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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.
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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;
b: the swam plots showing the sample clustering along the factors values for
the latent factors 5, 6 and 7; color shows infection status and shape - gender.
c: representation of decomposition of variance (R2) in the latent factor 6 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,
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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,
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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.
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Supplementary Figure 3. A graphical summary of the entire data set.



142

(94) 40300 yuvaajas ysouws v juroduid o3 pasn svm jojd ay T
'$40301f a1d13 i Uaamaq s10]dia33vas Jo uoyvUIqULIOd asimiivd “Jojd 1a13v0s Si01ovf VIOW “F 94nS1] Aavjuauialddng

b9 - Thone g0 Tb0b b0 kg L OLge $ELonTlolge L okee
] Ld L Ld L = L L Ld id
z-
- -ﬂ< A ) ﬁ«c 7 o 4444. v [ Q«< Yoo | | 444- v ﬂo«ﬂ*- NI d<<JM N <¢b NI “-4«. w
L e o a0 ae . . oo ae se | e . e
g . - - - v - - v
* ¥ [ ’ yv e Y vy v °, i A v vy 4 -
e | ¥ v o ity ® Yy A e e ) o o Vv L v wd 2O e \ AR v
— v v v vl v v v v vy [ v Yvy Yy w 0
e vy AT | SEMINE I | AMCIRRA | R ERERARAR | M58 q| ¥ X
o o o o o . s |le . e "o Py oo s o
v v v v v v v N|
o) wv v o CRR AL ¥ oy v vo V VoV v v v 1=
w v o v \ A lo v A v In A
Lo vo, e o o o i 3 e - 0y 00 - P 0
<~< ° o v v % v oﬂ? vl Yv 4-4 qn v v L 4 116 v T+ «“\ 1 1
v v v v v v v
= > - > > = > z
v . g p4 v . v [ Yy v . . -
vy % e v || e «.u« W Tvewrd |luye S ot § l Jb wow Tt
w * 4. v v 4'. " L] v .. 4‘ .1.4 [v ‘. «. D
Ak o oV v e o® v o¥ o [ve * @ v, 3
4
spw v oL e M | MR . <<.< Voo Y e oo -
olewey o L] Y ° . = . 3 «.4 L 7* 4% | 1 + 0
Jlapuab A4 . MEE AL Wi " e v |[ewd v 7 v o° "o N3
- v - v v v z
- - - - - - -
N|
° Y A7 N Y | v : -
shaulja) R T | A s, i : L = 2 e : o, m
|OU0D @ Yoo %[0 % N KA o . oo % oo N
uond3ul dle ¥ o V]V ev, DAl LAAL o I LR AD i
v v v v v M|
v v v v v v v v ml
o o o o ® o ) ° o e .
A ™ e wd]| wiey 020 1 A SR A As IR/ LR AR Lt e N 0
* v. v * = b 299 L v [ - 41 b
of| Pe% V[ «1\4:4 Th S IV [ e Yo Y [ v, Y ‘mﬂ o
e v s v e ~—1" 04 *ve ads . T v ¥ . . W
- v v v v v v ¥ €
v v v v v A4 v P
e
z-
. LB AN i ] F "% vy Bw o ¥V | Wew, Vy jo?o Y v '«?«- v Molo. N
v v v v v v v v v
H L L] L] . L] . L) .
=0 ~_° v %v LS/ ¥ v % o [yv % v .|| 2
-<u<<$< o w vV evlel v Il o v Ve |y oo 41.14 44‘4034.. 44’... N oo %f of Ve 9
> o o x o e | ¥ o 8 > . xe Y o
0L41 641 841 41 941 G641 va1 €41 ¢4 141




Chapter 6

factor
INF

Betaine

-15

15
0

Valine
Formate

INF
control
felineus

-

Leucine
Aspartate
Acetate
Citrate

I-os

Uridine
Carnitine
Taurine

Inosine
Histidine

Tyrosine
P

Choline

myo-Inositol
Glycine
Creatine

3

Lactate
‘O-Phosphocholine
Threonine
Glucose

Uracil

Ascorbate
Alanine

7

15

4

14

5

2

"

12

13

3

1

Fumarate
Glutamine
animal ID

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 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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