorchiasis: plas-
ma exostosin 1, liver 14-3-3-eta, cadherin-related family member 2 and
lysosome associated membrane glycoprotein 1 and 2 in urine, provide
the basis for development of novel diagnostic biomarkers [25-27].
However, the metabolome is not investigated at all, apart from
2 publications that are part of this thesis [28, 29]. It is important to
have a full overview of an infection at multiomics level and there-
fore data on the metabolome of the parasite and changes in host
metabolism are still needed. To address this need, the aim of our
studies is to fill the existing data gap; we concentrate on the contem-
plation of risks associated with the O. felineus infection using metab-
olomics. The hypothesis is that the parasite remodels host metabo-
lism, which leads to the development of the associated pathologies.



Chapter 1
Thesis outline

Metabolomics is a post-genomic discipline that offers the re-
searcher a combination of advanced analytical techniques capable of
simultaneously detecting multiple compounds and the multivariate
data modeling. In this way, the physiological status or “metabolic phe-
notype” of an organism can be represented as a combination of metab-
olite concentrations/abundances in biofluids. This thesis is focused on
application of the metabolomics to study experimental opisthorchiasis.

Chapter 2 presents a critical overview of the current sta-
tus, merits, and limitations of metabolomics in helminthology.
The comparison of the published results was systematically as-
sessed for the first time. Animal studies on trematode infec-
tions where NMR spectroscopy was used were included, to allow
cross-comparison of the results published in different laboratories.

Chapter 3 and Chapter 4 are focused on exploratory NMR-
based metabolomics study of biofluids in O. felineus-associated
opisthorchiasis. Chapter 3 is dedicated to the metabolic chang-
es detected in urine samples; Chapter 4 covers the changes upon
infection in blood plasma samples. Both sets of samples (urine
and plasma) were collected within the same study, which was
designed as a longitudinal study with two levels of infection in-
tensity. The studies had allowed us to analyze metabolites asso-
ciated with development of the infection in time, gender-specific re-
action to the infection and response to the different infection burden.

Chapter 5 is focused on the development of a meth-
od for the NMR-based metabolic profiling/phenotyp-
ing of stool samples, the method is then used in Chapter 6.

Chapter 6 is a quantitative NMR metabolomics study of ex-
perimental opisthorchiasis which describes metabolic changes at
the chronic stage of infection. The unique feature of this study is
that we describe a metabolic landscape of the infection using a
combined analysis of the host’s body fluids and the most relevant
tissue samples. We show which data blocks/samples are most af-
fected by the infection and provide an optimal combination of the
metabolites which could be considered as a signature of infection.
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Finally, Chapter 7 consists of a general discussion
of the principal findings.
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Twenty years on:
metabolomics in helminth
research

D. Kokova
O.A. Mayboroda

Trends in Parasitology, V. 35, L. 4, pp 282-288 (2019)
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Abstract

This contribution makes a critical assessment of the metabolom-
ics application to helminthic infection research. To ensure a cross-com-
parison of the results published by different laboratories over a period
of almost two decades, we restrict the discussion to only the publica-
tions where nuclear magnetic resonance (NMR) spectroscopy is used
as the analytical platform. We review the metabolites consistently re-
ported for the body fluids of animals infected with the parasitic hel-
minths and the characteristic metabolic patterns, arguing that the field
needs a complete integration of metabolomics into research lines that
examine host-helminth interactions.

Highlights

» Helminth infections were among the very first experimental mod-
els used in metabolomics; the first results were positive, and they
inspired great expectations.

» Robustness of the NMR metabolomics analysis enables compari-
son of the data obtained for a period of two decades.

» There are three major metabolic traits which NMR metabolomics
studies of the helminth infections revealed: remodeling of the ami-
no acid metabolism, strong change in the metabolism of lipids, and
dysregulation of the microbiota.

» Metabolomics research generated a number of functional hypoth-
eses, but the follow-up studies are often missing.



Chapter 2

In the beginning:

metabolomics meets parasitology

For a parasitic worm, coexistence with its host is a “long-term
project”. The time of this coexistence is measured in years or decades,
during which the host and the parasite are competing for the available
energy resources, as well as metabolic building blocks; that profound-
ly affects the metabolic homeostasis of each other. Hence, it is not sur-
prising that, with the emerging of a novel discipline, metabolomics
(see Glossary), parasitic helminth infections were among the first ex-
perimental models to which it was applied. Of course, the metabolic
effects of helminths on the host were studied before the “omics” era.
For instance, the changes in serum lipids were described for rabbits
infected with Schistosoma japonicum [1]. Moreover, an attenuation of
the key metabolic enzymes in liver and the consequent shift in the
metabolic homeostasis of the host were shown for humans infected
with Schistosoma mansoni [2]. Yet, metabolomics boded something
completely new: a combination of the advanced analytical techniques
capable of simultaneously detecting multiple compounds and the
multivariate modeling or machine-learning algorithms, which offered
a strong alternative to the conventional biochemical experimentation
[3]. New and more accurate diagnostic methods based on the mul-
tiparametric metabolic readouts, as well as novel approaches for esti-
mating morbidity or monitoring host-parasite interaction, appeared
to be within a hand’s reach. The first reports on metabolomics of S.
mansoni infection appeared promising [4]. A clear biological response
to this parasitic infection was discovered that involved changes in the
pattern of amino acids as well as the composition of the microbio-
ta-related metabolites. Since then, despite the enormous progress in
analytical instrumentation and, most importantly, the data analysis
routines, metabolomics of the body fluids in helminth infections has
not provided the field with much in-depth insight. Here, we would
like to give our point of view on the disagreement between a high-
ly promising methodology and the rather disappointing results. We
have restricted our discussion to studies that: (i) involve only mem-
bers of the Trematoda, (ii) are conducted in animal models, and (iii)
use the method of nuclear magnetic resonance (NMR) spectroscopy



as the analytical platform (Box 1) to ensure a cross-comparison of the
results published in different laboratories. Of course, any restriction
introduces a bias, but we believe that consistency of the discussed data

is more important than extensive coverage of the literature.

Box 1. NMR-Based Metab-
olomics NMR spectroscopy, in
essence, is a physical tool for in-
vestigating matter. NMR exploits
the properties of the atomic nuclei
(Nuclear) in a strong magnetic field
(Magnetic) using radiofrequency
waves (Resonance) to gain infor-
mation about the composition and
quantity of the molecular entities
in the complex mixtures. The first
published biological application of
NMR goes back to the 1950s when
the method was applied to study
the hydration properties of DNA
in solution [32]. A proton NMR or
'H-NMR used in the above-men-
tioned work became, after several
instrumental improvements, an an-
alytical core of NMR metabolom-
ics. 'H is the most commonly used
nucleus for NMR analysis of bioflu-
ids, thanks to its natural abundance
of 99.98% and its invariable pres-
ence in organic molecules. "H-NMR
cannot match the sensitivity of

mass spectrometric techniques, but
it offers superior reproducibility
and facile quantitation based on a
linear relation between the peak
area and the concentration of the
corresponding analyte [33, 34]. A
truly unique feature of NMR me-
tabolomics is the possibility to ana-
lyze the data with an exploratory
untargeted or targeted approach to
the same set of raw data. Finally,
the automated workflows that inte-
grate data acquisition, preprocess-
ing, and modeling algorithms are
making the platform accessible to
a broad scientific community [35].



Chapter 2
The numbers: how many metabolites

are there, and how many do we see?

We start with the numbers. The last version of the human me-
tabolome database (HMDB 4.0) includes over 100 000 structures [5].
Yet, by searching the database for body-fluid-specific metabolites, we
get only 2025 features for urine and 3189 for blood (the search was
performed using the filters “detected and quantified” and “detected
but not quantified”, thus limiting it only to the metabolites that were
in fact measured and excluding the predicted ones). Furthermore, the
diversity of the physicochemical properties of the metabolites makes
it impossible for a single analytical method to provide a full coverage
of the metabolome within a given biological sample. Consequently, a
choice of the analytical method will always skew the analysis towards
one or another group of metabolites, for example, polar (e.g., amino
acids, sugars, nucleosides, nucleobases) or nonpolar (e.g., fatty acids,
lipids). NMR is not an exception, though the limitations are due to
the sensitivity rather than chemical selectivity (as it is in the case of
mass spectrometry analysis). For instance, the introductory paper of
the human urine metabolome database, published in 2013, included
only 200 structures detectable by NMR [6], while the serum database
published 2 years earlier included just 59 [7]. An open-access resource
comparable to HMDB is not available for the rodents, but the numbers
reported for human body fluids can be safely taken as a first approx-
imation of the metabolome coverage offered by NMR for the animal
rodent models. An analysis of the preselected literature revealed a set
of 67 metabolites reported in the context of the trematode infections
[4, 8-19]. The metabolites are summarized in Figure 1 (Key Figure).
At a first glance, the number might appear low. But considering the
restrictions discussed above, we can conclude that the number is just
within a possible range. An additional explanation for a limited num-
ber of the reported metabolites could be due to the data analysis strat-
egies routinely used in the exploratory metabolomics studies (Figure
2) - only the metabolites relevant to the study design that passed the
selection criteria (e.g., variable ranking or variable importance for the
multivariate methods or P value cut-off for the univariate ones) are
reported and discussed. Thus, a typical output would have something
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like 10-20 structures per report.
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Figure 1. The included metabolites were reported as the ones with the
highest contribution to multivariate models using case—control (infected ver-
sus noninfected) as the class ID [3-15]. The entries are organized according to
the biological material used in the experiments and the frequency of reporting.
There are 67 metabolites in total, but only 3 (highlighted in bold) are reported
for all types of biomaterial; urine has the largest number (17) of the ‘unique’
metabolites. S, Schistosoma mansoni and Schistosoma japonicum; F, Fasciola
hepatica; E, Echinostoma caproni. The size of the dots indicates reporting
frequency. The colour indicates the concentration change: green, consistently
increased,; red, consistently decreased; blue, inconsistent data. Metabolites
abbreviations: 3-HPPA, 3-hydroxyphenylpropionic acid; 2- HIB, 2-hydrox-
yisobutyrate; 3-HBA, 3-hydroxybutyrate; 3-M-2-OV, 3-methyl-2-oxovaler-
ate; pCG, 4-cresol glucuronide; acetylGP, acetyl glycoproteins; PAG, pheny-
lacetylglycine; TMAOQO, trimethylamine-N-oxide; TMA, trimethylamine; PC,
phosphocholine; PhAla, phenylalanine.
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Thus, what can we extract from the metabolomics studies of hel-
minth infections? In fact, there are several consistent trends reported
from different studies. The first one is the change in the metabolism of
amino acids observed in helminth-infected animals (mouse, Mus mus-
culus, and Syrian hamster, Mesocricetus auratus, are the most used mod-
els). For some amino acids, the reported changes are helminth-specific;
an example is taurine, a key metabolite for bile formation and one of
the frequently mentioned amino acids affected by these infections [4,
10, 11, 15, 17]. In the Schistosoma mansoni infection model, the change
in direction (whether the concentration of a metabolite increases or de-
creases in the infected animals in comparison to the noninfected ones)
of urinary taurine varies, butitis consistently elevated in the liver [4, 10,
18]. In Fasciola hepatica infection, a decreased concentration of urinary
taurine in combination with an increase in urinary bile acids [11, 16] fits
nicely into a physiological paradigm which explains urinary excretion
of the bile acids as a consequence of a duodenal obstruction [20]. This,
in turn, may lead to the increased production of the bile acids and de-
pletion of the taurine pool. As is the case with many other hypotheses
derived from metabolomics data, this one is waiting for experimental
confirmation. Another interesting example was reported for the first
time in the seminal manuscript of Wang et al. [4]. The authors, as pio-
neers in the field, made a few interesting observations. One of them is
a distinct pattern characterized by increased concentration of urinary
pyruvate alongside a simultaneous decrease in citrate, succinate, and
2-oxoglutarate, which was associated with S. mansoni infection. The
pattern proved to be consistent with further reports [4, 10]. Moreover,
an original interpretation of the observation as a consequence of a sys-
temic impairment of the pyruvate dehydrogenase was supported by
an independent proteomics study [21]. Some changes in the urinary
amino acid patterns, such as the decreased levels of 2-oxoisovalerate
and 2-oxoisocaproate [4], are interpreted as a sign of impaired liver
function, suggesting that one could estimate morbidity from a single
urine sample. Yet, despite the fact that the amino acids always appear
on the list of the metabolites affected by an infection, the variability



in the reported patterns remains
high. With a single but notable
exception: the concentration of
essential amino acids, such as va-
line, is lower in the experimental
models of Echinostoma caproni and
is increased in the Schistosoma and
Fasciola models [9-11, 15, 17, 19].
The first could be explained by the
intestinal location of the parasite
and as a consequence of impaired
absorption of the dietary material.
The second could suggest that the
parasite is capable of impairing
the insulin-stimulated absorption
of the essential amino acids by
the tissues (and muscle in the first
place) to benefit from an increased
pool of this important carbon and
energy source in blood.

The second general observa-
tion is the infection-driven shift
in lipid metabolism. The critical
changes in the entire system of li-
pid homeostasis during the acute
phase of infection were known for
a long time, and the differences
between rodents and primates are
well documented. For example, it
has been shown that, during the
acute phase of an infection, the
cholesterol increases in the se-
rum of animals with low baseline
values of low-density lipoprotein

Glossary

Biocomplexity: complexity as ex-
hibited by living organisms in their
structure, composition, function, and
interactions, or the study of complex
structures and behaviors that arise
from nonlinear interactions of the bio-
logical systems.

Biofluid: any bio-organic fluid pro-
duced by an organism, such as blood,
urine, saliva, cerebrospinal fluid, sperm
etc.

Mass spectrometry: an analytic
technique by which chemical substanc-
es are identified by the sorting of ions
in electric and magnetic fields accord-
ing to their mass-to-charge ratios.

Metabolite: a chemical substance
that is a product of metabolic action or
that is involved in a metabolic process.

Metabolome: the complete set of the
metabolites (such as metabolic interme-
diates, hormones and other signaling
molecules, and secondary metabolites)
to be found within a biological sample.

Metabolomics: a postgenomic dis-
cipline studying multiparametric meta-
bolic responses of living systems to the
internal and environmental stimuli.

Multivariate modeling: an appli-
cation of multivariate statistics that
encompasses the simultaneous obser-
vation and analysis of more than one
outcome variable.

Nuclear  magnetic  resonance
(NMR): spectroscopy is an analytic
technique which measures local mag-
netic fields around atomic nuclei to
obtain information about the molecular
entities in the complex mixtures.

cholesterol (rodents) but remains stable in primates where the base-
line values are higher [22]. Moreover, next to their role as the lipid
transporters and regulators of cholesterol bioavailability, the lipopro-
teins are playing a part in the innate immune response. Thus, in the
context of helminth infections, the observation that resistance to Schis-
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tosoma in rodents (rats) could be mediated by lipoproteins [23] makes
the infection-related changes in lipid metabolism an important trend.
Although 'H NMR provides only an overview of the major lipids (fat-
ty acids, glycerolipids, phospholipids, sterols) and lipoprotein classes,
detailed analysis of the structurally diverse lipometabolites is beyond
the reach of the method. Recently, quantitative analysis of more than
100 lipoprotein subclasses directly from 'H NMR of serum/plasma
samples has been made possible [24, 25]. Application of the standard-
ized and quantitative method to the helminth infection models could
help to resolve the existing inconsistencies in the reported changes in
the lipid-related resonance regions. Finally, practically all metabolo-
mics studies on helminth infections published so far show changes in
metabolites associated with the gut microbiota. Today, it is widely ac-
cepted that the microbiota plays an essential role in the control of host
physiological processes, forming a symbiotic “super-organism” [26].
One of the most pronounced metabolic traits is indirect urinary deple-
tion of gut microbiota metabolites, namely hippurate (a conjugate of
the benzoic acid and glycine), propionate, and butyrate [4]. The effect
appears so consistent that it is reported not only for the rodent models
of helminth infections but also in human studies in endemic regions
[8, 27]. The exact physiological consequences of this depletion remain
unexplored. However, considering the common symptoms of intesti-
nal schistosomiasis (abdominal pain, diarrhea, and blood in the stool),
a suppressed metabolic activity of the microbiota could be expected
as a result, leading to a depletion of the main intermediates of the mi-
crobiota. However, this purely casual reasoning gives no insight into
the mechanism of interaction between the intestinal metabolic pool
and the excretion of the microbiotic metabolites in urine. Another in-
teresting microbiota-related metabolic trait is the inverse relationship
between the concentrations of two glycine conjugates: hippurate and
phenylacetylglycine (PAG, a conjugate of phenylacetic acid and gly-
cine) [8, 10-19]. The effect appears to be common to all helminth in-
fections studied to date and is confirmed by independent analytical
approaches [13, 14, 17, 28]. Both compounds depend on a pool of free
glycine and could be synthesized by the microorganisms as well as by
the host. To explain whether the observed dependency is a spurious
correlation or an effect pointing to the mechanisms of response/ad-
aptation to helminth infection, a properly designed follow-up study
is required.
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Chapter 2
The numbers: how many metabolites

are there, and how many do we see?

One rationale for using animal models of human pathologies
is the possibility to work in a highly controlled manner, minimizing
the sources of the variance common for the human studies, reducing
unwanted complexity, and revealing otherwise blurred patterns. Our
approach to writing this text was similar: define the area of the anal-
ysis and try to grasp a general pattern. Hence, what do we have at
the end? A limited set of the discriminative metabolites (Figure 1),
many of which belong to a notorious list of the “usual suspects’ (a set
of metabolites which appears on the top of the classification lists in
any metabolomics study), and a few consistent metabolic trends. Does
this imply that the discussed methodological approach leads to a dead
end? We do not believe that there are grounds for such a conclusion.
Not yet, at least. Firstly, the bulk of the metabolomics projects was
designed and executed as exploratory studies and, as such, should
generate a number of hypotheses for further testing, thus it is main-
ly a hypothesis-generating tool. Indeed, some interesting hypotheses
(for example, a hypothesis on a systemic impairment of the pyruvate
dehydrogenase during infection) have been generated. What is miss-
ing is a strategy for the follow-up studies. Secondly, the explorato-
ry metabolomics studies used a rather limited set of data-modeling
tools (see the data analysis section of Figure 2), which often address
only case-control (infected versus noninfected) differences. Integra-
tion of the metabolomic data with clinical chemistry laboratory tests,
demographic data, and genomic traits can broaden the data analysis
repertoire. The positive examples from other fields of research (car-
diology, metabolic syndrome) encourage such an approach [29, 30].
The manuscripts of Kettunen et al. [29] and Sliz et al. [30] are good
examples showing that a combination of NMR metabolomics with
genomic traits and an advanced data modeling made possible an ac-
curate estimation of the heritability and risk of cardiovascular disor-
ders. Thirdly, the host-parasite interaction is a complex phenomenon
affecting all physio-logical systems of the host. Using a single biofluid
to study it leads to an incomplete view of the problem. This issue was
recognized from the very early days of metabolomics when parasitic
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infections were considered as special cases of the increased biocom-
plexity [26]. Attempts at integrative analysis, using multiple biofluids,
were made [9], but the available data are still too fragmentary to re-
veal the full advantage of such an approach. One could propose here a
need for a more systematic, “multi-omics” approach; we recommend
a recent review on this topic for a detailed overview [31]. Finally, in
the early days of metabolomics, the discipline was presented as a solu-
tion to the open questions in biomedical sciences that conventional
hypothesis-testing experimental models failed to solve. It is true that
a holistic nature of the methodology is indeed its main ‘added value’.
What is missing here is a real ‘embedding’ of the methodology into a
problem-solving process in the field. Or, in other words, the method
has to earn its place in the ‘toolbox” of contemporary parasitology re-
search. Thus, in our opinion, the future of metabolomics in helminth
research is to be integrated with the standard physiological readouts
routinely used in parasitological studies. The detailed process of such
integration is difficult to predict. From the perspective of those who
practice metabolomics research, we could mention a current trend to-
wards automation and standardization of the complex metabolomics
workflows as a practical way to make the technology and the data
more accessible [32]. Furthermore, the current field of metabolomics
is not limited to 'H NMR spectroscopy. Mass spectrometry is a strong
alternative; it offers broad coverage of the metabolome and the sensi-
tivity unreachable by NMR instruments. A balanced combination of
the methodologies, as well as a knowledge of their advantages and
limitations, would help us to make a right choice of the method, best
titted to a biological question or to the metabolites of interest (see Out-
standing Questions).
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Outstanding Questions

»  Given that metabolomics offers a number of methodologies, includ-
ing both the well-known ones (such as NMR or mass spectrome-
try) and the exotic ones (e.g., Raman spectroscopy), how does one
find a realistically simple set of rules that facilitate a choice of the
analytical platforms that, meanwhile, optimally fit a given study
design?

» How many metabolites need to be measured to make a meaning-
ful physiological/pathophysiological description of the studied
organism?

» Is the host’s metabolic response to helminth parasites specific, or
does it represent the systemic response to infection? What does
medical helminthology need from metabolomics to address the
current challenges?
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Abstract

Background

Opisthorchiasis is a parasitic infection caused by the liver flukes
of the Opisthorchiidae family. Both experimental and epidemiological
data strongly support a role of these parasites in the etiology of the
hepatobiliary pathologies and an increased risk of intrahepatic chol-
angiocarcinoma. Understanding a functional link between the infec-
tion and hepatobiliary pathologies requires a detailed description a
host-parasite interaction on different levels of biological regulation in-
cluding the metabolic response on the infection. The last one, howev-
er, remains practically undocumented. Here we are describing a host
response on Opisthorchiidae infection using a metabolomics approach
and present the first exploratory metabolomics study of an experi-
mental model of O. felineus infection.

Methodology and Principal findings

We conducted a NMR-based longitudinal metabolomics study
involving a cohort of 30 animals with two degrees of infection and a
control group. An exploratory analysis shows that the most noticeable
trend (30% of total variance) in the data was related to the gender dif-
ferences. Therefore, further analysis was done of each gender group
separately applying a multivariate extension of the ANOVA-ASCA
(ANOVA simultaneous component analysis). We show that in the
males the infection specific time trends are present in the main compo-
nent (43.5% variance), while in the females it is presented only in the
second component and covers 24% of the variance. We have selected
and annotated 24 metabolites associated with the observed effects and
provided a physiological interpretation of the findings.

Conclusions

The first exploratory metabolomics study an experimental model
of O. felineus infection is presented. Our data show that at early stage
of infection a response of an organism unfolds in a gender specific
manner. Also, main physiological mechanisms affected appear rather
nonspecific (a status of the metabolic stress) the data provides a set of
the hypothesis for a search of the more specific metabolic markers of
the Opisthorchiidae infection.



Chapter 3
Author summary

Opisthorchiasis is a parasitic infection caused by the liver flukes
of the Opisthorchiidae family (Trematoda; Platyhelminthes). The liver
fluke infections trigger development of the hepatobiliary pathologies
such as chronic forms of cholecystitis, cholangitis, pancreatitis, and
cholelithiasis. However, the most threatening effect of the Opisthorchii-
dae infection is an increased risk of intrahepatic cholangiocarcinoma.
With this work we are getting an insight into a host response on Opist-
horchiidae infection using a metabolomics approach. Metabolomics
is a post-genomic discipline studying the metabolome. The dynamic
character of the metabolome, its ability to change in response to the
external stimuli makes it an optimal “readout” for exploratory studies
aiming for the description of the systemic responses of an organism.
Using this approach, we demonstrate that that early response to the
O. felineus infection unfolds in a gender-dependent manner. Moreo-
ver, with this first exploratory analysis of the metabolic response to
O. felineus infection in an animal model we present a subset of the
metabolites changing during the early phase of the infection and offer
a possible physiological interpretation.
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Introduction

Opisthorchiasis is a parasitic infection caused by the liver flukes
of the Opisthorchiidae family (Trematoda; Platyhelminthes). The family
includes the three most important species for human health: C. sinen-
sis, O. viverrini, O. felineus; together they are responsible for more than
45 million infections worldwide; 600-750 million people are currently
at risk [1, 2]. O. viverrini and C. sinensis are endemic to the Far East
regions and South East Asia remaining an important public health
problem [3]. O. felineus infection is highly prevalent in Eastern Eu-
rope (Ukraine and the European part of Russia), Central Asia (north-
ern Kazakhstan) and North Asia (Siberia) [2]. Both experimental and
epidemiological data strongly support a role of liver fluke infections
in the etiology of the hepatobiliary pathologies such as chronic forms
of cholecystitis, cholangitis, pancreatitis, and cholelithiasis [2-5]. How-
ever, the most threatening effect of the Opisthorchiidae infection is an
increased risk of intrahepatic cholangiocarcinoma [6].

Unlike other pathogens, e.g. viruses and microbes, parasitic hel-
minths do not proliferate within their mammalian host. According-
ly, the intensity of infection is one of the leading causes of the mor-
bidity. For instance, O. viverrini-associated symptoms occurred more
frequently in those with high intensities of infection [7] and positive
association between hepatobiliary pathology and O. viverrini infection
intensity is well documented [4]. Moreover, the biliary tract abnor-
malities more often detected by ultrasonography in the patients with
heavy O. viverrini infections than light or moderate ones [8]. However,
despite clear phenomenological and epidemiological evidence linking
Opisthorchiidae infection and hepatobiliary pathology, our understand-
ing of the mechanistic and descriptive biochemistry of the association
is still rather poor. Only the humoral response to O. viverrini is reason-
ably well documented; for instance, a study on the infected hamsters
showed that a titer of the parasite specific IgG in the acute stage is
directly correlated to the intensity of infection, as determined by both
worm burden and eggs per gram (EPG) counts. A more discrimina-
tive approach where the pathogen specific antibodies were divided
according to their specificity to egg, excretory-secretory and somatic
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antigens, shows an interesting kinetic of humoral response: while in
the acute phase of infection the antibody response was higher in the
animals infected with higher dose of metacercariae, in chronic phase
higher responses, particularly to somatic and egg antigens, were found
in the lightly infected hamsters [9]. A recent report of Khoontawad et
al [10] represents the most detailed proteomics work on O. viverrini
infection published so far. The authors explore the differential protein
expression in the host tissue with a chronic inflammation versus the
tissue samples from the subjects with O. viverrini induced cancer. With
regard to the metabolomics, a post-genomic discipline aiming at stud-
ying the metabolites - the end points and the intermediate products of
the metabolism, the data is simply not available. The metabolome of
body fluids is the closest approximation of the physiological pheno-
type of an organism and, as such, it represents an important, but still
undervalued, source of clinical/physiological information [11]. The
dynamic character of the metabolome, its ability to change in response
to the external stimuli makes it an optimal “readout” for exploratory
studies describing the systemic responses of an organism. Whereas in
schistosomiasis a number of exploratory metabolomics studies have
been performed in animal models and patient material [12-16], there
are so far no such studies in opisthorchiasis.

Here we present the first exploratory metabolomics study of
an experimental model of O. felineus infection. Using an established
hamster infection model, we conducted a nuclear magnetic resonance
(NMR) based metabolomics study involving a cohort of 30 animals
with two degrees of infection (severe and mild) and a control group.
Urine samples were collected every two weeks for a period over sever-
al months. Using a combination of unsupervised and supervised mul-
tivariate statistical analysis we were able to discriminate the time-re-
solved urinary metabolic patterns of the infection.
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Material and methods

Ethics statement

All hamsters used in the study were handled according the rec-
ommendations of the national guidelines for animal caring: 12.08.1977
N 755 “On measures to further improve the organizational forms of
work using experimental animals”. The study was approved by the
local ethical committee of Siberian State Medical University with a li-
cense number 3296 issued on 29.04.2013.

NMR analysis

A

Urine sampling Egg count Worm count
every 2 weeks
mif=11
L -1day 0day 2 week 4 week 32 week
E1 + 50 metacercaria
E2 + 15 metacercaria
C + 0 metacercaria

Figure 1. A graphical outline of the experimental design

Experimental opisthorchiasis model

Hamsters Mesocricetus auratus were purchased from the animal
facility of the Institute of Bioorganic Chemistry Academicians M.M.
Shemyakin and U. A. Ovchinnikov. Metacercariae of O. felineus were
obtained from naturally infected fishes sold in the local supermarkets
as a consumption product. The muscular tissue and the subcutaneous
tissue were digested by pepsin-HCI and viable metacercariae were
collected and identified by microscopy. Hamsters were divided in 3
groups: high intensity of infection (50 metacercariae/hamster), low in-
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tensity of infection (15 metacercariae/hamster) and uninfected (vehi-
cle-PBS) groups. Each group consisted of 10 animals - five males and
five females. Hamsters were housed in separate cages, maintained
on a 12:12 light-dark cycle (06.00-18.00:18.00-06.00 hs), and provided
food and water ad libitum for the duration of the experiment. Hamsters
were approximately five weeks old at the time of infection. Animals
were sacrificed after 46 weeks of infection Livers were collected at the
time of the sacrifice to count the adult worms. Urine and feces were
collected every two weeks, specifically at the weeks 0, 2, 4, 6, 8, 10,
12,14, 16, 18, 20, 22, 24, 26, 28, 30 and 32 after infection. For urine and
feces collection hamster were placed individually into sterile empty
glass crater and observed until urine and feces pellets were generat-
ed. Urine and fecal samples were collected into individually labelled
Eppendorf tubes, and transferred to a freezer (-80°C) for long term
storage.

Eggs counts

The mean number of eggs per gram of feces was calculated fol-
lowing the modified Kato method (Katz et al. 1972). The fecal sam-
ple from each animal in the examined time point were mixed by Mi-
ni-Beadbeater-16 (Bio-Spec) for 5 minutes. A sample 25 mg of the feces
was weighed with an electronic scale (Sartorius type 1702, sensitivity
0.1 mg) immediately after homogenization. Two slides were prepared
for each 25 mg of feces. The extrapolation of the egg counts per 25 mg
sample to the eggs per gram values was done by a simple multiplica-
tion (x 40).

Urine sample preparation

All chemicals used for the buffer solution were purchased from
Sigma-Aldrich except for the 2H,O which was purchased from Cortec-
net and the 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt
(TSP) from Cambridge Isotope Laboratories Inc. 96-well plates and
NMR tubes were purchased from Bruker Biospin Ltd (Germany).

Aliquots of 0.5 ml urine per sample were thawed overnight at
4°C. Cellular components and other insoluble material were then spun
down by centrifugation for 10 min at 3184 g and 4°C and the superna-
tants were transferred into 96-well plates. 270 pL of urine from each
sample were mixed with 30 pL buffer solution in °H,O (pH = 7.4) con-
taining 1.5M K HPO,, 2 mM NaN, and 4mM of TSP-2,2,3,3-d4 as an in-



48

ternal standard and chemical shift reference (0.4 mM final concentra-
tion in each sample). Finally, 165 pL of each urine-buffer mixture were
transferred to 3 mm SampleJet NMR tubes and placed in refrigerated
racks (6°C) of a Sample]et system until the NMR measurements. Both
mixing of urine with buffer and transfer of the mixture to NMR tubes
were performed by two 215 Gilson liquid handler robots and con-
trolled by the SampleTrack software (Bruker Biospin Ltd).

NMR data acquisition

NMR data were recorded using a Bruker 14.1T AVANCE II spec-
trometer for 1H 600 MHz, equipped with a triple resonance inverse
cryoprobe (TCI). Each sample was allowed to sit in the probe for 5
min to adopt a stable temperature at 27°C before starting the calibra-
tion routines and data acquisition. The probe was then automatically
tuned and matched, followed by shimming and proton pulse calibra-
tion. One-dimensional (1D) 'H NMR spectra were recorded using the
tirst increment of a NOESY pulse sequence [17] (noesygpprld in Top-
spin 3.0 library). Water signal suppression was achieved with pre-sat-
uration, a continuous wave irradiation of 50 Hz soft pulse during
the relaxation delay of 4 s and the mixing time of 10 ms. The spectral
width was set to 20 ppm (12335 Hz) and 16 scans of 65536 points were
collected. The recorded free induction decays (FIDs) were Fourier
transformed and a line broadening of 1.0 Hz was applied. The spectra
were automatically phased, and baseline corrected and referenced to
the internal standard chemical shift (TSP; 6 0.0 ppm). An evaluation of
spectra quality was performed after processing. Peaks linewidth was
evaluated with the TSP singlet and Alanine’s methyl protons doublet.
In addition, the efficiency of water suppression and the quality of the
baseline were also checked. Spectra which failed to fulfil the quality
criteria were discarded from further analysis.

Two-dimensional J-resolved spectra (2D Jres) were also collect-
ed for each sample using the same water suppression scheme as de-
scribed above during the relaxation delay of 2 s. The spectral width
was set to 16.66 ppm (12288 Hz) for the direct dimension and 78 Hz
for the indirect one and 2 scans were acquired over 40 increments. The
FIDs were automatically processed with Fourier transformation and
spectra were referenced to the TSP signal at 0.0 ppm in the F2 dimen-
sion and at 0.0 Hz in the F1 dimension.

For assignment purpose, 2D NMR spectra were also acquired for
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a sample is made as mix all urine samples. The set of 2D experiments
included 'H-'"H correlation spectroscopy (COSY), 'H-'H total correla-
tion spectroscopy (TOCSY), 'H-"*C heteronuclear single quantum cor-
relation (HSQC) and 'H-PC heteronuclear multiple bond correlation
spectroscopy (HMBC) using the standard parameters implemented in
Topspin 3.0 library (Bruker Biospin Ltd.).

Spectral data processing and data analysis

Pre-processing of NMR data to be suitable for statistical analysis
was performed with in house routines written in Matlab 2014a (The
Mathworks, Inc., USA) and Python 2.7 (Python Software Foundation,
www.python.org). All 1D NMR 'H spectra were re-evaluated for in-
correct baselines and corrected using a polynomial fit of degree 5. The
spectral region from 0.5 to 9.5 ppm was binned using an in-house al-
gorithm for adaptive intelligent binning [18]. Initial bin width was set
to 0.02 ppm and final variable bins sizes were calculated based on the
peaks edges in the spectra by using a lowest standard deviation cri-
terion. The spectral region including the residual water and the urea
peaks (6 4.5-6.2 ppm) was excluded from the data.

The final data consisted of 392 bins of variable size x 490 obser-
vations (samples), which were normalized by the Probabilistic Quo-
tients Normalization method (PQN) [19] to correct for dilution differ-
ences from sample to sample. Finally, the normalized data was scaled
to unit variance for the statistical analysis.

The data analysis was performed with R statistical environment
((http:/ /www.r-project.org/, R versions 3.3.2). For exploratory anal-
ysis “Repm”, “pcaMethods” and “caret” packages were used. ASCA
modeling was performed using “Imdme” package [20]. The visualiza-
tions were made using “ggplot2”, “cowplot” and “gridExtra” packag-
es.

Identification of the metabolites

Identification of metabolites was performed by exhausting
search of the total 1D and 2D Jres data using the proprietary Bbioref-
code (Bruker Biospin Ltd.) and ChenomX NMR suite 8.1 (Chenonx
Inc.) databases. The IDs of the annotated resonances were further ver-
ified by the collected 2D NMR data.
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Results

Adult worm and eggs counts

The study design involves 30 animals divided in three groups:
a control uninfected group and the two experimental groups infected
with fifteen and fifty metacercaria Figure 1. Each experimental group
consisted of an equal number of male and female animals. The data-
set described in the current manuscript includes the samples from the
baseline up to the thirty-two weeks collected every two weeks. The
median of adult worm count at the end of the study was 35 for severe
and 6 for mild infection intensity group respectively (p-value = 0.003)
(S1A Figure). Eggs of O. felineus were detected in all fecal samples start-
ing from 4 weeks post infection. S1B Figure shows the time course of
the egg production over the entire period of the experiment. It shows a
coherent increase in the egg production for both experimental groups
over a period from 4 till 10 weeks. We consider changes in the egg
production related to the different stage of the infection, namely an
acute (till 10 weeks) and chronic one (from 10 weeks on). From week
12 till week 30 of the experiment, egg output is stable and the group
with high infection has constantly higher egg output. The output is
significantly higher at the weeks 12 (p-value = 0.002), 14 (p-value =
0.004), 16 (p-value = 0.030), 20 (p-value = 0.001), 26 (p-value = 0.001)
and 28 (p-value = 0.009).

An exploratory analysis of urinary metabolic profiles

The first step of an exploratory study is to identify the main
sources of the variance in the data and influence of the confounding
factors. The principal component analysis (PCA) is a commonly ac-
cepted approach. Figure 2 shows the score plots of the first two prin-
ciple components of a PCA model built on the entire data set. The
model required 5 components to explain 50% of the variance with
34% explained by the first two components. Every block of the figure
represents the same model colored according to different factors. Sur-
prisingly, the intensity of the infection (Figure 2A) is not contributing
to the main sources of the variance in the data. Gender influences the
profile profoundly; the influence is clearly represented in the first two
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principal components (Figure 2C). Another recognizable source of the
variance is the time of sample collection (Figure 2B and 2D). The S2
Figure shows the PCA models built separately for male (A, B) and
female (C, D) animals. The models have similar characteristics to the
“global” one, both require 5 components to explain 50% of the vari-
ance; the first two components explain 37% and 32% of the variance
in the male and female models, respectively. Again, the intensity of
infection is not explaining the main variance within the data (52A and
S2C Figure), but the time trend is clearly visible (S2B and S2D Figure).
Moreover, the directions of the time trends in the models built on gen-
der specific subsets appear to be different.
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Figure 2. The score plots of the first two principal components of a PCA mod-
el built on the entire dataset; Every block of the figure represents the same
model colored according to different factors; A - infection group, B - season,
C - gender, D - time in weeks

Analysis of the gender specific metabolic changes in the acute
phase of the infection

The data shown in Figure 2 indicates clearly that a straightfor-
ward analysis of the infection dependent changes will be hampered
by the influence of the gender and time trend. Thus, to reduce the
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complexity of the analysis we decided to concentrate on the period
from 0 to 10 weeks of the experiment: a time frame when egg output
was steadily increasing (S51B Figure). The analysis was performed sep-
arately on the male and female subsets. Figure 3 shows the PCA mod-
els built on the data from week 0 up to the week 10 of the experiment.
The “male model” (Figure 3A, 3B and 3C) required four components
to explain 50% of the variance with 42% explained by the first two. The
model was built of the data including only females (Figure 3D, 3E and
3F) required 6 components to explain 50% of the variance with the first
two explain 34%. Both models appear quite similar, however apply-
ing the geometric trajectory analysis [21] (Figure 3C and 3F) some un-
derlying differences can be revealed. The geometric time trajectories
for the infected animals (groups E1 and E2) are clearly pronounced in
the male model (Figure 3C). The same time in the female subset (Fig-
ure 3F) only a trajectory for highly infected animals (E1) has a distinct
form, a trajectory for the lower infection group appears as random as
the control one.
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ANOVA simultaneous component analysis (ASCA) modeling
To dissect the metabolic features related to the infection one
needs a data analysis approach which enables simultaneous analysis
of the experimental design and time. The choice is rather limited. One
of the “stress tested” methods is ANOVA simultaneous component
analysis or ASCA [22, 23]. In a nutshell, ASCA is a multivariate exten-
sion of the ANOVA and the strongest asset of the method is a possi-
bility of modelling of the experimental designs with several factors.
With regards to our study those factors are the time, intensity of the
infection and gender. To avoid a complex interpretation of the multi-
ple cross-factor interactions we applied ASCA separately to each gen-
der subset. Figure 4 shows the results of the analysis for the first two
components. The trends are looking similar, but not identical. In the
male subset the infection specific time trends are present in the main
component (43.5% variance). The time trends for non-infected and in-
fected with 50 metacercaria animals have almost opposite behavior in
the first component showing somewhat random pattern in the second
one. In the female subset, the infection related trends are not present-
ed in the first component, but well presented in the second one. The
last one, however, covers only 24% of the variance, almost the half of
what was seen in males.

Selection and annotation of the variables

Figure 4 shows the time/infection specific trends and the sys-
temic differences between the males and females in the reaction on
the infection challenge. Yet, it gives no information on the nature of
the biochemical entities involved in the observed phenomena. Thus,
using a leverage as a measure of the variable importance we extracted
a subset of the variables influencing the models shown at Figure 4.
Table 1 summarizes the selected variables. Most of the variables can
be annotated, but few complex regions (1.63-1.69, 1.71-1.74 and 2.46
ppm) simply cannot be assigned to a single metabolite. S1 Figure 3
shows the 24 week time trends of the every individual feature includ-
ed in the table. The traces are plotted as the median values per exper-
imental group, the original values are included in the plots in a form
of transparency graphics. A visual inspection of the graphs shows that
only few compounds demonstrate a consistent trend over the entire
period. For most of them, the changes are evident only in the early
weeks; some compounds (e.g. 2—aminoadipic acid and nicotinuric
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acid) shows a distinct trend for the group of the animals infected with
50 metacercaria.
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Table 1. The annotation of variables selected on basis of the ASCA modeling

Bin Compound ID* Gender
group %
1 0.7198 Bile acids f, m
2 0.8924, 0.929 Pantothenic acid m
3 1.0258 L-Isoleucine m
4 | 1.6366,1.6562, 5-aminopentanoic acid & f
1.6798, 1.6942 2-aminoadipic acid
5 1.7138, 1.7386, Leucine, Lysine f
1.7472
6 1.833 Crotonic acid m
7 2.4634 3-(3-hydroxyphenyl) propionic acid, f
hydroxyferulic acid, glutamine & pyri-
doxine

8 3.4394 Taurine, glucose m
9 | 3.6704,7.4332 Phenylacetylglycine* m
10 3.7128 Threitol m
11 3.7872 Guanidinoacetate m
12 6.4 Urocanic acid m
13 6.78 Homovanillic acid f
14 6.8798 Tyrosine f
15 6.8948 Trigonelline* f
16 6.9596 Hydroferulic acid t
17 7.029 5-Hydroxyindoleacetic acid f
18 | 7.34,7.3728,7.4 Phenylacetate m
19 8.6798 Nnicotinic acid f
20 8.7 Nicotinuric acid f,m
21 8.7282 Nicotinamide-N-oxide f, m

* compound(s) ID protons of which resonate within the selected bins
** column shows whether bins were selected from model built on the male or female
subgroup (m - males, f - females)
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Discussion

Here we present for the first time an exploratory analysis of the
metabolic response to O. felineus infection in an animal model. Fol-
lowing an established routine of a descriptive study we started the
analysis by exploring the main sources of the variance in the data. Us-
ing unsupervised projections methods namely PCA we have shown
that neither infection status nor the time are representing the major
sources of the variance in the data. In fact, the most noticeable trend
in the data was related to the gender differences. At first glance, this
observation may appear contradictory to the earlier publications on
the animal models infected with other trematodes S. japonicum [13]
and S. mansoni [12] as well as to our own report on a human study [15]
where clear differences between infected and non-infected subjects
were reported. Yet, to reveal the infection related differences authors
of the above mentioned studies had to use the supervised modeling
techniques and an unbiased assessment of the main sources of the var-
iance in the data as a rule showed the influence of the physiological
confounding factors such as for example age [15, 24]. A gender related
bias in human studies was concealed by age factor due to the broad
age range of the participants. In the animal studies the single gender
models were used: the female animals for mice [12, 14, 25] and the
males for hamsters [13, 26]. Since the animals included in our study
were age matched, gender is now the strongest physiological cofound-
er [27]; consequently, the gender bias observed in the data should be
expected. Of course, one should keep in mind the all the above-men-
tioned examples are taken from the publications on the metabolic ef-
fects of Schistosomiasis, no information on opisthorchiasis has been
published yet.

A gender related trend explains approximately 30% of variance
in the data; therefore, further analysis was done of each sub-group sep-
arately. Both unsupervised multivariate modelling and ASCA-based
analysis showed that a time related response to the infection unfolds
differently in the males and females. Moreover, the Figure 4 which
provides an overview of the main patterns associated with time-infec-
tion interaction clearly shows that in the male model the distinct trend
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is present in the first principle component covering twice as much var-
iance as the female model where the similar trend is visible only in the
second component. Naturally, a discussion of the biological relevance
of the observed effects is only possible if we know the identity of the
metabolites influencing the models. A subset of the most influential
entities is presented in the Table 1. In overall it appears as a more or
less standard set of the metabolites which are regularly reported in
the NMR-based metabolomics studies of urine. It also has a strong
overlap with the metabolites reported in the publications on schisto-
somiasis mentioned above.

In the context of an acute opisthorchiasis, a state of the energetic
stress, one particular trend, namely the bile acids becomes interesting.
S1 Figure 3 shows that in the group of heavy infected animals urinary
excretion of the bile acids is increasing staring from the beginning of
the experiment reaching the peak at four weeks and going down af-
ter that point. A current physiological paradigm links an increased
urinary excretion of the bile acids with the possible obstructions of
the main duodenal path [28]. We can only speculate about the exact
physiological mechanisms which leads to the increase of the bile acids
secretion but the timing of the observed effect overlaps perfectly with
a period when the parasite “settles down” in the host’s bile ducts. Of
course, our method catches only a gross effect and cannot provide the
exact annotation of the bile acids. From the literature we know that the
bulk of the urinary bile acids are excreted as the sulphonated species
[29] but to our best knowledge there is no published report on urinary
bile acids profiles in opisthorchiasis. A similar transient pattern to the
bile acids was also observed for the spectral areas where resonate ly-
sine and a product of its catabolism 5-aminopentanoic acid are locat-
ed. Despite an intriguing similarity, a “simple” interpretation where
lysine would be considered as a breakdown product of the conjugated
bile acids is difficult to accept; the lysine conjugates are rather unusual
and were reported only as the minor products of lithocholic acid in
the liver [30]. Another group of the metabolites which are related to
the physiological control of the lipid metabolism consist of nicotinic
acid and its metabolites nicotinuric acid and nicotinamide-N-oxide.
The last two compounds show a transient decrease with a peak at four
weeks. The effect is more pronounced in the male group. It is logical to
assume that the host energy metabolism works in a stress mode during
invasion of the parasite the bulk of nicotinic acid pool will be utilized
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for NAD+ production, in turn this can lead to a reduced production
and urinary clearance of nicotinuric acid and nicotinamide-N-oxide.
Another metabolite which nicely fits into a pattern of the stress mode
of the energy metabolism is guanidinoacetate - a precursor of creatine
[31]. Of course, an interpretation of the data from a point of view of the
metabolic stress has a weakness. None of the described changes can
be considered as specific for opisthorchiasis; all the changes reflect a
general reaction of an organism to acute infection. Yet, an exploratory
study, especially the one that enters a relatively uncharted territory
should provide the leads and hypothesis for further investigation. To
this end, we have fulfilled a purpose of the study. A logical follow
up of our study appears to be an in-depth analysis of the urinary and
fecal profiles of the bile acids using more sensitive techniques namely
mass spectrometry. Already the last decades of twentieth century the
analytical methods enabled detection and quantitation of several of
the bile acids [32], the state-of-the-art technology offers a reliable anal-
ysis of more than hundred species [33]. Besides, the existing reports
on alteration in the urinary bile acids profiles during the pathological
conditions of liver [34] supports our hypothesis. Considering the oth-
er mentioned compounds and trends they fit a context of the energetic
stress and metabolic redistribution of the bulk metabolites in the cir-
culation, it remains to be seen however whether our findings can be
translated to the human infection.
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Bile acids
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3.7872 ppm
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Nicotinamide-N-oxide Phenylacetate
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Abstract

Background

Opisthorchiasis is a hepatobiliary disease caused by flukes of the
trematode family Opisthorchiidae. Opisthorchiasis can lead to severe
hepatobiliary morbidity and is classified as a carcinogenic agent. Here
we investigate the time-resolved metabolic response to Opisthorchis
felineus infection in an animal model.

Methodology

Thirty golden hamsters were divided in three groups: severe in-
fection (50 metacercariae/hamster), mild infection (15 metacercariae/
hamster) and uninfected (vehicle-PBS) groups. Each group consisted
of equal number of male and female animals. Plasma samples were
collected one day before the infection and then every two weeks up
to week 22 after infection. The samples were subjected to "H Nuclear
Magnetic Resonance (NMR) spectroscopy and multivariate statistical
modelling.

Principal findings

The time-resolved study of the metabolic response to Opisthorchis
infection in plasma in the main lines agrees with our previous report
on urine data. The response reaches its peak around the 4™ week of
infection and stabilizes after the 10" week. Yet, unlike the urinary data
there is no strong effect of the gender in the data and the intensity of
infection is presented in the first two principal components of the PCA
model. The main trends of the metabolic response to the infection in
blood plasma are the transient depletion of essential amino acids and
an increase in lipoprotein and cholesterol concentrations.

Conclusions

The time resolved metabolic signature of Opisthorchis infection in
the hamster’s plasma shows a coherent shift in amino acids and lipid
metabolism. Our work provides insight into the metabolic basis of the
host response on the helminth infection.



Chapter 4
Author summary

Opisthorchiasis is a parasitic infection caused by liver flukes of
the Opisthorchiidae family. The liver fluke infection triggers develop-
ment of hepatobiliary pathologies such as chronic forms of cholecys-
titis, cholangitis, pancreatitis, and cholelithiasis and increases the risk
of intrahepatic cholangiocarcinoma. This manuscript is the second
part of our outgoing project dedicated to a comprehensive description
of the metabolic response to opisthorchiasis (more specifically Opist-
horchis felineus) in an animal model. We show that the metabolic re-
sponse in blood plasma is unfolding according to the same scenario as
in urine, reaching its peak at the 4™ week and stabilizing after the 10*
week post-infection. Yet, unlike the response described in urine, the
observed metabolic response in plasma is less gender specific. Moreo-
ver, the biochemical basis of the detected response in blood plasma is
restricted to the remodeling of the lipid metabolism and the transient
depletion of essential amino acids. Together with our first manuscript
this report forms the first systematic description of the metabolic re-
sponse on opisthorchiasis in an animal model using two easily acces-
sible biofluids. Thus, this contribution provides novel results and fills
an information gap still existing in the analytically driven characteri-
zation of the “Siberian liver fluke”, Opisthorchis felineus.
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Introduction

Opisthorchiasis is a hepatobiliary disease caused by flukes of
the trematode family Opisthorchiidae: Opisthorchis felineus (O. felineus),
Opisthorchis viverrini (O. viverrini) and Clonorchis sinensis (C. sinensis).
Together they affect more than 45 million people and 600-750 million
people are at risk in the endemic regions of Eurasia [1]. The clinical
manifestations of acute opisthorchiasis are non-specific and its chron-
ic stages are often asymptomatic [2, 3]. Yet, not only does the chron-
ic opisthorchiasis leads to severe hepatobiliary morbidities [2, 4], but
also O. viverrini and C. sinensis were classified as carcinogenic agents
by the International Agency for Research on Cancer (IARC) [5]. Con-
sequently, the application of modern analytical technologies to the
study of the parasite and its interaction with the host are becoming an
essential element in the search for the mechanisms of the hepatobil-
iary morbidity.

Over the last three decades each of four key levels of biological
regulations, namely genome, transcriptome, proteome and metabo-
lome were strengthened by the corresponding “omics” disciplines. To
date, a draft of the genome of the O. viverrini has been published [6,
7], the transcriptome data have been available for some time [8] and
despite a rather critical assessment of the proteome data [9] there are
160 tegumental and 43 excreted proteins described [10]. The data on
metabolomics of the Opisthorchiidae and host responses to the infection
are still very limited. For an overview of the current status, advan-
tages and limitations of metabolomics in helminthology we refer to
our recent critical review of the topic [11]. Here we only would like
to mention two factors that contribute to a slower growth of avail-
able helminth related metabolomics data: the chemical diversity of
the metabolites leading to an increased complexity of the analytical
workflows and the difficulties with a straight-forward mechanistic
interpretation of the data (especially data on body fluids). Yet, as a
post-genomic discipline, metabolomics bids a strong alternative to
conventional biochemical experimentation by combining advanced
analytical techniques capable of simultaneously detecting multiple
compounds with multivariate modeling and/or machine learning al-
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gorithms. This way the physiological status of an organism can be rep-
resented as a combination of metabolites concentrations/abundances
in biofluids.

The present study is the second part of our work on the metab-
olomics of the host response to the O. felineus infection. The “Siberian
liver fluke”, O. felineus [12] forms a health risk for a population that
is similar in size to the population in the endemic region of O. viver-
rini [13]. It is also known for its cancerogenic properties but remains
far less studied. Of the four levels of biological regulation (genome,
transcriptome, proteome, and metabolome) only a single report on the
transcriptome of the different life stages of the parasite has been pub-
lished so far [14].

To fill the existing data gap, we concentrate on a comprehensive
description of the time-resolved response of the host on the O. felineus
infection using metabolomics. The first part was dedicated to the met-
abolic changes detected in the urine samples [15], the current work
covers the infection-dependent changes in the blood plasma samples.
The study was designed as a longitudinal study with two degrees of
the infection intensity. Both sets of samples (urine and plasma) were
collected from the same animal models.



Methods

Ethics statement

All procedures with animals were carried out according to the rec-
ommendations of the national guidelines for animal caring: 12.08.1977
N 755 “On measures to further improve the organizational forms of
work using experimental animals” and approved by the Siberian State
Medical University (license number 3296 issued on 29.04.2013).

Experimental opisthorchiasis model

The study design was described in detail the previously pub-
lished urinary NMR (Nuclear Magnetic Resonance) based metabo-
lomics study of experimental opisthorchiasis in the golden hamster
(Mesocricetus auratus). Briefly, hamsters were divided in 3 groups: se-
vere infection (50 metacercariae/hamster), mild infection (15 metac-
ercariae/ hamster) and uninfected (vehicle-PBS) groups. Each group
consisted of 10 animals - five males and five females. The hamsters
were approximately five weeks old at the time of infection.

The blood samples were collected from anesthetized hamsters
one day before infection and then every two weeks, specifically at the
weeks 2, 4, 6, 8,10, 12, 14, 16, 18, 20 and 22 after infection according to
the previously described protocol [16]. In brief, at each time point the
hamsters were lightly restrained by gentle handling, the gingival vein
was pierced with a 26-gauge needle, and blood was collected into test
tubes pre-coated with sodium heparin. The hamsters were observed
after each blood collection. The total volume of collected blood was se-
lected to represent the maximal blood volume that can be withdrawn
in accordance with ethical recommendations [17].

After collection into individually labelled Eppendorf tubes, all
samples were transferred to a freezer (-80°C) for long term storage.
The worm burden and egg output were described in details in the first
part of the exploratory metabolomics of the experimental opisthorchi-
asis in a golden hamster [15].

Eggs and worms counts
The method of calculation of the number of eggs per gram of
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feces and the estimation of the worm burden were described in the
urinary NMR-based metabolomics study of experimental opisthorchi-
asis in the golden hamster (Mesocricetus auratus) [15].

Blood plasma sample preparation and NMR data acquisition

All chemicals used for the buffer solution were purchased
from Sigma-Aldrich except for the 2H20 which was purchased from
Cortecnet and the 3-(trimethylsilyl)propionic-2,2,3,3-d4acid sodium
salt (TSP) which was obtained from Cambridge Isotope Laboratories
Inc. 96-well plates and NMR tubes were purchased from Bruker Bios-
pin Ltd. (Germany).

The 33 pl of each plasma sample were mixed with 77 pl milli-Q
water, then 110 pl buffer solution in H20/D20 (80/20) with a pH of
7.4 containing 6.15 mM NaN3 and 4.64 mM TSP were added using a
Gilson 215 liquid handler in combination with a Bruker SampleTrack
system. Finally, 190 pl of each plasma-buffer mixture were transferred
to 3 mm SampleJet NMR tubes and placed in refrigerated racks (6°C)
in a Bruker SampleJet system until the NMR measurement.

NMR data were recorded using a Bruker 14.1T AVANCE II
spectrometer (1H Larmor frequency 600 MHz), equipped with a tri-
ple resonance inverse cryoprobe with Z-gradient system and auto-
matic tuning and matching. All NMR experiments were performed
as described elsewhere [18] with some minor modifications: for the
1D nuclear Overhauser enhancement Spectroscopy (NOESY) and 1D
Carr-Purcell-Meiboom-Gill pulse sequence (CPMG) experiments
were collected with 32 scans; J-resolved spectra (JRES) were recorded
with a total 2 scans for each increment in the indirect dimension. In
addition, to achieve more information about the lipoprotein profile,
a 1D diffusion-edited pulse sequence with diffusion time of 120 ms
was performed [19]. After applying 4 dummy scans, a total of 98,304
data points covering a spectral width of 18,029 Hz and an exponential
window function was applied with a line broadening factor of 1.0 Hz
before Fourier transformation were accumulated using 16 scans for
each sample.

Spectral data processing and data analysis

Pre-processing of NMR data was performed in the KIMBLE
workflow [20]. All 1H 1D NMR spectra were baseline-corrected using
a polynomial fit of degree 5.
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For exploratory analysis, the 1D NOESY spectra were binned
from 0.5 to 9.5 ppm using adaptive intelligent binning [21]. Initial bin
width was set to 0.02 ppm and final variable bins sizes were calculated
based on the peaks edges in the spectra by using a lowest standard
deviation criterion. The spectral region that is dominated by the resid-
ual water signal (4.35-5.0 ppm) was excluded from the data. The final
data consisted of 469 bins of variable size x 343 observations (sam-
ples), which were normalized by PQN normalization to correct for
dilution differences from sample to sample [22].

Principal component analysis (PCA) was performed on the uni-
variate scaled NOESY binned dataset in the R statistical environment
(http:/ /www.r-project.org/, R versions 3.4.4), “Rcpm”, “pcaMeth-
ods” packages were used. The visualizations were made using “gg-
plot2”, “cowplot”, “caret” and “gridExtra” packages.

For supervised statistical modelling ANOVA-simultaneous
component analysis (ASCA) was chosen. This method is based on the
assumption that every variable is a function of all factors included in
a study and uses analysis of variance for the analysis of the individu-
al experiment factors and their interactions [23]. ASCA is specifically
suited for time-resolved multigroup, multisubject and multivariate
data. However, it is very sensitive to unbalanced design. 4.7% of all
samples were lost during NMR acquisition because the spectra did
not satisfy the quality inspection. Unfortunately, this resulted in un-
balanced data. In order to apply ASCA to the data, imputation was
performed. The nonparametric missing value imputation was per-
formed using the Random Forest approach in the “missForest” pack-
age in the R environment [24].

ASCA was performed on the centered imputed dataset of NO-
ESY experiment in Matlab R2016a (The MathWorks) [23]. The model
quality was estimated by running a permutation test (number of per-
mutations = 1000).

For selected small metabolites a quantification approach was ap-
plied which combines the superior signal-to-noise ratio of the CPMG
pulse sequence with the superior resolution of the 2D JRES experi-
ment [18, 20].

The multivariate analysis of variance was performed in R statis-
tical environment (http:/ /www.r-project.org/, R versions 3.4.4) using
standard commands.

Diffusion-edited spectra were used for definition of the lipopro-
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tein profile of plasma samples. For this aim, selected regions of the
spectra were integrated after local baseline correction.

Identification of the metabolites

Identification of metabolites was performed by exhausting
search of the total 1D and 2D JRES data using the proprietary Bbi-
orefcode (Bruker Biospin Ltd.) database. Lipoproteins were identified
using information performed R. Mallol at el [25].



Results

The exploratory analysis of plasma metabolic profiles

The worm burden and egg output were described in detail in
the first part of the exploratory metabolomics of opisthorchiasis in the
golden hamster [15]. To get an overview of the main sources of vari-
ance in the data we used principal component analysis (PCA). Figure 1
shows a PCA model built on the unit variance-scaled 1D NOESY data
from all time points. The ten principal components (PCs) of the model
cover 80% of the variance, with the first two components explaining
more than 60% of the total variance. Contrary to our results reported
for the urine samples, a clear trend related to intensity of the infection
is visible already in the first two PCs (Figure 1A). No strong gender
effect is observed (Figure 1B) and the influence of the sampling time
appears surprisingly weak (Figure 1C). However, a geometric trajec-
tory visualization approach [16] reveals the group-specific trends (Fig-
ure 2). The samples of both infection intensity groups and the controls
collected at time point 0 (1 day before infection) are located close to
each other. At the second and fourth weeks of infection, the difference
between the experimental groups becomes maximal before gradual-
ly reducing towards the tenth week (Figure 2). From the tenth to the
twenty second week the trajectories are somewhat random and re-
main within their own clusters.

ANOV A-simultaneous component analysis

One of the main questions of our study is finding the metabolic
features describing infection unfolding in time. There is only a limited
number of statistical approaches for modeling a time-resolved metab-
olomics study design with several experimental groups [26]. One of
them is ASCA (ANOVA-simultaneous component analysis)-a meth-
od based on the assumption that every variable is a function of all
factors included in a study and uses analysis of variance for the anal-
ysis of the individual experiment factors and their interactions [23].
Thus, ASCA modelling estimates the contribution of every factor to
the data variability. The ASCA analysis of our dataset shows that in-
fection explains 33% of the variance in the data and as such is the most
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dominant factor, followed by time (18%); the interaction between the
experimental factors (time and infection) explains 12% of the variance
in the data. All factors and their interactions were significantly altered:
the p-values for the infection and the time both were 0.001, while the
p-value for them interaction was 0.0140.

Figure 3 shows the score plots for a time*infection interaction
submodel. The two components of the model explain 72% of the
variance. The first component (56% of the variance) shows that the
strongest metabolic changes are observed up to the tenth week (Figure
3A); in the second component (16%), the clear difference between the
groups is seen only at the second week of infection (Figure 3B). Thus,
the strongest metabolic response to the O. felineus infection is observed
from 2 to 10 weeks post-infection, which is in agreement with the re-
sults of the study on urinary metabolomics of the O. felineus infected
animals [15].

PC1 55.79%
PC2 1550%
o

0 2 4 6 8 10 12 14 16 18 20 2 ) 3 ) z 3 T ) ) T s 20 b7

Time, weeks Time, weeks

& Control  # 50metacercaria  # 15 metacercaria
Figure 3. Scores plots of the on the first (a) and the second (b) components of
ASCA model for the “Infection*time” interaction.

S1 Figure gives a visual summary of the relative contribution of
the individual variables to the model explaining both infection and
the time factors of the experiment. The variable importance is pro-
portional to the value of its loading (Y axis); this way we can select a
subset of influential variables and annotate them. Table 1 summarizes
the annotated metabolites.
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Table 1. Annotated variables selected on the basis of the ASCA model load-
ings

0, ppm Annotation Principal
component
0.64-0.68 Cholesterol PC2
0.82-0.88 Lipids CH, PC1, PC2
0.96-1.00 Valine, Leucine, Isoleucine PC2
1.08-1.12 Unknown PC2
1.22-1.36 Lipids CH,, Lactate PC1, PC2
1.30-1.36 Lactate PC2
1.94-2.02 Lipids (CH,) -CH,-CH= PC1, PC2
2.20-2.24 Lipids CH,-CH,-COOC PC2
3.182-3.237 Lipids -N-(CH,), PC1, PC2
4.081-4.117 Lactate PC2
4.24-4.28 Threonine PC2
5.26-5.32 Lipids CH=CH PC1

Time trajectories of the significant metabolites

One of the most frequently used strategies of NMR data pre-pro-
cessing is data reduction by binning, or more recently, adaptive bin-
ning. This approach was used for the current study as well. A binis a
narrow spectral region containing signals of zero, one, or only a few
metabolites. On the other hand, a single metabolite can generate mul-
tiple signals or exceptionally broad signals that contribute intensity
to multiple bins. Lipoproteins are an example of a plasma component
with wide signals that cover several neighboring bins (see Table 1).
Therefore, to obtain an additional validation of our findings and make
practical use of the quantitative nature of the NMR we quantified the
metabolites reported in Table 1. Amino acids and lactate were quanti-
fied using the 1D Carr-Purcell-Meiboom-Gill pulse sequence (CPMG)
and the 2D J-resolved spectra (JRES) data [20]. For the lipoproteins and
lipids, the corresponding regions of the diffusion-edited spectra were
integrated. The 1D diffusion-edited experiment was developed espe-
cially for analysis of macromolecular assemblies without interference
of the small molecules [25]. The integration of the relevant regions in
the diffusion-edited experiment is probably the best possible alterna-
tive in absence of a true lipoprotein quantification model for hamster
blood plasma. Figure 4 shows the time trajectories for the individual
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Figure 4. Spaghetti plots of the quantified metabolites selected on the basis of
the two first PCs of the ASCA model, using the “infection*time” interaction.
Blue-control group; orange- 50 metacercaria; green —15 metacercaria.

metabolites. In general, the trends are in agreement with the results of
the ASCA time*infection submodel. To support the visual presenta-
tion with a statistical description we applied the multivariate analysis
of variance (MANOVA) method to our quantitative data. The results
summarized in Table 2 show that both the MANOVA model and its
individual predictors (with an expedition of an unknown metabolite)
indicated a statistically significant trend for time*infection interaction
term.
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Table 2. Results of the MANOVA analysis performed on the quantified me-
tabolites

MANOVA model metrics Wilks A F Pr(>F)

0.474 6.640 2.2¥101°
Individual terms for interaction infection*time

ID Sumsq | Meansq F Pr(>F)
Cholesterol 103.97 34.66 49.23 2.2%1016
Lipids CH, 103.38 34.46 48.83 2.2*101°
Valine 20.45 6.82 7.18 1.09*10*
Leucine 20.34 6.78 7.14 1.15*10*
Isoleucine 20.17 6.72 7.08 1.26*10*
Unknown 7.71 2.57 2.61 0.05161
Lipids CH, 49.49 16.50 19.10 1.79*101"
Lactate (1.3 ppm) 10.48 3.49 3.57 0.01435
Lipids (CH,) -CH,-CH= 76.35 25.45 32.43 2.2%101°
Lipids CH,-CH,-COOC 53.08 17.70 20.74 2.29*1012
Lipids -N-(CH,), 84.48 28.16 37.00 2.2*101°
Lactate (4.1 ppm) 9.80 3.27 3.33 0.01971
Threonine 46.05 15.35 17.57 1.25*10%°
Lipids CH=CH 75.87 25.29 32.16 2.2*101°

The resonances for quantification were selected on basis of the ASCA model
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Discussion

The current manuscript is our second work dedicated to the de-
scription of the time resolved metabolic response to Opisthorchis infec-
tion in an animal model. The first part was focused on the metabolic
changes detected in urine samples, the current one covers the infec-
tion dependent changes in the plasma samples. Both sets of samples
(urine and plasma) were collected within the same study which was
designed as a longitudinal study with two degrees of infection inten-
sity (mild - 15 and severe - 50 metacercariae per animal) and a control
group. The plasma samples were collected every second week until
22 weeks of post-infection; this time interval includes both infection
response phases: the acute phase and the phase which roughly corre-
sponds to a chronic stage. Our data show that the strongest metabolic
response was observed between the 2" and 10" weeks after the exper-
iment: a time when the worms are reaching the bile duct where they
are transforming into the adult form and starting the egg production
[27]. It has been shown that the acute phase of O. felineus infection in
humans is more pronounced than in O. viverrini and C. clonorchis in-
fection and often is accompanied by diarrhea, abdominal pain, nausea,
and vomiting [28, 29]. Thus, it is important to mention that between
the 2" and 10" week of the experiment no diarrhea, loss of appetite, or
loss of body mass was registered in the infected animals.

On a metabolic level the first ten weeks are characterized by rap-
id changes of amino acids and lipids which is in agreement with our
report on urinary metabolomics [15]. The ASCA loadings plot (Figure
3) shows that the 4" week of the infection is the point where metabolic
differences between the experimental groups are most pronounced.
The egg production was recorded for the first time in the same week.
One of the characteristic features of the metabolic response at this time
point is a decrease of the blood plasma levels of the essential amino
acids in the infected animals (Figure 4). It is worth mentioning that the
observed decrease of the plasma levels of two essential amino acids
isoleucine and leucine is associated with their increase in urine at 2
and 4" weeks of infection [15]. The depletion of the essential amino
acids (valine, isoleucine and leucine) during the acute stage of the in-
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fection was also described for Echinostoma caproni infection [30, 31];
the parasite-induced malabsorption is one of the possible physiolog-
ical explanations of the effect [32]. A similar, but not identical trend
(no data on isoleucine were reported) was observed in a co-infection
model of Necator americanus and Schistosoma mansoni [33]. In the case
of opisthorchiasis an interpretation based entirely on malabsorption is
not applicable; the parasite is more likely to change the pool of the free
amino acids in the circulation by affecting the liver function [34]. Thre-
onine, another essential amino acid which plays an important role in
protein and lipid metabolism, is also depleted in the infected animal
by the fourth week (Figure 4). Interestingly, an increase of threonine
was found in feces in a human study of O. felineus [35]. However, a
confirmation of malabsorption and mechanism of influence on es-
sential amino acids in case of O. felineus requires an additional study.
Apart from the amino acids a short-time decrease of lactate in plasma
samples of both infected groups (S1 Figure) was detected. However,
the quantified data does not show clear trends beyond the 4™ week
post-infection (Figure 4).

Lipid metabolism also shows a clear response to the infection.
However, it has to be mentioned that for hamster lipids NMR spec-
troscopy remains a sub-optimal technique. For instance, while choles-
terol can be annotated and quantified from NMR data without a prob-
lem, the spectral regions of the physiologically important lipoprotein
particles such as low density lipoproteins (LDL), very low density
lipoproteins (VLDL), high density lipoproteins (HDL) are strongly
overlapped. Recently an elegant solution for an accurate quantitative
analysis of the serum lipo-particles by NMR was introduced [36, 37],
sadly this platform is only available for human serum. For animal ma-
terial we can only indirectly estimate their contribution to the lipid
profile using the NMR peaks corresponding to the various chemical
functional groups. Our data shows that for all lipid-related spectral ar-
eas which were selected on basis of the ASCA analysis (CH,, CH, and
CH=CH chemical groups and cholesterol) a very distinct time trend is
observed for the severe infection group at the early weeks of the infec-
tion (Figure 4). From the 10" week of infection onward the trends for
both infected groups become more alike but as a rule the group with
the severe infection consistently shows the higher values.

Despite the fact that a shift in the lipid homeostasis during the
acute phase of infection is well-documented for helminthiases, it is
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not easy to put our findings into the context of the existing reports.
The main problem is the limited number of relevant reports, and the
reports that exist use a variety of methodologies and experimental
models. For instance, an NMR study on a mouse model of the Echinos-
toma caproni infection shows an increase of the lipid fraction related
resonances in the infected animals. However, the maximum lipid in-
crease was observed already at the 12" day of the experiment, which
is much earlier that in our model (4 to 6 weeks) [30, 31]. At the same
time, a mouse model of Schistosoma japonicum infection is character-
ized by a decrease of the lipoproteins from three weeks after infection
[38]. There is no NMR-based study on Opisthorchiidae, but a report of
Laothong et al. [39] where the cholesterol and lipoprotein particles in
hamster’s plasma were measured using the standard clinical chemis-
try methods is mostly in agreement with our data. Authors report an
increase in cholesterol around one month after infections and a strong
increase of LDL up to twelve weeks after infection. In the discussion
they explain an increase in the LDL concentration as a reaction to leak-
age of vitamin E (alpha-tocopherol) from a damaged liver; a plausible
interpretation which could be applied to our observations as well.
Even more difficult is to fit the observations obtained on the ani-
mal models to the data available on human material. The only clinical
study on the lipids and lipoproteins in O. viverrini infection known to
us [40] reports a significant decrease in cholesterol concentration for
the group of the infected patients. It is very tempting to explain the
differences in the observed trends as a result of the different techno-
logical approaches: colorimetric quantification of the cholesterol and
NMR. Yet, we do not believe that this is the case. It has been shown
that during the acute phase of an infection, the cholesterol level in-
creases in the serum of the animals with low baseline values of LDL
cholesterol (rodents) but remains stable in primates where the base-
line values are higher [41-43]. Thus, the mechanisms controlling the
lipid homeostasis in rodents and primates can explain the differences
in the trends of cholesterol and lipoproteins between our data and the
human studies.
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Conclusions

The time resolved study of the metabolic response to opisthor-
chiasis in blood plasma in the main lines agrees with our report on
urine data. The response reaches its peak around the 4" week of in-
fection and stabilizes after the 10" week. Yet, unlike the urinary data
there is no strong effect of the gender in the data and the intensity of
infection is presented in the first two principal components. The main
trends of the metabolic response to infection in plasma are the tran-
sient depletion of the essential amino acids and an increase in lipopro-
tein and cholesterol concentrations.
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S1 Figure. A visual summary of the relative contribution of the individual
variables to the model explaining both infection and the time factors of the
experiment. The variable importance is proportional to the value of its load-
ing (Y axis); this way we can select a subset of the influential variables and
annotate them
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Abstract

Background

Analysis of the stool samples is an essential part of routine di-
agnostics of the helminthes infections. However, the standard meth-
ods such Kato and Kato-Katz utilize only a fraction of the information
available. Here we present a method based on the nuclear magnetic
resonance spectroscopy (NMR) which could be auxiliary to the stand-
ard procedures by evaluating the complex metabolic profiles (or phe-
notypes) of the samples.

Method

The samples were collected over the period of June-July 2015,
frozen at -20°C at the site of collection and transferred within four
hours for the permanent storage at -80°C. Fecal metabolites were ex-
tracted by mixing aliquots of about 100 mg thawed stool material with
0.5 mL phosphate buffer saline, followed by the homogenization and
centrifugations steps. Al NMR data were recorded using a Bruker 600
MHz AVANCE II spectrometer equipped with a 5 mm triple reso-
nance inverse cryoprobe and a z-gradient system.

Results

Here we report an optimized method for NMR based metabolic
profiling / phenotyping of the stool samples. Overall, 62 metabolites
were annotated in the pool sample using the 2D NMR spectra and the
Bruker Biorefcode database. The compounds cover a wide range of the
metabolome including amino acids and their derivatives, short chain
fatty acids (SCFAs), carboxylic acids and their derivatives, amines,
carbohydrates, purines, alcohols, and others. An exploratory analysis
of the metabolic profiles reveals no strong trends associated with the
infectionstatus of the patients. However, using the penalized regres-
sion as a variable selection method we succeeded in finding a subset
of eleven variables which enables to discriminate the patients on basis
of their infections status.

Conclusions

A simple method for metabolic profiling/phenotyping of the
stools samples is reported and tested on a pilot opisthorchiasis cohort.
To our knowledge this is the first report of a NMR-based feces analysis
in the context of the helminthic infections.
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Background

Analysis of stool samples is an essential part of routine diag-
nostics of the helminthes infections. For years, despite a consistent
background of criticism and occasional new developments, the direct
smear and Kato-Katz techniques remain the gold standard diagnos-
tic tests for schistosomiasis, opisthorchiasis and the soil-transmitted
helminthiasis [1]. However, here we introduce a method based on nu-
clear magnetic resonance spectroscopy (NMR), which could be aux-
iliary to the standard methodologies. In contrast to the Kato and Ka-
to-Katz tests which use only the eggs count as a measure, we examine
the complex metabolic profile of the sample. In other words, we are
applying the metabolomics approach. Metabolomics is a discipline
studying the metabolome - a totality of the metabolites that can be
measured in a biological sample. The metabolites are defined as the
end products and the intermediates of the metabolism. In the clinical
setting the metabolomics studies are commonly based on the analysis
of the body fluids. Urine and blood (serum or plasma) are being the
most common sample types due to the minimally invasive procedures
of sample collection. Feces as a material for metabolomics studies has
only recently started to gain the deserved attention [2, 3]. Over recent
years few metabolomics studies in such areas as e.g. dietary interven-
tions [4], inflammatory bowel disease [5, 6] and colorectal cancer [7]
have been published.

Indeed, the fecal masses are the physiological product of the gas-
trointestinal tract, one of the key metabolic systems of the human body.
Thus, it is logical to assume that their composition should reflect cur-
rent metabolic status of the digestive tract or its metabolic phenotype
[8]. The human gut represents a complex ecosystem and harbors gut
bacteria outnumbering the cells in our organism [9] and the analysis of
the fecal masses or/and their derivatives (e.g. extracts or fecal waters)
offers the most direct access to the physiological processes controlling
the gastrointestinal system homeostasis, gut bacteria-host interactions
and interaction between the hosts and parasitic helminthes. For exam-
ple, the helminth infections are often accompanied by such symptoms
as diarrhea, abdominal pain and blood in the stool. The given exam-
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ples represent the extreme cases, but they provide a clear illustration
of the parasite’s ability changing the metabolic homeostasis of the host
and the host’s digestive system in particular. This, in turn, makes met-
abolic analysis of the fecal masses an interesting, non-invasive way to
monitor such changes.

Here we present a simple NMR based metabolomics workflow
for the analysis of fecal samples. For this pilot study we used stool
samples of patients diagnosed with opisthorchiasis and a group of
matched controls. Opisthorchiasis is parasitic disease caused by trem-
atodes belonging to the family Opisthorchiidae (Opisthorchis felineus,
Opisthorchis viverrini) [10]. According to WHO there are about 17 mil-
lion infected people and approximately 112 million people exposed
or at risk of infection. The workflow presented here is only a proof
of principle, but it can be easily scaled, tuned towards a quantitative
analysis and implemented into other case studies or in future routine
screening without fundamental modification of the sample collection
or the exiting diagnostic routines.
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Methods

Sample collection

The study was reviewed and approved by the local ethics com-
mittee of the Siberian State Medical University (Tomsk, Russia). The
samples were collected over the period of June-July 2015. The samples
were frozen at -20°C at the site of collection and transferred within
four hours for the permanent storage at -80°C. The diagnosis of opist-
horchiasis was confirmed by the Kato-Katz test [1]. Table 1 summa-
rizes the demographic data of the patients. In total the samples of 30
patients (16 infected and 14 uninfected) were used.

Table 1. Characteristics of participants

Parameter Summary Opisthorchiasis Control
(n=16) (n=14)
Age (year) range (21, 64) (24, 63)
mean 45 60
Gender male 0 0
female 16 14
Height (cm) range (153, 168) (155, 169)
mean 162 160.9
Weight (kg) range (50, 106) (53, 83)
mean 70.3 70.3
BMI range (18.4, 43.6) (21.7,32.5)
mean 26.6 27.1
the presence of positive 3 1
allergies negative 9 12
unknown 4 1

Fecal metabolites extraction

Fecal metabolites were extracted as described elsewhere [11]
with some minor modifications. Briefly, the aliquots of about 100 mg
thawed stool material were mixed with 0.5 mL phosphate buffer sa-
line (1.9 mM Na,HPO,, 8.1 mM NaH, PO,, 150 mM NaCl, pH 7.4; Sig-
ma-Aldrich, Germany) containing 10% deuterated water (D,O 99.8%;
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Cortecnet, France) and 0.05 mM sodium 3-trimethylsilyl-propion-
ate-d4 (TMSP-2,2,3,3-d4; Cambridge Isotope Laboratories Inc., UK)
as chemical shift reference. The mixtures were homogenized by bead
beating with zirconium oxide beads of 1 mm diameter for 30 s at 4°C
in a Bullet Blender 24 (Next Advance Inc., USA). The fecal slurry was
then centrifuged at 16100xg for 15 min at 4°C. Supernatants were col-
lected and centrifugation was repeated. Finally, the resulting fecal ex-
tracts were transferred to a 96 well plate (Bruker, Germany) and 190
pL of each sample was transferred to a 3 mm NMR tube in SampleJet
96 tube rack (Bruker, Germany) using 215 Gilson liquid handler. The
samples were then placed in a Sample]et system and kept cooled at 6
°C while queued for NMR measurements.

Alternative protocols for fecal extraction, as described elsewhere
[5, 12, 13] were also applied using technical replicates and the same
equipment and chemicals described above. For filtration we used the
Whatman filters with 0.2 pm diameter pores (GE Healthcare, UK). An
ultracentrifugation step with filtration was also tested using Amicon
Ultra cellulose centrifugal filters with a cut-off MW of 3000 Da (Mil-
lipore Ireland, Ltd). The filters were washed with doubly distilled
water before use and tested for impurities and presence of additives
using a blank PBS buffer sample and acquisition of NMR spectra with
the same parameters as those used for fecal extracts measurements
(see below).

NMR spectroscopy

All NMR data were recorded using a Bruker 600 MHz AVANCE
Il spectrometer equipped with a 5mm triple resonance inverse cryo-
probe and a z-gradient system. The temperature of the samples was
controlled at 27°C during measurement. Prior to data acquisition, tun-
ing and matching of the probe head followed by shimming and pro-
ton pulse calibration were performed automatically for each sample.
One-dimensional (1D) 1H NMR spectra were recorded using the first
increment of a NOESY pulse sequence with presaturation (yB1 = 50
Hz) for water suppression during a relaxation delay of 4 s and a mix-
ing time of 10 ms [14, 15] 64 scans of 65,536 points covering 12,335 Hz
were recorded and zero filled to 65,536 complex points prior to Fouri-
er transformation, an exponential window function was applied with
a line-broadening factor of 1.0 Hz. The spectra were automatically
phase and baseline corrected and referenced to the internal standard
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(TMSP; 6 0.0 ppm).

After tube filling, 30 pL from the leftovers of each sample were
combined to form a pool sample mix. The pool sample was aliquoted
and used for acquisition of two-dimensional (2D) NMR spectra to aid
the assignment of fecal metabolites. The set of 2D experiments includ-
ed a J-resolve (J-res), 1H-1H correlation spectroscopy (COSY), 1H-1H
total correlation spectroscopy (TOCSY), 1H-13C heteronuclear sin-
gle quantum correlation (HSQC) and 1H-13C heteronuclear multiple
bond correlation spectroscopy (HMBC) using the standard parame-
ters implemented in Topspin 3.0 (Bruker Biospin, Germany).

NMR data processing

NMR data were further processed using in house routines writ-
ten in Matlab 2014a (The Mathworks, Inc., USA) and Python 2.7 (Py-
thon Software Foundation, www.python.org). Briefly, the obtained
1H spectra were re-evaluated for incorrect baselines and corrected
using a polynomial fit of degree 5. The spectral region from 0.5 to 9.7
ppm was binned using an in-house algorithm for adaptive intelligent
binning, which is based on the original paper of De Meyer et al. [16].
Initial bin width was set to 0.02 ppm and final variable bins sizes were
calculated based on the peaks position and width in the spectra. The
spectral region with the residual water peak (4.5 - 5.1 ppm) was ex-
cluded from the data. The final data consisted of 429 bins that were
normalized by the Probabilistic Quotients Normalization method [17]
to correct for dilution differences from sample to sample. Data were
tirst normalized to unit total area and subsequently, the variables of
each sample were divided by those of a reference sample, in this case
the median spectrum. Each sample was subsequently scaled by its me-
dian quotient, which represents the most probable dilution factor. Fi-
nally, the normalized data was autoscaled prior to statistical analysis.

Data analysis

All the analysis was performed in the R statistical software en-
vironment (http:/ /www.r-project.org/, R version 3.2.3.). Exploratory
data analysis was performed using the package “pcaMethods” [18].
Variable selection was performed with the “glmnet” package [19]. For
data visualization the “ggplot2”, “GGally” and “gridExtra” packages
were used.
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Results

Optimization of the sample preparation

In contrast to other body fluids like urine and blood for which
the well-established standard operating procedures (SOP) exist, no
consensus for feces handling has been reached yet. Thus, to get an
optimal extraction of the feces samples several protocols described in
the literature [11-13] were tested. A detailed overview of the available
methods can be found in recent review by Deda et al. [2]. In our case, a
minimally modified protocol of the one recently suggested by Lamich-
hane et al. [11] provided an optimal outcome in terms of spectra qual-
ity and the number of the metabolites detected. In the original manu-
script, the authors suggested mixing the fecal material with 2 volumes
of PBS (Wf:Vb; mg of feces x pL—1 of PBS buffer), which according to
them provides better signal to noise ratios and minimal compromise
for peak shifting due to small inter-sample pH differences. They also
used a freeze-thaw cycle with centrifugation of the fresh fecal slurry,
storage at -80°C and thawing at the day of analysis followed by a sec-
ond centrifugation. Since, the samples used in our study were already
frozen and stored at -80°C at the site of collection we opted to avoid
the extra freeze-thaw step. Therefore, after thawing the frozen fecal al-
iquots and the homogenization of the fecal slurry, we performed two
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Figure 1. A schematic outline of the sample preparation workflow
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consecutive centrifugation steps at 4°C. The suggested 1:2 Wf:Vb ratio
did not work well in our case as the supernatants could not be easily
separated from the precipitated material even after extending the cen-
trifugation time. An obvious solution would be to include a filtration
step but this would require an extra step to wash the filters, which
increases the time and costs of the protocol. On the other hand, we
found that by using the 1:5 Wf:Vb and 7 min 1D 1H-NMR acquisition
method (64 scans per sample) the losses in the signal to noise ration
were minimal even for the weak signal of formic acid (SNR 36.3 and
29.8 for 1:2 and 1:5 Wf:VDb, respectively) while the peak shifting of pH
sensitive protons was reduced comparing to 1:2 Wf:Vb as an effect of
better pH control. We therefore decided to follow the 1:5 Wf:Vb mix-
ing with PBS for all the samples analyzed in this study. Figure 1 shows
a schematic representation of the entire workflow.

Figure 2 shows the 1H spectrum of a pooled sample with anno-
tations of the identified metabolites. Overall, 62 metabolites were an-
notated in the pool sample using the 2D NMR spectra and the Bruker
Biorefcode database (Bruker Biospin, Germany). The detected com-
pounds cover a wide range of the metabolites including amino acids
and their derivatives, short chain fatty acids (SCFAs), carboxylic acids
and their derivatives, amines, carbohydrates, purines, alcohols and
others. The complete list of metabolites is enumerated in the legend
of Figure 2.

Exploratory analysis of the data

The main purpose of an exploratory data analysis is to reveal
the major trends in the data as well as the possible analytical and/or
biological confounders if any. Principal Component Analysis (PCA) is
commonly used method for such analysis. Figure 3 shows a combined
score plot of the first three principal components of the PCA model.
The first three components cover almost 50% (~ 49) of the total vari-
ance in the data but apparently the infection status does not represent
a visible trend in the data. Since initial PCA model failed to describe
any tendencies in the data associated with the study design we built a
two-class Partial Least Squares Discriminant Analysis (PLS-DA) mod-
el with infections status as a class ID. The model proved to be a statis-
tically poor and described the data narrowly better than a random one
(data not shown). One could interpret the results as a lack of associa-
tion between infection status and metabolic composition of the feces.
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Figure 2. Regions of the 600 MHz 1D 1H NMR spectrum of the pool sample
mix of all fecal extracts used in this study. The regions on top are multiplied
16 times for better visualization. 60 fecal metabolites were identified with
most of them annotated on the spectrum. Metabolites and their numbering
as displayed in figure: 1: 2-methylbutyrate; 2: Valerate; 3: n-butyrate; 4:Leu-
cine; 5:Isoleucine; 6: Valine; 7:Propionate; 8: Isobutyrate; 9: 3-methyl-2-ox-
oisovalerate; 10: 2-oxoisovalerate; 11: Ethanol; 12: 3-hydroxybutyrate; 13:
Threonine; 14: Lactate; 15: 2-hydroxyisobutyrate; 16: 3-hydroxy-2-butanone;
17: Alanine; 18: Lysine; 19: Thymine; 20: Acetate; 21: 5-aminopentanoate;
22: Ornithine; 23: Proline; 24: Glutamate; 25: Methionine; 26: Glutamine;
27: Succinate; 28: 2-oxoglutarate; 29: 3-phenylpropionate; 30: Aspartate; 31:
Methylamine; 32: Malate; 33: Trimethylamine; 34: Tyrosine; 35: Malonate;
36: Choline; 37: D-glucose; 38: Taurine; 39: Methanol; 40: Glycine; 41:
D-xylose; 42: D-galactose; 43: Fructose; 44: Dihydroxyacetone; 45: Uracil;
46: Fumarate; 47: Urocanate; 48: Ethanolamine; 49: Xanthine; 50: Hypoxan-
thine; 51: Nicotinate; 52: 3-hydroxyphenylacetate; 53: Tryptophan; 54: Phe-
nylalanine; 55: Orotate; 56, UDP-glucuronate; 57: Formate; 58: Benzoate;
59: 4-aminohippurate; 60: Homovanillate; 61: Putrescine; 62: Asparagine
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The performance of the PLS-DA model clearly supports such interpre-
tation. However, the structure of our data set (30 observations and 429
variables) is such that the number of predictive variables (p) is much
larger than the number of samples (n). The PLS-DA method, despite
being one of the most popular classification methods in metabolomics
analysis, is a suboptimal choice for the p> > n data sets [20]. Thus, we
decided to employ an alternative data analysis strategy including a
variable selection step which could identify a subset of predictors rel-
evant to the study design.

Variable selection and validation of the selected subset

The analysis of high dimensional datasets has progressed enor-
mously since the beginning of “omics” era. Several methods specifi-
cally addressing p>> n problem are described and tested in practice,
but the area of application for the methods is mainly restricted to the
genomics data [21, 22]. We decided to use the penalized regression
approach based on its “track record” in solving comparable problems,
namely a high number of the variables and the limited number of the
observations [22, 23]. A penalized variable section belongs to the class
of the regulations methods: the methods which improve the estimates
“for over-parameterized problems through the use of additional as-
sumptions, prior information or penalties” [24]. A subset of eleven
variables was selected using a lasso type of penalty. Before subjecting
the set of selected variables to the next statistical test we have also
made an inventory of the selection trying to estimate whether the fea-
ture selecting routine has picked the NMR spectral areas influenced
by the noise and/or any baseline effect. Figure 4 shows the box plots
for all eleven predictors selected by this method. Table 2 summariz-
es all the selected bins showing their corresponding spectral regions,
identity and Benjamini-Hochberg corrected p-values. Finally, we have
included the selected variables into a logistic regression model. The
resulting model is characterized by the chi square 27.74 and chi square
probability of 1.05E-4.
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Table 2. The selected variable assignments and corresponding p-values

Spectral region | p-value ID
(ppm)
5.2914 0.0378 Unknown triplet/4.12/1.99/1.80
4.2478 0.0942 Threonine
2.0426 0.0601 Glutamate/Proline
1.3164 0.0378 Threonine and lactate

3.1 0.1661 Malonate

8.1622 0.0378 Hypoxanthine
3.9884 0.0601 Phenylalanine/d-Galactose
3.055 0.0942 Tyrosine/Putrescine/Ornithine
1.3206 0.0031 Threonine and Lactate
1.824 0.1322 Ornithine/2-Aminoadopate
2.9488 0.0378 Asparagine
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Discussion

Here we present an analytical workflow for 'H-NMR analysis
of feces with special emphasis on application in the field of the hel-
minthes infections. The described procedure resulted in rich spectra
where 62 metabolites are annotated (Figure 2). Using our set of the
samples selection we were able to dissect a subset of the metabolites
(Figure 4) which may be discriminative for the infection’s status. This
subset includes such common constituents of human biofluids as thre-
onine, asparagine, lactate and hypoxanthine. Asparagine is higher in
the samples of the control patients while the other selected compounds
have higher levels in the infected samples. The limited number of sam-
ples is a clear limitation of this study and therefore we restrain our-
selves from the discussion of the possible physiological models based
on the selected markers or the attempts to deconvolute the metabolic
profiles into the infection predictive patterns. On the other hand, the
proposed method clearly stresses out the potential for a new window
of information that can be used in such case studies. In principle, the
fact that a subset of the discriminative metabolites can be dissected
gives a clear illustration of the method’s potential. A combination of
a simple, commonly accepted diagnostic method and such advanced
analytical method as NMR provides a powerful research tool which
enables the collection of a wealth of information without interference
or in parallel with the routine diagnostics or epidemiological studies.
Taking advantage of the robustness and quantitative nature of this
technology, obtaining the metabolic profiles of fecal material is rather
straightforward and provides both an insight into biochemistry/ phys-
iology of the host-pathogen interaction and the possibility of accessing
the morbidity and eventually play an auxiliary role in the diagnostics.
The main limitations of this approach arise mainly from the absence of
standard procedures in stool collection rather than the technology it-
self. However, taking into account the increasing interest in using the
NMR (as well as mass spectrometry) based metabolomics approaches
in fecal samples, we envisage that more established routines and prac-
tices in sample collection will be developed in the near future which
will reveal the underlying potential of this type of analysis.
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Conclusions

In summary, a simple method for metabolic profiling/phenotyp-
ing of the stools samples is reported and tested on a pilot opisthorchi-
asis cohort. To our knowledge this is the first report of a NMR-based
feces analysis in the context of the helminthic infections. With this
study, an attempt was made to extend a conventional way of the stool
analysis adding an extra dimension which can be used for metabolic
phenotyping of the patients, in depth exploration of the host-parasite
interaction and search for metabolic morbidity or/and infection mark-
ers. To extend and take full advantage of the possibilities offered by
NMR based metabolic profiling much larger cohorts than the one used
in this study are needed, preferably, even collected in the different en-
demic areas. With this report however, we provide a simple proof of
concept aiming to introduce a well-established technology in the field
of infectious diseases and fecal material analysis and with this, trigger
future studies in this direction.
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Abstract

Opisthorchiasis, is a hepatobiliary disease caused by flukes of
the trematode family Opisthorchiidae. A chronic form of the disease im-
plies a prolonged coexistence of a host and the parasite. The patholog-
ical changes inflicted by the worm to the host’s hepatobiliary system
are well documented. Yet, the response to the infection also triggers a
deep remodeling of the host systemic metabolism reaching a new ho-
meostasis and affecting the organs beyond the worm location. Under-
standing the metabolic alternation in chronic opisthorchiasis, could
help us pinpoint pathways that underlie infection opening possibili-
ties for the development of more selective treatment strategies. Here,
with this report we apply an integrative, multicompartment metab-
olomics analysis, using multiple biofluids, stool samples and tissue
extracts to describe metabolic changes in O. felineus infected animals at
the chronic change. We show that the shift in lipid metabolism in the
serum, a depletion of the amino acids pool, an alteration of the keto-
genic pathways in the jejunum and a suppressed metabolic activity of
the spleen are the key features of the metabolic host adaptation at the
chronic stage of O. felineus infection. We describe this combination of
the metabolic changes as a “metabolically mediated immunosuppres-
sive status of organism” which develops during a chronic infection.
A prolonged status of the immuno-hibernation might be one of the
factors which increases risk of the infection related malignancy.
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Significance Statement

A chronic helminths infection triggers a deep remodeling of the
host systemic metabolism reaching a new homeostasis. Applying an
integrative, multicompartment metabolomics analysis we show that
the key features of the metabolic host adaptation at the chronic stage
of O. felineus infection are the shift in lipid metabolism in the serum, a
depletion of the amino acids pool, an alteration of the ketogenic path-
ways in the jejunum and most importantly a suppressed metabolic
activity of the spleen. The metabolic patterns described here give a
new insight into the host-parasite interaction. Finally, a simultaneous
profiling of the metabolic signatures in the body fluids and the key
metabolic organs helps spotting the potential metabolic vulnerabili-
ties that might be targeted therapeutically.
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Introduction

Opisthorchiasis a hepatobiliary disease is caused by flukes of
the trematode family Opisthorchiidae: Opisthorchis felineus (O. felineus),
Opisthorchis viverrini (O. viverrini) and Clonorchis sinensis (C. sinensis).
Together, these three species affect more than 45 million people in
endemic regions [1, 2]. The clinical manifestations of acute opisthor-
chiasis are non-specific and its chronic form usually appears asymp-
tomatic [3, 4]. Yet, at chronic stage of infection, there is progressive
accumulation of pathological changes in the host due to egg induced
fibrosis and the local damage inflicted to the biliary epithelium by the
worms. Moreover, a long-term coexistence with a parasite leads to a
remodeling of the host systemic metabolism. How and at what cost
this new homeostasis is sustained is still poorly understood, but a cur-
rent theoretical framework [5] implies that metabolic shift has a pro-
found influence on the host immune status and eventually affects the
organs that are not directly involved in the immune response. Under-
standing the metabolic alternation in opisthorchiasis, could help us
understand pathways that underlie infection and disease progression
that might be targets of therapeutics.

Metabolomics technology offers a method for exploring of the
systemic metabolism. Today, metabolomics of helminth infections is
an area of active research. It has been shown that metabolic response
of the host usually leads to changes in the pattern of amino acids in the
body fluids, remodeling of the lipid metabolism and changes in com-
position of the microbiota-related metabolites [6]. Yet, while metabolic
responses to helminth infections in animal models are rather strong
and easily detectable, the field studies with human participants have
shown that these infections are not one of the strongest factors that can
influence the metabolic composition of body fluids. The traditional
confounding factors such as age, gender, BMI, and lifestyle mask the
infection related metabolic adaptations [7]. Of course, one of the main
differences of the field studies with the animal experiments is the de-
gree of control over the sources of the unwanted variance. Another
difference is that animal studies often report only the effects observed
at the early stage of the infection, while in the “real life” situation, it is
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the chronic stages of infection that we are likely to encounter.

Recently, using an experimental infection system with a liver
fluke O. felineus we have shown that in urine and blood the metabol-
ic response stabilizes after the 12™ week of infection and hardly any
statistically significant changes can be found between infected and
uninfected animals [8, 9]. Here to emulate the chronic stage of infec-
tion data are generated over twenty weeks post infection. Moreover,
the systemic changes in the metabolism are not expected to be limited
to the serum or urine but could affect multiple organs and functional
systems of an organism. Therefore, for the first time a multicompart-
ment approach were used for a detailed description of the metabolic
phenotype of the chronic helminth infection, beyond the convention-
ally used biofluids (blood, urine). The choice of compartments was
guided by the current views on parasite biology and published stud-
ies on the morbidities associated with opisthorchiasis. To this end we
analyzed serum, urine, and stool samples in addition to the organs,
liver, spleen, gut (jejunum, ileum, and colon) and the kidneys. The
liver, where the flukes reside, the three segments of intestine: jejunum,
ileum, and colon where the eggs of the flukes are usually pass and can
get trapped in granulomas, as well as the spleen, the largest part of
the lymphatic system involved in the immune response of a host to a
parasite infection [10, 11]. It has been shown that opisthorchiasis leads
to nephropathy, thus the kidney - one of the key metabolic organs was
also included in our analysis [12, 13]. Finally, not only have we looked
at the metabolomics using NMR but we have also used the quantita-
tive gas chromatography-mass spectrometric profiling of fatty acids
in peripheral blood with the view to the role that lipid metabolism
plays in a host response to an infection. Every compartment delivers
an independent set of the data, which we refer to as “data blocks”. In
total, eleven data blocks corresponding to each of the sample types
were generated and analyzed (Figure 1).

Thus, with this report we for the first time apply an integrative
analysis, using multiple biofluids and tissue extracts to describe meta-
bolic changes in O. felineus infected animals at the chronic change. We
show that the shift in lipid metabolism in the serum and the changes
in the spleen metabolism are the key features of the metabolic host
adaptation at the chronic stage of O. felineus infection.
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Results

Outline of the experiment, basic animal characteristics, histol-
ogy, and metabolite quantification

Figure 1 summarizes our experimental design: an observational
study with two (infected vs. non-infected) experimental equally sized
experimental groups. One animal deceased before the end of the ex-
periment, thus our final sample consists of 19 animals: 10 controls (5
females and 5 males) and 9 infected animals (4 females and 5 males).
At the end of the experiment, the median body weight of the animals
in the control and infected group was 133.85 and 118.20 grams, respec-
tively, with no statistically significant difference. However, a gender
specific comparison shows that body weight of the infected female
animals is significantly lower than non-infected ones (p-value = 0.04).
Similarly, liver weight shows no significant difference between the
infected and non-infected group, while a gender specific comparison
shows an increase in the liver weight for the infected male animals
(p-value < 0.0001) (Supplementary Figure 1).

To obtain a representative overview of the metabolic differences
between the infected and non-infected animals at twenty weeks post
infection we collected the main biofluids (blood and urine), feces, the
main metabolic organs (liver and kidney), three segments of the diges-
tive tract (colon, ileum and jejunum) and the spleen. The histological
analysis shows no difference between the segments of the digestive
tract or the kidney of infected and uninfected groups. The liver sam-
ples of O. felineus infected animals had areas of inflammatory cell in-
filtration occurring around the bile ducts. The histological analysis of
the liver samples of the control group showed no evidence of patho-
logical changes in the liver or the bile ducts (Supplementary Figure 2).

For metabolomics analysis we took a quantitative targeted ap-
proach. Using the Chenomx NMR suite we quantified 22 metabolites
in urine, 45 in liver, 39 in kidney, 37 in spleen and ileum, 33 in jeju-
num, 28 in colon samples, 24 in feces and 24 in the serum samples.
Moreover, for serum nine resonances corresponding to the different
parts of the serum lipoproteins were integrated (SI file data) and 38
short-, long- and very long-chain fatty acids in serum samples were
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Sample harvesting Metabolite quantification

Infected The liver
50 metacercaria Histology The kidney
e, Intestine (colon, jejunum, and ileum)

number of
datablock  metabolites

n=10
m/f = 5/5

5 months

Controls

Figure 1. Study design. Twenty golden Syrian Hamsters (Mesocricetus au-
ratus) of both genders were divided for two groups. Ten animals (five males
and five females) were infected orally with 50 O. felineus metacercariae (In-
fected group). The remaining ten hamsters (five males and five females) were
kept as a control group. During the experiment one female animal of the in-
fected group died. Blood serum, urine, feces, liver, kidney, spleen, and intes-
tine samples were collected in the 20th week post-infection from the animals
of both groups for NMR, GC-MS and morphological analysis.

Worm counting
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Figure 2. The scores plot of the observations on the first two kernel principal
components (PCs) in global PCA model built on all datasets; a: colored by
the infection status; b: colored by gender of an animal. The model shows that
not the infection, but gender is the main source of variance in the combined

model.



122

quantified using mass spectrometry. Only alanine and lactate were
detected in all studied samples; tyrosine, valine, choline, phenylala-
nine, isoleucine, and leucine were found almost in all samples apart
from urine. Creatine, glutamine, glutamate, uracil, fumarate, and glu-
cose were quantified in all tissue samples. Supplementary Figure 3
summarizes the quantified metabolites across the samples.

Multi-block analysis and selection of the relevant data blocks

Figure 2 shows a score plot of the global PCA model built on all
11 data blocks using an unsupervised multiple kernel method [14].
The method enables an integrated overview of the major trends in
the data. The model required 5 principal components (PC) to explain
56 % of the variance with 31% covered by the first two components.
The score plot of the model shows that not the infection (Figure 2a)
but gender (Figure 2b) is the main source of variance in the combined
model. The gender-related clustering is associated with the strongest
component of the combined model which explains 19% of the total
variance (Figure 2). To estimate the relative contribution of each indi-
vidual block to the variance associated with infection, we applied an
unsupervised multi-block modeling approach with correction for the
gender effect. A practical realization of such analysis is the Multi-Om-
ics Factor Analysis (MOFA) algorithm [15]. The MOFA can be viewed
as a generalization of PCA for multi-block problems, which obtains a
set of latent factors capturing the major variation across multiple data
sets. Figure 3 summaries the MOFA model built on 11 available blocks
of data. The model converged to 10 factors, which cumulatively ex-
plain 77% of variation in the colon samples, 56% in the ileum, 56% in
the jejunum, 70% in the liver, 77% in the spleen, 50% in the kidney,
71% in the urine samples, 65% in the stool, 69% in the serum, 70% in
serum fatty acids, and only 8% in the lipoprotein block (Figure 3a). An
overview of all factors (Supplementary Figure 4 and Figure 3b) shows
that the latent factor 6 is aligned with the status of infection. Figure 3c
shows the contribution of the individual data blocks to latent factor
6. It is evident that four blocks, namely the serum fatty acids (15% of
the variance), the jejunum (13%), liver (12%) and spleen (12%) have
strongest influence on the factor. Supplementary Figures 5-8 show the
heat maps for the four selected blocks visualizing the weights of the
individual metabolites on latent factor 6. However, even though the
changes between the infected and non-infected animals can be identi-
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Figure 3. Multi-Omics Factor Analysis (MOFA) modeling. The model built
on the 11 available blocks of data. a: cumulative proportion of total variance
(R2) per block of the data and variance explained per factor in each data block;
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tied visually, a selection of the most relevant metabolites which could
compose an “infection signature” requires a regression-based strate-

gy.

Metabolic signature of chronic opisthorchiasis

Figure 4a shows the distribution of the individual samples along
the first two component of the multiblock regression model. All da-
tasets show clear clustering of two sample groups on the first com-
ponent (covers 41.3% of variance in spleen data, 31.3% in liver, 27.8%
in serum fatty acids, and 17.6% in jejunum). Figure 4b presents the
variables in a clustered image map (Fig 4b) based on the Euclidean
distance and complete linkage. It displays an unsupervised clustering
between selected metabolites of spleen, liver, jejunum and serum fatty
acids and the animals. Figure 4b presents all significantly increasing
serum fatty acids in the infected animals; concentrations of inosine,
lactate, myo-inositol, proline, sarcosine, theophylline, maltose, and
carnitine are suppressed in the infected group, while liver uracil is
increased; levels of methyl-histidine, leucine, citrate, in jejunum of O.
felineus group are increased, while jejunum lactate and xanthine are
decreased; and in spleen, the level of glutamine is lifted in presence
of opisthorchiasis, when most metabolites are suppressed: ascorbate,
alanine, myo-inositol, methionine, creatine, glutamate, fumarate,
o-phosphocholine, and threonine. Figure 5 shows the correlation be-
tween the selected variables of the different blocks (correlation cut-off
|0.7]). Remarkably, all serum fatty acids show negative correlations
with the metabolites of the tissues. The liver metabolites, namely ino-
sine, lactate, carnitine, sarcosine, proline, and maltose positively cor-
relate with the spleen and jejunum. With exception of glutamine, all
spleen metabolites show positive correlations with liver and jejunum
and negative one with the fatty acids; yet ascorbate correlates only
with jejunum xanthine and serum DGLA. Of the jejunum metabolites,
only lactate and xanthine show correlation with other data blocks.

To access our model performance, we applied 5-fold cross-vali-
dation. Supplementary Table 1 summarizes the cross-validated AUC
values and their respective p-values for each block. Finally, we used
an unsupervised clustering approach to test the selected subset of me-
tabolites. The Supplementary Figure 9 shows the results of a PCA plot
of the K-means clusters built on the selected variables; the samples
are clustered according to the infection status, which implies that the
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Figure 4. DIABLO modelling. a: Scores plots of each data blocks based on
the first and the second components from the DIABLO model. b: A heat map
built on the subset of the variables selected by a DIABLO model; the columns
present the observations, the rows - the discriminating metabolites.
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Correlation cut-off
r=0.7

Comp 1

Correlation Group
® Positive ® Control
® Negative ® O. felineus

Figure 5. Plot represents the correlations (cut-off is 0.7) between variables of
different blocks. All serum fatty acids show negative correlations with the
metabolites of the tissues. With exception of glutamine, all spleen metabolites
show positive correlations with liver and jejunum and negative one with the
fatty acids. Of the jejunum metabolites, only lactate and xanthine show cor-
relation with other data blocks.

samples within the clusters have similar metabolic characteristics.

Pathway enrichment analysis on the metabolic signature of
chronic O. felineus-infection

To get insight into the metabolic networks which could be as-
sociated with the infection we used the MetExplore environment.
MetExplore can map the selected subsets of the metabolites into the
pathways using organism specific databases. To this end, we used
for mapping a subset of the spleen metabolites: ascorbate, methio-
nine, myo-inositol, creatine, o-phosphocholine, threonine, glutamate,
fumarate, alanine, and glutamate. Seven significant pathways in-
volving were 30 reactions (Table 1) were chosen based on the Bon-
ferroni-corrected p-values. All metabolites, except o-phosphocholine,



Chapter 6
were mapped into the sub-networks (Supplementary Figure 10). The
mapping of the liver metabolites did not result in any significantly en-
riched pathways (p-value = 0.05). For jejunum only leucine and citrate
were significantly associated with 2-oxocarboxylic acid metabolism.
Thus, a limited number of the metabolites included in the analysis
certainly restricts the possibilities for interpretation. Yet, spleen data
clearly point towards a dis-regulation in the glutathione, glutamate,
and alanine balance.

Table 1. The result of the pathway enrichment analysis run on the metabolites
selected by DIABLO multi-block modeling

Significant pathway KEGG | Number of | Corrected
identifier K metabolites | p-value
Spleen
Biosynthesis of amino acids cge01230 6 2.4%10°
Aminoacyl-tRNA biosynthesis cge00970 5 1.7¥10*
Alanine, aspartate, and glutamate | cge00250 4 7.9*10*
metabolism
Arginine and proline metabolism | cge00330 4 5.910°
Glutamine and glutamate metab- | cge00471 2 0.017
olism
Nitrogen metabolism cge00910 2 0.023
Ascorbate and aldarate metabo- | cge00053 2 0.049
lism
Jejunum
2-Oxocarboxylic acid | cge01210 | 2 002

Systemic balance of glutamine

It has been shown that an active infection process increases the
catabolism of glutamine by the immune cells and as such changes the
balance of glutamine, glutamine/glutamate and therefore the glu-
tamine/alanine ratios [16]. The Figure 6 shows a comparative over-
view of glutamine balance for serum and all analyzed tissue sam-
ples. In agreement with existing data on the glutamine distribution
its concentration in serum was higher than in the tissues, but there is
no significant difference between serum concentrations of glutamine
of the infected and non-infected animals. The glutamine/glutamate
ratio is significantly lower in the liver of the infected animals (p-value
= 0.02). The most consistent changes are observed in the spleen: the
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concentration of glutamine (p-value = 0.0007) and corresponding glu-
tamine/glutamate (p-value < 0.00001) and glutamine/alanine (p-val-
ue < 0.00001) ratios are higher in the spleen of the infected animals.
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Figure 6. An overview of glutamine balance; a: glutamine. The glutamine
concentration in serum was higher than in the tissues, but there is no signif-
icant difference of serum glutamine concentrations between the infected and
non-infected animals. The most consistent changes are observed in the spleen
(p-value = 0.0007). b: glutamine/alanine ratio. The glutamine/alanine ratio
is higher in the spleen of the infected animals (p-value < 0.00001). c: glu-
tamine/glutamate ratio. The glutamine/glutamate ratio is significantly lower
in the liver tissue (p-value = 0.02) and higher in spleen tissue (p-value <
0.00001) for the infected animals. glutamine/glutamate (p-value < 0.00001).
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Discussion

Metabolic phenotyping of the pathological conditions is often
restricted to the most accessible types of biological samples such as
urine, serum, and feces. Yet, the systemic changes in the metabolism
are not limited to the serum or urine but affect multiple organs and
functional systems of an organism. Thus, aiming for an extended
study of the metabolic phenotype of the chronic O. felineus infection
we analyzed the samples from the most relevant compartments in the
body. We have generated eleven data blocks, each corresponding to
the samples analyzed. A set of four - liver, spleen, jejunum, and serum
fatty acids were needed to, as a whole, explain the variance of the data
related to chronic infection with O. felineus. (Figure 3). Thus, we can
conclude that with the exception of the serum fatty acids at the chron-
ic stage of the infection metabolic composition of the biofluids in the
infected and non-infected animals remains rather similar. This obser-
vation is in an agreement both with the reports on the human material
[7] and our recent publication on the animal model [8, 9]. Indeed, the
field studies on the human body fluids show that the traditional con-
founding factors such as age, gender, BMI, and lifestyle affect their
metabolic composition more strongly than the infection and simply
override the effect of infection. In our report of the animal model we
have shown that the infection related metabolomic changes in urine
are the most pronounced from the fourth week up to the 12th weeks
post-infection. At later time points no significant differences between
the infected and control animals were detected [8]. The same applies
to serum metabolites, and serum lipoprotein clusters: the statistically
significant changes in amino acids and lipid clusters were observed in
the first weeks after the infection [9]. Only few metabolites remained
marginally different beyond the tenth week of infection. Thus, the cur-
rent results and our previous reports show that after initial state of the
“metabolic stress” [8, 9] organism reaches a state of metabolic home-
ostasis. This homeostasis, however, is sustained by a shift in the sys-
temic lipid metabolism and local, organ specific metabolic rewiring.

Indeed, here we indicate that the circulating serum fatty acids,
liver, spleen, jejunum show the strongest contribution to the systemic
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metabolic changes associated with chronic opisthorchiasis. While our
analysis does not exclude a possibility that other body compartments
may contribute, the ones we identified here appear essential for the
description of the metabolic changes triggered by chronic O. felineus
infection. Our results show that “integrated metabolic signature” of
chronical opisthorchiasis consists of 30 structures associated with li-
pid, amino acid, and energy metabolism. Moreover, six serum fatty
acids, glutamine in the spleen, uracil in the liver and methyl-histidine,
leucine and citrate in jejunum form a cluster of compounds that are
increased in the chronically infected animals. The remaining 22 me-
tabolites are depleted in the chronically infected group. Thus, the most
important metabolic features of the chronic O. felineus infection are the
increase in the circulating serum fatty acids, depletion of the amino ac-
ids pool in liver, spleen and jejunum. We believe that the given pattern
points towards a specific type of systemic metabolic adaptation.
Indeed, a subset of the free fatty acids contributing to the infec-
tion signature contains two odd-chain fatty acids (pentadecanoic and
heptadecanoic acids) and a group of the functionally linked structures,
namely LA, GLA, DGLA and AA. All those structures were report-
ed having a reverse association with a risk of type 2 diabetes [17-19].
Moreover, all mentioned fatty acids are either essential or condition-
ally essential which implies their dietary origin, or as the recent re-
port on C15:0 and C17:0 fatty acids showing, they can be produced
by gut microbiota [20, 21] and therefore the characterization of the
microbiome at the chronic stage of opisthorchiasis should shed light
on this. This, in turn, makes it possible to suggest involvement of the
microbiota in regulation of metabolic homeostasis during the chronic
infection. Furthermore, a recently published meta-analysis of the met-
abolic markers of the pre-diabetic and diabetic subjects show that the
increased concentrations of the BCA As, aromatic amino acids, alanine,
lactate and the glutamine/ glutamate ratio in the blood is characteristic
for these conditions [22]. In our report on the time-resolved metabolo-
mics of serum samples during O. felineus infection, we observed the
strong decrease of the BCAAs during the first weeks of infection [9].
Although the depletion of the circulating BCCAs stabilizes around the
tenth week, their levels remain lower than controls for the 22 weeks
of the entire experiment [9]. In the current report, the concentration
of alanine in the infected animals was lower not only in the liver and
spleen, the organs which contribute to the infection signature but also
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in serum (Figure 6). Considering the data on a negative association
between helminth infections and a risk of metabolic syndrome [23],
one might be tempted to focus on the similarities between the changes
in the systemic metabolism triggered by the chronic O. felineus infec-
tionand the “protective” metabolic patterns. Yet, the chronic infection
with O. felineus increases the risk of liver pathologies and even cancer
[24]; thus, we believe that the prolonged changes in the utilization of
the main metabolic fuel components and the local depletion of the
amino acids pool leads gradually to a physiological condition which
can be labeled as a “metabolically driven immunosuppresion”. For
instance, we show that metabolic activity of the spleen is suppressed
in the infected animals; our data show the increased concentrations
of glutamine/glutamate and glutamine/alanine ratios in the spleen
of the infected animals. This, in turn, implies a reduced conversion
of glutamine to glutamate by glutaminase. The glutamine/glutamate
ratio is often used for a rough assessment of the cell proliferation ac-
tivity: a high ratio indicates a reduced consumption of glutamine and
consequently lower proliferation rates within an organ [25]. It is worth
of mentioning that in liver the glutamine/ glutamate ratio is shifted in
the opposite way, thus suggesting a higher metabolic activity of the
liver of the infected animals. This is in agreement with the liver re-
sponses to the presence of the parasite, the adaptations to the mechan-
ical damage of the biliary system, and the processes controlling the
inflammation, eosinophilia and periductal fibrosis [26]. All those fac-
tors are probably responsible for the increased weight of the organ in
the infected animals (Supplementary Figure 1). Finally, the pathway
enrichment analysis suggests an alteration in the keto-acids pathways
(2-oxocarboxylic acids metabolism) in jejunum, which is in agreement
with the reported increased concentration of leucine (Supplementary
Figure 11). Leucine is a strictly ketogenic amino acid, which implies
that it is converted to the fat rather than glucose. Moreover, an active
catabolism of leucine is essential for regulation of intestinal immune
function [27] and regulation of the entire mTOR signaling system [28].
Thus, although the limited number of the metabolites that change
upon chronic opisthorchiasis restricts our ability to draw firm mech-
anistic insights, they do indicate a local depletion of the amino acids
pool, an alteration of the ketogenic pathways in the jejunum and last
but not least a suppressed metabolic activity of the spleen. We can
tentatively describe this combination of the metabolic changes a “met-
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abolically mediated immunosuppressive status of organism” which
develops during a chronic infection. A prolonged status of the immu-
no-hibernation might be one of the factors which increases risk of the

infection related malignancy.
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Materials and Methods

Ethics statement

All procedures with animals were carried out according to the rec-
ommendations of the national guidelines for animal caring: 12.08.1977
N 755 “On measures to further improve the organizational forms of
work using experimental animals” and approved by the Siberian State
Medical University (license number 5786 issued on 26.02.2018).

Parasites, experimental opisthorchiasis model and experimen-
tal design

Twenty golden Syrian Hamsters (Mesocricetus auratus) of both
genders were purchased from the animal facility of the Institute of
Bioorganic Chemistry Academicians M.M. Shemyakin and U. A.
Ovchinnikov. The hamsters were housed in groups of five with pro-
vided food and water ad libitum for the duration of the experiment.
After one week of acclimatization, ten animals (five males and five
females) were infected orally with 50 O. felineus metacercariae in
phosphate-buffered saline (PBS) of each hamster (Infected group). O.
felineus metacercariae were obtained from naturally infected fishes
captured from the ODb river in endemic areas of Tomsk, Russian Fed-
eration. The viable metacercariae were collected and identified by mi-
croscopy from the pepsin-HCl-digested muscular and subcutaneous
tissues. The remaining ten hamsters (five males and five females) were
subjected to the same procedures with PBS (control group). During
the experiment one female animal of the infected group died.

Sample collection and assessment of the infection

Blood serum, urine, feces samples were collected in the 20th
week post-infection from the animals of both groups. The hamsters
were placed individually into sterile empty glass crates for collecting
urine and feces, where separation of stool from urine was facilitated.
The urine samples were collected into labeled cryotubes over ice and
stored frozen at -80°C. 2-3 pellets of animal feces were collected into
labeled cryotubes over ice and stored frozen at -80°C until NMR anal-
ysis.
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On the day after collecting the biofluid samples, the animals
were sacrificed, and tissue samples and serum were collected for NMR
and morphological analysis. The blood samples were collected into
vacutainer tubes (no additive), left on ice for coagulation, and centrif-
ugated at 3500 g for 10 min. The provided serum was transferred into
cryotubes and stored at -80°C. Small samples of the 3 intestinal parts
(colon, jejunum and ileum), part of the liver, and the right kidney were
transferred into 5 mL tubes containing a solution of 4% buffered for-
malin for subsequent histological analysis via hematoxylin and eosin
staining. The left kidney and the spleen were harvested and trans-
ferred into a 2 mL cryotube, immediately immersed in liquid nitrogen
and stored at -80 °C for NMR analysis. Small portions (~0.5 cm) of
intestinal tissue (colon, jejunum and ileum) were cut from the middle
of each section. Then, the intestinal tissue portions were washed with
PBS, transferred into cryotubes, immersed in liquid nitrogen, and
stored at -80 °C for NMR analysis. The rest of the liver from infected
animals after collecting histological material, was treated over ice to
remove flukes from the bile ducts. The liver then was collected into the
cryotubes, immersed in liquid nitrogen, and stored at -80 °C. The liver
from control group of animals was treated by the same procedure as
the liver of infected animals.

Assessment of the infection intensity was performed by counting
worms in the liver and bile ducts for each infected hamster.

Sample preparation for NMR data acquisition

All chemicals used for the buffer solutions were purchased from
Sigma-Aldrich except for the 2H2O (Cortecnet) and the 3-(trimethyl-
silyl)propionic-2,2,3,3-d4acid sodium salt (TSP) (Cambridge Isotope
Laboratories Inc). Two buffer solutions were prepared. Buffer solution
A was a disodium phosphate buffer in H20/D20 (80/20) with pH of
7.4 containing 6.15 mM NaN3 and 4.64 mM TSP. Buffer solution B was
a disodium phosphate buffer in D20 (pH =7.4) containing 1.5 M K2H-
PO4, 2 mM NaN3 and 4 mM of TSP. 96-well Ritter Deepwell plates
were acquired from Novaveth B.V. and NMR tubes were purchased
from Bruker Biospin Ltd.

The serum samples were thawed at 4°C and were mixed by in-
verting the tubes 10 times. Next, the samples (120 pL) were mixed
with 120 pL of buffer solution A using a Gilson 215 liquid handler
in combination with a Bruker SampleTrack system. For each sample,



Chapter 6
190 pL of buffer-serum mixture was transferred into 3-mm Sample]et
NMR tubes in 96 tube racks using a modified Gilson 215 tube filling
station and kept at 6°C on a SampleJet sample changer while queued
for acquisition.

The sample preparation of urine samples was performed us-
ing the method as described elsewhere [8, 9] with minor changes in
the sample preparation step: 630 pL of urine from each sample were
mixed with 70 pL buffer solution B; 565 pL of urine-buffer mixture
were transferred to 5 mm SampleJet NMR tubes.

2-3 fecal pellets from each animal were weighed and mixed with
milli-Q water at a ratio of ratio 1:5. The mixtures were homogenized
by bead beating with zirconium oxide beads of 1 mm diameter for 3
min in a Bullet Blender 24 (Next Advance Inc., USA). The homoge-
nized mixtures were centrifuged at 16100 x g for 20 min at 4 °C. The
supernatants were carefully collected, and centrifugation was repeat-
ed under the same conditions. After the second centrifugation, 500 pL
supernatant of each sample was taken for filtration.

The filters used for the filtration step were molecular weight cut-
off (MWCO) filters Vivaspin 500 3kDa (GE Healthcare, UK). These
filters need to be carefully washed prior to use in order to remove
the significant glycerol contamination that was present in the unused
filters. The washing procedure was as follows: the filters were centri-
fuged twice with 0.5 mL milli-Q water at 15000 x g for 20 min at 20°C.
Every time residual water was removed from the filters by allowing
it to drain out properly. Eppendorf tubes were filled with 1 mL mil-
li-Q water, after which the rinsed filters were inserted. 0.5 mL milli-Q
water was added into the filter and the Eppendorf tubes were stored
overnight at 4°C. Then water was removed by centrifugation at 15000
x g for 20 min at 20°C and the filters were rinsed again at the same
conditions then residual water was removed from a filter by letting
it drain. The filters were used immediately to avoid destroying of the
membrane.

Using the washed filters, the supernatant of the second centrifu-
gation of the feces-water mixture was then filtrated at 15000 x g for 20
min at 20 °C four times. Subsequently 150 pL filtrate was mixed with
30 pL milli-Q water and 20 pL buffer solution B. 190 pL of the mixture
of each sample were transferred into 3 mm SampleJet NMR tubes.

The frozen liver, the spleen, the left kidney and samples of the
three parts of the intestine (colon, jejunum and ileum) were weighed
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and mixed with a 70 % methanol: 30 % milli-Q water mixture with the
tissue:solvent ratio = 1:3. The mixtures were homogenized by apply-
ing 6 cycles of 1 min of bead beating and 1 min cooling on ice. For bead
beating zirconium oxide beads of 1 mm diameter were used. The ho-
mogenized mixtures were centrifuged at 16100 x g for 20 min at 4 °C.
The supernatants were collected and dried under a stream of nitrogen.
Then, the dry residues were resuspended with D20 and then centrif-
ugated at 16100 x g for 10 min at 4°C. Buffer B was added to the su-
pernatant for a final buffer concentration of 10%. The sample/buffer
mixtures of liver, kidney, spleen, jejunum and ileum were transferred
into 3mm SampleJet NMR tubes and colon samples were transferred
into 1.7 mm SampleJet NMR tubes.

NMR data acquisition and spectral data processing

1H NMR data were collected using a Bruker 600 MHz AVANCE
I spectrometer equipped with a 5 mm TCI cryogenic probe head and
a z-gradient system. A Bruker SampleJet sample changer was used for
sample insertion and removal. Two NMR protocols were used, one for
the serum samples and one for all the others.

All experiments were recorded at 300 K, except the serum sam-
ples, which were recorded at 310K. A fresh sample of 99.8% metha-
nol-d4 was used for temperature calibration [31]. The axial shims were
optimized automatically before every measurement. Duration of 90°
pulses were automatically calibrated for each individual sample us-
ing a homonuclear-gated mutation experiment [32] on the locked and
shimmed samples after automatic tuning and matching of the probe
head.

Four NMR experiments were performed on each serum sample:
NOESY1D, CPMG, diffusion edited, and 2D JRES. The NOESY1D ex-
periment was recorded using the first increment of a NOESY pulse
sequence [33] with presaturation (yB1l = 25 Hz) during a relaxation
delay of 4 s and a mixing time of 10 ms for efficient water suppres-
sion [34]. 64 scans of 65,536 points covering a sweepwidth of 18,029
Hz were recorded and zero-filled to 65,536 complex points prior to
Fourier transformation. A standard 1D Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence with presaturation was used to for the ac-
quisition of T2-filtered spectra. A pulse train of 128 refocusing pulses
with individual spin echo delays of 0.6 ms was applied resulting in
a total T2 filtering delay of 78 ms. After applying 4 dummy scans, a
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total of 73,728 data points covering a spectral width of 12,019 Hz were
collected. Otherwise the parameters were similar to the IDNOESY ex-
periment. The diffusion-edited spectrum was recorded with presat-
uration. The pulse sequence parameters were similar to those of the
1DNOESY experiment. An exponential window function was applied
with a line-broadening factor of 1.0 Hz. After Fourier transformation,
the spectra were automatically phase and baseline corrected and au-
tomatically referenced to the internal standard (TSP = 0.0 ppm). After-
wards, the spectra were referenced to the anomeric glucose doublet
(5.23 ppm).

J-resolved spectra (JRES) were recorded with a relaxation delay
of 2 s with presaturation (yB1 = 25 Hz) and 8 scans for each increment
in the indirect dimension. A data matrix of 40 x 12,288 data points was
collected covering a sweep width of 78 x 10,000 Hz. A sine-shaped
window function was applied to both dimensions and the data was
zero-filled to 256 x 16,384 complex data points prior to Fourier trans-
formation. In order to remove the skew, the resulting data matrix was
tilted along the rows by shifting each row (k) by 0.4992 «(128-k) points
and symmetrised about the central horizontal lines.

The NMR parameters were similar as for serum, except for the
use of a stronger presaturation field (yBl = 50 Hz). For the 1D ex-
periments, 16 scans of 65536 points covering a sweepwidth of 12,336
Hz were accumulated, except for the colon and ileum samples, where
64 scans were used. Other parameters were similar as to those of the
serum NOESY1D experiments. The 2D JRES experiments were also
recorded with similar settings as to those of serum, with 2 scans per
increment in the indirect dimension, and 8 scans per increment for
colon and ileum.

Identification and quantification of the metabolites

Identification of small metabolites (< 1000 Da) was performed by
exhausting search of the total 1D and 2D JRES data using the proprie-
tary Bbiorefcode (Bruker Biospin Ltd.).

Quantification of the small metabolites and glycogen in liver
samples was performed manually with the Chenomx NMR suite 8.1
software (Chenomx Inc.). Concentrations were extracted using the
known TSP concentration (0.4 mM).

Serum lipoproteins and cholesterol were identified and quanti-
fied as described elsewhere [9].
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GS-MS analysis of serum fatty acids

GC-MS quantitate analysis of medium- and long-chain fatty ac-
ids in serum samples was performed accordingly the protocol [30].
GC-MS quantitate analysis of serum short-chain fatty acids was per-
formed accordingly the protocol [29].

Data analysis

All data analysis was performed with the R statistical environ-
ment (http:/ /www.r-project.org/, R versions 3.6.0, 3.6.1). Basic data
table handling was performed with a help of the tidyverse package
(version 1.1.2); the data.Normalization function of the clusterSim
(version 0.48-1) package was used for the data normalization before
the modelling. For the evaluation of the principle source of variance
on multi-block data and selection of the most relevant data blocks the
Multi-Omics Factor Analysis (MOFA) package 1.2.0 and mixKernel
(version 0.3) were used. To dissect an optimal subset of metabolites
we used a regression approach, namely the DIABLO (Data Integration
Analysis for Biomarker discovery using Latent variable approaches
for “Omics studies) tool of the mixOmics package (version 6.10.1). DI-
ABLO combines a surprised multi-block modeling with variable se-
lection. K-means clustering was computed using the standard of R
command. For data visualization the ggplot2 package (version 3.2.1)
was used.

Metabolic network enrichment analysis was performed in the
MetExplore v2.23.15 environment, using the KEGG global network
for a Chinese hamster (Cricetulus griseus) (a network for a golden
Syrian hamster (Mesocricetus auratus) is not available currently) [35,
36]. The metabolites selected by the multi-block regression modeling
were used for the pathway enrichment on each block separately. Only
the pathways with p<0.05 after Bonferroni correction were included
in the resulting graphs.
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Supplementary Figure 1. The body and liver weights in the experimental
animals. The values are presented separately for the female and male animals.
A gender specific comparison shows that body weight of the infected female
animals is significantly lower than non-infected ones (p-value = 0.04); liver
weight of infected male animals is higher (p-value < 0.0001)
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Supplementary Figure 2. Representative images of histological changes (he-
matoxylin and eosin staining) in investigated compartments. A: colon of the
control animal, B: colon of the infected animal; C: ileum of the control animal,
D: ileum of the infected animal; E: jejunum of the control animal, F: jejunum
of the infected animal; G: kidney of the control animal, H: kidney of the infect-
ed animal; I: liver of the control animal, |: liver of the infected animal. There is
no apparent difference between the segments of the digestive tract or the kid-
ney of infected and uninfected groups. The liver samples of O. felineus infect-
ed animals had areas of inflammatory cell infiltration occurring around the
bile ducts. The histological analysis of the liver samples of the control group
showed no evidence of pathological changes in the liver or the bile ducts.



Chapter 6

weight (g)

gé N é’ NMR of tissues NMR of biofluids
D $3 8 2 £  lver kidney* jejunum* ileum* colon* spleen feces urine  serum serum FA
1.d -z se ||| | NN 1 VAT A 1 A |
2 g - eaaa | MR CLEAIE U 1 L O |
3.0 - oo se = (LU INNTIIN (11 (RN | IR
OGRS TR | || [ ARV N S R 1 [ TR § i
5 g - o sa - IR | ORI 11 TR T o
6 g+ as 2 s ||[[ITEAL NN T TR T (O A
7g + s sl (1 [T T T (W L
s g+ ens 55 1o |[[IFFH] 11 01T AR | | AREARRR 1 T
o &+ e sz e [0 L LRI (T TR TR
10+ soue as 2 | I I TN O 0N [T 10 LT AR I
1@ = ssas 73 = I ORI EE [ M |
12 Q - s ez -| || | LRI B
RGN EI I N Ty ) LIl (TN MNTACE T T
14 Q - a5t - [0 [THINNIE THIL [ [T
15 = wss 7o = \[ILHTHITIE [EED 000 QIR i e R |
16 Q + 12 50 2| | ONTE AT [ I R0
17 @ + w ez ||| ] LI AT T
18 + w5 o 0| | LI IR CHMATIE (VN AU
19.@ + wor 77 20 ([N | UL TN | (RBTNE U D

Supplementary Figure 3. A graphical summary of the entire data set.
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Supplementary Figure 5. Spleen. Heatmap of the normalized metabolites val-
ues. Samples are ordered by their factor values.
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Supplementary Figure 10. The map of the metabolic networks of the spleen
which could be associated with the O. felineus infection. MetExplore was
used for mapping selected subsets of the metabolites into the pathways using
organism specific database. Seven significant pathways involving were 30
reactions were chosen based on the Bonferroni-corrected p-values.
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Supplementary Figure 11. Overview of the Leucine balance
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Supplementary Table 1. 5-fold cross-validation AUC values and their respec-
tive p-values for each data block.

Block cross-validated AUC p-value
liver 0.922 0.0019
spleen 0.967 0.0002
jejunum 0.900 0.0033
serum fatty acids 1.000 0.0002
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In this thesis, the systemic host metabolic response to experimen-
tal Opistorchis felineus (O. felineus) infection using Nuclear Magnetic
Resonance (NMR) spectroscopy has been investigated. Overall, the
studies examined the experimental model of opisthorchiasis, which
included male and female animals, mild and severe infections, acute
and chronic (up to 32 weeks) as well as biofluids and organs. Mul-
ti-block data analysis was applied to the model of chronic opisthorchi-
asis to delineate how infection affects the metabolic profile of infected
versus uninfected animals at a detailed level, enhancing our under-
standing of this neglected disease affecting 56 million worldwide.

Chapter 2 is dedicated to an overview of the metabolomics stud-
ies on trematode infections. No relevant publications on Opistorchis
sp. were found, however, the review highlights the studies on other
trematodes such as Schistosoma mansoni (S. mansoni) Schistosoma japoni-
cum (S. japonicum), Fasciola hepatica (F. hepatica), and Echinostoma capro-
ni (E. caproni), which are widespread infections worldwide. Focusing
on NMR spectroscopy, known for its robustness, we tried to achieve
a more reliable comparison of the results from the different labora-
tories. Likewise, animal studies offer a degree of control for multiple
confounding factors, which is almost impossible to reach in human
studies. The literature overview led us to the two conclusions relevant
for the current work: a) the main features of the hosts metabolic re-
sponse to the trematode infections can be described as a dysregulation
of the amino acid and lipid metabolism, and changes in the microbi-
ota related metabolites; and b) a prevailing case-control design and
analysis of a single biofluid type gives only a limited overview of the
possible metabolic adaptation of the host to the infection. Therefore,
we adapted our experiential design to include the following features:
longitudinal data sampling, two body fluids (urine and plasma); two
different degrees of O. felineus infection (mild and severe) compared
with a control group (PBS-vehicle); and the animals of the both gen-
ders were included in the experiment. The results of the time-resolved
studies are presented in Chapters 3 (urine data) and Chapter 4 (blood
plasma data).

Our data in these chapters show the strongest metabolic re-
sponse in both urine and plasma biofluids is observed between the
2" until 10" week post-infection, which is related to the acute stage of
opisthorchiasis. During this period worms reach the bile duct where
they transform into an adult form and start egg production [1]. The
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maximal metabolic response to the infection was observed in 4™ week
post-infection; the time point when eggs are first detected in the feces.
The metabolic response of the host to acute opisthorchiasis has a few
general characteristics. The first one is the changes in the metabolism
of the essential amino acids. The acute stage of the infection is char-
acterized by depletion of the branched-chain amino acids (BCAAs)
- valine, leucine, isoleucine in blood, but the elevation of isoleucine in
urine samples, which could indicate a modulation of liver function [2].
Taurine, another essential amino acid, participating in bile formation,
demonstrated a trend for a decrease in urine of the infected group.
This, in turn, might relate to overproduction of bile acids as a conse-
quence of blockage of bile ducts by worms or eggs. The increase of bile
acids in urine of O. felineus infected group may confirm this hypothe-
sis. Therefore, bile acids might be a prospective marker for diagnostics
of opisthorchiasis at the acute phase of infection. On the other hand,
taurine plays an important part in the regulation of lipid metabolism,
and the level of urinary taurine can relate to changes in host lipid me-
tabolism, which can be strongly manifested in blood plasma data [3].

A strong trend of the metabolic response to O. felineus infection
is a shift in lipid metabolism. At the first 12 weeks of infection, there
is an extreme upregulation of lipoproteins for both infected groups
(mild and severe). Our results mostly agree with the study of O. viver-
rini infected hamsters, where it had been shown that changes in lipid
metabolism are associated with leakage of a-tocopherol from an in-
jured liver [4]; moreover, changes of lipoproteins were reported for
other trematode infections [5].

Changes in lipid metabolism are strongly connected with anoth-
er metabolic change during acute opisthorchiasis, namely in nicotinic
acid metabolism. This change is unique for opisthorchiasis and has
not been reported in metabolomics studies on other trematode infec-
tions. We hypothesize that in the first weeks of the infection, which is
often described as a period of metabolic stress, a consumption of nico-
tinic acid increases as it is needed for NAD+ production. This, in turn,
leads to the reduced release of its derivatives such as e.g. nicotinuric
in urine of the infected group. Even though urine and plasma sam-
ples have shown similar trends, urine samples had a gender-specific
response - a stronger response is seen in males than in females. The
explanation for this phenomenon could be the gender specific differ-
ence of the renal system, though blood which reflects the sum of all
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processes is less affected by sex.

Taken together, the metabolomics studies have highlighted that
O. felineus infection modulates lipid, energy, and amino acid metabo-
lism, but the response is not specific for the infection and can be me-
diated by common metabolic stress. By using a longitudinal study de-
sign, it was demonstrated that the strongest metabolic response was
observed during the acute stage (until the 12" week of infection) with
the peak corresponding to when egg production commences.

Feces is the sample routinely used for diagnosis of helminth in-
fections by for example, Kato-Katz tests [6]. However, feces, as a prod-
uct of the gastrointestinal tract, can have essential information about
exogenous metabolites and microbiota. Therefore, it would be useful
to be able to analyze feces metabolomics during opisthorchiasis but
there are no standardized protocols for measurement of metabolites
in feces samples. Therefore, Chapter 5 was dedicated to the devel-
opment of the NMR-based metabolomics workflow for feces. Human
feces samples were chosen for the development, because the amounts
available exceed that from hamsters. After tuning the method, final
protocol involved few steps for sample preparation: homogenization,
water extraction, and double centrifugation. Using the workflow, 62
fecal metabolites were identified in a pooled human sample. The pro-
tocol was tested on a small subset of infected and non-infected samples
from O. felineus-infected people. The method was used in Chapter 6.

As it was indicated above, the differences in the metabolic com-
position of the body fluids between the infected and non-infected
animals are becoming negligible after the 12™ week of infection. We
speculate that after the initial metabolic stress caused by the worm
intervention and starting egg production, the host reaches metabolic
homeostasis which indicates the beginning of the chronic infection.
Yet, the question how and at which cost the host metabolism reaches
this condition remains unanswered. Chapter 6 presents an integrative
metabolomics approach which was focused on how different organs
and functional systems of a host are affected by the infection and how
the host adapts to the chronic infection. Six relevant body compart-
ments, blood serum, urine, and stool samples were included in the
study, but 26 metabolites of liver, spleen, and jejunum and 6 serum
fatty acids were relevant to a map of metabolic signature for chronic
opisthorchiasis. Therefore, the metabolic homeostasis depends on sys-
tem lipid metabolism and local metabolic changes in the liver, where



Chapter 7
the fluke is located; the spleen, which is central to the immune system;
and jejunum, the closest intestinal segment to the liver.

The elevated fatty acids belonged to linoleic acid metabolism
and odd-chain fatty acids are strong in driving the data. It has been
shown that those structures have a reverse association with a risk of
type 2 diabetes [7-9]. Furthermore, arachidonic acid (the end product
of linoleic acid pathway) is an important mediator of inflammation. It
can affect the functioning of several organs and systems either direct-
ly or upon its conversion into eicosanoids including prostaglandins,
thromboxanes, and leukotrienes [10].

The metabolic changes at the level of the individual organs could
be explained from point of view of the regulation of the immune re-
sponse. For instance, it has been shown that leucine plays a role in reg-
ulation of intestinal immunity and the entire mTOR signaling system
[11,12]. An activation of the metabolic mechanisms involving leucine
was also shown for Shistosoma mansoni and Fasciola hepatica infec-
tion [13,14].

Finally, our analysis shows that metabolically the spleen was the
most affected organ, which could be interpreted as an indication of its
key role in long-term metabolic response to O. felineus infection. The
glutamine/glutamate and glutamine/alanine ratios in the spleen of
the infected animals indicate lower cell proliferation rates [15]. At the
same time, low liver glutamine/glutamate ratio showed a higher met-
abolic activity of the liver during chronic opisthorchiasis which can be
related to adaptations to the presence of the parasite (inflammation,
eosinophilia and periductal fibrosis at the chronic stage) [16,17].

To summarize, while the acute infection represents a state of
temporary metabolic stress which is resolved in a new homeostasis,
the new “status-quo” is achieved at the cost of the prolonged changes
in the utilization of the main metabolic fuel components and the local
depletion of the amino acids pool. We can tentatively describe this
combination of the metabolic changes as a “metabolically mediated
hybernative state of the organism” which develops during the chronic
infection.
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Conclusions

For the first time, the comprehensive host metabolic response
to Opistorchis felineus (O. felineus) infection has been explored and is
presented in this thesis. Using a longitudinal study design, it was pos-
sible to show that the metabolic response to the opisthorchiasis has
two clear stages - acute and chronic. The acute stage characterizes the
changes in the host metabolism of lipids, energy and essential amino
acids which corresponds to common metabolic stress caused by an
invasion and onset of egg production. After the period of an adapta-
tion, at the chronic stage, the metabolic changes in the biofluids (blood
and urine) are flattened. However, multicompartment metabolomics
study showed that chronic opisthorchiasis suppresses the metabolic
activity of jejunum, liver and spleen that can increase the risk of de-
velopment of the associated pathologies. Thus, acute and chronical
opisthorchiasis characterizes different metabolic conditions, at the be-
ginning, O. felineus infection provokes metabolic stress which shifts to
a metabolic homeostasis which is driven by systemic changes in lipid
metabolism and organ-specific amino acid metabolism.
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Nederlandse samenvatting

Opisthorchiasis: een kort overzicht

Ongeveer 46 miljoen mensen zijn geinfecteerd met de zuigwor-
men van de familie Opisthorchiidae (Opisthorchis viverrini, Opisthorchis
felineus, Clonorchis sinensis); 600 miljoen mensen lopen het risico op
infectie [1]. O. felineus veroorzaakt de meeste besmettingen in Europa,
vooral in West-Siberié (Russische Federatie). In het laatste decenni-
um van de 20e eeuw (1990-2000) was in deze Siberische regio tot 80%
van de bevolking besmet met O. felineus [2]. Ondanks de beschikbaar-
heid van betaalbare behandelingen en relatief eenvoudige diagnostiek
zorgt de infectie vandaag de dag nog steeds voor druk op de Russis-
che gezondheidszorg. Ook worden er gevallen van besmetting met O.
felineus gemeld in het Verre Oosten, Zuidoost-Azié en Oost-Europa al-
sook in Noord-Amerika, wat grotendeels kan worden toegeschreven
aan de wereldwijde mobiliteit en migratie.

De klinische presentatie van opisthorchiasis is niet erg speci-
fiek, noch voor acute, noch voor chronische vormen van de ziekte.
Een chronische infectie met O. felineus leidt echter tot talrijke lokale
en systemische complicaties van het hepatobiliaire systeem van de
gastheer [3]. Epidemiologische en dierstudies tonen aan dat infecties
met O. viverrini en C. sinensis kunnen leiden tot cholangiocarcinoma
(galwegkanker), hetgeen heeft geresulteerd in de classificatie, door
het International Agency for Research on Cancer, van deze parasieten
bij de groep I carcinogenen [3]. Het verband tussen opisthorchiasis en
cholangiocarcinoom heeft geleid tot een toename van het aantal publi-
caties, voornamelijk over parasitologie en epidemiologie en de laatste
jaren over diagnose en behandeling. Daarnaast zijn moleculair-geba-
seerde benaderingen zoals genomica, transcriptomica en proteomica
toegepast om de gastheer-pathogeen-interactie op moleculair niveau
te ontrafelen. Het metaboloom is echter in het geheel niet onderzocht.
Om deze leemte op te vullen concentreerden wij ons op de mechanis-
men van de ontwikkeling van O. felineus-geassocieerde pathologieén
aan de hand van metabolomica.
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Het bepalen van een onderzoeksstrategie

Hoofdstuk 2 geeft een overzicht van metabolomica-onderzoeken
naar infecties met trematoden. Er zijn geen relevante publicaties over
Opisthorchis sp. gevonden, maar het overzicht belicht de onderzoeken
naar andere trematoden zoals Schistosoma mansoni (S. mansoni), Schis-
tosoma japonicum (S. japonicum), Fasciola hepatica (F. hepatica) en Echinos-
toma caproni (E. caproni). Dit literatuuronderzoek heeft geleid tot twee
conclusies die relevant zijn voor dit onderzoek: a) de belangrijkste
kenmerken van de metabolische respons van de gastheer op trema-
tode-infecties kunnen worden beschreven als een ontregeling van het
aminozuur- en lipidenmetabolisme, alsook veranderingen in de mi-
crobiota-gerelateerde metabolieten; en b) een overwegend case-con-
trol opzet en analyse van één enkel type biofluidum geeft slechts een
beperkt overzicht van de mogelijke metabolische aanpassing van de
gastheer aan de infectie. Op basis van de informatie uit deze liter-
atuurstudie hebben wij de hiaten opgevuld en hebben we de volgende
aspecten in onze studie opgenomen: i) longitudinale gegevensbemon-
stering; ii) bemonstering van twee verschillende lichaamsvloeistoffen
(urine en plasma); iii) twee verschillende O. felineus-infecties (mild en
ernstig) vergeleken met een controlegroep (PBS-vehikel); en iv) zowel

mannelijke als vrouwelijke proefdieren.

Time-resolved onderzoek van opisthorchiasis

De gegevens in hoofdstuk 3 en hoofdstuk 4 tonen aan dat de
sterkste metabolische respons op O. felineus-infectie in zowel urine-
als plasmabiovloeistoffen wordt waargenomen tussen de 2e en 10e
week na infectie, wat gerelateerd is aan de acute fase van opisthor-
chiasis. Tijdens deze periode bereiken de wormen de galbuis, waar
ze uitgroeien tot volwassen wormen en eieren gaan produceren. De
maximale metabolische respons op O. felineus-infectie werd waarge-
nomen in de 4e week na infectie, het moment waarop de eerste eieren
kunnen worden gedetecteerd in faecesmonsters van de gastheer. De
metabolische reactie van de gastheer op acute opisthorchiasis heeft
een paar algemene kenmerken: veranderingen in het metabolisme van
aminozuren, een verhoogde hoeveelheid urinegalzuren en een ver-
schuiving in het vet- en energiemetabolisme van de gastheer. Maar de
reactie is niet specifiek voor O. felineus-infectie en kan door gewone
metabolische stress worden veroorzaakt.
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Weefselspecifiek onderzoek van opisthorchiasis

Hoofdstuk 6 presenteert een integratieve metabolomische bena-
dering die zich richt op de vraag hoe verschillende organen en func-
tionele systemen van de gastheer door de infectie worden beinvloed,
en hoe de gastheer zich aan een chronische infectie aanpast. Zes delen
van het lichaam (lever, milt, nier en drie delen van de darmen), blo-
edserum, urine en ontlasting zijn in deze studie opgenomen. Omdat
er voor faecesmonsters geen gestandaardiseerd protocol is om metab-
olomica-analyses uit te voeren, is hoofdstuk 5 gewijd aan de ontwik-
keling van een NMR-gebaseerde metabolomicaworkflow voor faeces.

Het onderzoek dat in hoofdstuk 6 wordt beschreven, toont aan
dat met 26 metabolieten van lever, milt en jejunum en zes serum-
vetzuren een metabole handtekening voor chronische opisthorchia-
sis kon worden opgesteld. De verhoogde serumvetzuren behoren tot
het linolzuurmetabolisme; onevenketenvetzuren hebben een sterke
invloed op de gegevens. De metabolische veranderingen binnen de
individuele organen kunnen worden verklaard als een immuunreg-
ulatiereactie. Onze analyse toont aan dat de milt metabolisch sterk
beinvloed wordt, wat een indicatie kan zijn van zijn sleutelrol in de
metabolische respons op lange termijn op O. felineus-infectie.

Conclusies

Dit is de eerste keer dat de metabolische respons van de gastheer
op O. felineus-infectie uitgebreid is bestudeerd. Door een longitudinale
onderzoeksopzet konden we aantonen dat de metabole respons op
opisthorchiasis twee duidelijke stadia kent: acuut en chronisch. Het
acute stadium wordt gekenmerkt door veranderingen in het metabo-
lisme van lipiden, energie en essentiéle aminozuren bij de gastheer. Dit
komt overeen met gewone metabolische stress en wordt veroorzaakt
door het binnendringen van de parasiet en het begin van eiproduc-
tie. In het chronische stadium lijkt er een aanpassing plaats te vinden
wanneer de metabolische veranderingen in de biofluiden (bloed en
urine) afvlakken. Bijgevolg worden acute en chronische opisthorchia-
sis gekenmerkt door verschillende metabolische omstandigheden. In
het begin veroorzaakt de infectie met O. felineus metabolische stress,
waarna een overgang plaatsvindt naar een metabole homeostase die
wordt aangedreven door systemische veranderingen in het vetmetab-
olisme en het orgaanspecifieke aminozuurmetabolisme. Het multi-
compartimentele metabolomica-onderzoek toont aan dat chronische
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opisthorchiasis de metabolische activiteit van het jejunum, de lever
en de milt onderdrukt, wat het risico van het ontwikkelen van geasso-
cieerde pathologieén kan verhogen.
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