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Abstract

Metabolites are small chemical molecules less than 1500 Da soathatydrates, lipids,
and amino acids that provide different functions in organisms. These metabolites are the products
of host metabolism or received from the environment. Exploring metabolite pertunatiates
valuable insights into metabolic funatis and responses to internal and external factors, including
diseasesThis dissertation applied untargeted metabolomics based on mass specttometry
investigate metaboliperturbation induced by infectian two parasitic diseasekishmaniasis
and toxoplasmosisWe applied_.C-MS/MS, a powerful analytical techniqueith high resolution
and weltsuited for complex biological samplés.these studies, we focused on individual organs
and investigated how the metabolome changed and which metabolic patherayaffectedy
infection. Our results will increase knowledge abdisease mechanisimwhich can lead uto
identify biomarkers andew treatmentdn addition, weevaluaté the effects of different doses of
carnitine, alone or in combination with bedazole, orchronic stage o€hagas disease in mouse
models Carnitine waddentified throughan untargeted metabolomicgudy related taChagas
disease caused Byrypanosoma cruziand shown to improve heart health in chronic infection,
without affectingparasiteburden. Our goal wa® assess the safety and efficacy of carnitine as a
potential treatment optiocombined with the antiparasitic drug, benznidazole, for chronic.stage
Our result showed no negative effect of carnitine on antiparasitic effeetnanidazole and no
negative effect on mice health. Based on our results, it is important to determine the right dose of
carnitine to prevent from increasetamethylamine Noxide (TMAO) level in plasma to prevent
cardiovascular risk. This dissertatipmovided new insights into heptrasite interactions for

leishmaniasis and toxoplasmosis, while evaluating safety and efficacy of Chagas disease.
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Chapter 17 Introduction

1.1INTRODUCTION TO METABOLITES, METABOLOME, METABOLOMICS,

AND MASS SPECTROMETRY

Metabolites are small molecules (molecular mass < 1500 Dalton) such as dipiit®
acids, nucleic acids, sugars, and organic adititabolites whichare producedby host through
metabolism are endogenous metabolitEeese metabolites are involved in physiological
functions such as producing energy, signalimgintenance, andrgwth. Besides endogenous
metabolites,a host organismreceivesexogenous metabolitedsom its environment primarily
through theconsumption of food and drugs. Some exogenous metabolites are beneficial to the host
like amino acids and vitamins. Some other exogenous metabolites duetb@sdes, pesticides,

and preservativesan lead tonegative physiological effecf$] [2].

An individual's metabolomecéllection of metabolitegn an organism, tissue, or cell) is
highly dynamic andsignificantly impactedyy environmentand other factorsuch agjenetics and
diet Metabolome alteratiomaused by these factoesin belinked to phenotypicvariation at
individual level and other levels such@gans and cell type3his metabolite variationeflects
the fact that differenbrganismsrespondeddifferently to internal aml external changeand
studyingmetabolomecan give usvaluableinformation about ongoing physiologicainctions
Besides other factors, diseases also aféect the metabolome profile, and investigating these

variationscan lead to finding biomarkers and new treatmg8jtg2].

Studying the metabolome is called metabolomics. The field of metabolomics deals with

many metabolites of different moleculaeights and an incredibly vast range of physical and



chemical propertiesgn addition, the number of metabolitégmt have been identified is very high.

The Human Metabolome Databg$8MDB) contained217,920 metaboliteentrieson 2022and it

is increasing4] [5]. Metabolomics employs various analytical tools, includinglear magnetic
resonance (NMR), and mass spectrometry (M@)vercomechallengeselated to high diversity

of metabolites The selection of these tools depends on factors such as sample matrix, sample
volume, and metabolite properties. NMR provides structural informatioite the resultis

reproducible and sample preparation is sanput with lower sensitivity than Mf].

MS instruments utilize ionization techniques itmize moleculesdetect and identify
metabolitedased orthe masdo-charge rati@ndtheir fragmeration patternMS has four major
components, sample introduction, ionization, mass separation, and detection. Gas chromatography
(GC) and liquid chromatography (LC) are examples of sample introduction in mass spectrometry
to improve the separation and analysis of caxmamples like biological samples. From the
ionization techniques, electrospray ionization (ESI) is one of the most widely used ionization
techniques in mass spectrometry, particularly for biological samples. It has advantages such as
versatility, soft imization, high sensitivity, and compatibility with LC. The third component, mass
separation, also has different techniques. Orbitrap and-Oifatdight (TOF) are more common

for biological samples, and both have high resoluffgn

Metabolomics experiments can be categoriasthrgetedand untargetedlhe targeted
metabolomics aims twlentify and quantify known metabolitésr different purposesuch as for
clinical dagnosis Untargetedmetabolomicdocuses ordiscoveryby collectingdata for abroad
spectrumof known and unknowmetabolits. The untargeted studiese mostly applied for
relative quantificatiorbetweenexperimentalgroups(i.e., treatmentversuscontrol) and finding

interesting metabolitethat can explaiexperimental groups differencéhe targetedechniques



can also be usean the metabolitesdiscoveed through an untargetedapproachfor further
guantification anddentification In the targetedpproachmetabolites identified byheir mass
to-charge ratio i/ and retention time (RT¢ompared to standasdin untargeted approach,

features arannotatedy comparingn/zand fragmentation pattemith existing databas¢8].

1.2UNTARGETED METABOLOMICS, SPATIAL METABOLOMICS AND PARASITIC

DISEASE

Metabolomics has made significant contributions to our understanding of disease
mechanisms. Moreover, there has been a substantial increase in metabolomics studies aimed at
unravelling the complexities of various diseases since Z0P0Untargeted metabolomics
approaches have been applied to investigate parasitic diseases, allowing the discovery of unknown
metabolites and their connections to known ones. For instance, untargeted metabolomics has
provided insights into the lysine transporterTaikoplasma gondiia parasite that is auxotrophic
for lysine [10]. An urtargeted metabolomics study & falciparumidentified three potential
biomarkers for malaridl ,3-diacetylpropane, Ncetylputrescine and-bBlcetylspermidine in urine,

which increase significantlyin infected individualsompared t@ontrols[11].

Applying spatial metabolomicapproachstudyingof metabolites/ariationbased on their
locationswithin tissues or cé&d has been increasing for medicakearchFor instance, spatial
metabolomics analysis uncovered distinct chemical changes, specifically in the acylcarnitine and
glycerophosphocholine chemical families, within localized cardiac regions of mice infected with
different strains offrypanosoma cruzproviding insights into Chagas disease pathogef£3]s
Another study on influenza viru@PR8GIlu) applied a spatial metabolomics approach and

identified different metabolite perturbations in the serum and lungs, with higher perturbations



observed in certain sections of the luj@8]. This dissertation has focused on thpegasitic
diseases: leishmaniasis, toxoplasmosis, and Chagas caselgmplieduntargeted metabolomics
techniquedo uncoveithe metabolites perturbation in different orgddscovering dysregulation
of metabolites by infection can lead usorgan speific and systematic effects of infectiohhe

result of this researatenopen doorso biomarkers and new treatments.

1.3CHAGAS DISEASE

Chagas disease, caused by ithieacellular protozoaparasiteTrypanosoma cruziis a
neglected tropical diseagene of the most commdransmissiomoutesis throughaninsect bite,
known as kissing buglhe distribution of thisnsectfamily has been observed thecountries
endemicdo Chagas diseasmdividualsafter infectionhaveno symptoms omild symptoms such
as fever oheadacheAfter a fewweeks oinfection,the number of parasiteéecreasesand disease
entes the chronic stageFor most of the infected individualhronic stagewvould be with no
symptoms. Around one third ofpatients show symptoms such as cardiac complications,
megaesophagus, and megacalae to three decades after infectiBome patients develop heart
failure. Chagas disease is endemic in the Amercathas been distributed bther continents by
immigration The current treatmestare limited andare most effective during the acute stage
Thereis no drug for chronic stagendheart transplant iappliedfor patients withheartfailure.
Even for acute stage, these draghgswed side effect§here is a critical need for new treatments
with improved efficacy, fewer adverse effects, and options for the chronic [§&gé.5] [16]
[17]. Developing treatments that improve patient health without reducing the parasite burden is

also an important strategy to save lives.



One promising and novel approach is the modulation of host metabolism, which has shown
potential n treating neglected tropical diseases. For instance, a previous study in the McCall lab
on Chagas disease caused bgypanosoma cruzidemonstrated the connection between
metabolome and disease tolerance. Acylcarnitine family members were increasedtmniiie
the esophagus and small intestine during acute infection. They also showed that adding carnitine
to mouse drinking water prevented mortality of infected mice at the acute stage, even though they
have the same parasite load. This study is an exathat determining metabolomic differences
between infected and uninfected hosts and tolerant vwsatenant hosts can lead to finding new
treatmentsComparingheart and plasma of infected mieéh T. cruzi infectedmice treated with
carnitine,and uninfected mice showed more overall metabolic similarity between uninfected and
infected carnitine treated mice, indicating that tolerance is regulated at the metabolic level in
Trypanosoma cruzinfection, and identifying carnitine as ardidate treatment for aceséage
Chagas diseag&8]. Applying similar metabolomiecbased approaches could also be valuable in

the context of leishmaniasis and toxoplasmosis.

1.4LEISHMANIASIS

Leishmaniasis is a neglected tropical diseabieh is transmittedby the bite of sand fly.
Leishmaniasiss distributed taver 90 countries across Asia, Africa, the Middle East, and Central
and South Americd.eishmaniasiss caused bynultiple species afhe Leishmanigparasitewith
different clinical manifestations including cutaneous (CL)jaocutaneous (MCL) and visceral
leishmaniasis (VL)MostVL clinical symptoms are fever, weight loahdenlargement of spleen
and liver.VL is caused by.. donovoniandL. infantumandcan be developeith few yearsafter

infection andlif left without treatmentcancause deathMajority of VL caseswvereobservedn



India, Ethiopia Sudan,Kenya, Somalia Bangladeshand Bradi. Poverty, relocation poor

nutrition, andweak immune systeman increasthe risk of leishmaniasid.9] [20].

Current treatment options for visceral leishmaniasis (VL) are limited and resistance to the
drugs has been reportdd.addition these drugs hawsde effects such asnaland liverdamage
Immunocompromised individuals with Leishmania infection encaumten moreomplications
in terms of treatment effectiveness and adverse read@dng22] [23]. Therefore, there is a

critical need to discover new less toxic and more effective treatments.

1.5TOXOPLASMOSIS

Toxoplasmosis is a parasitic disease that infects more than 30% of the world population
and is distributed globally. Overall, South America and Africa have higher infection rates
compared to North America and Europ24]. For example, high prevalence of ocular
toxoplasmosis (about 30%) were observedine of Sout h A2&leOneaftheé s cou
infection routes is contaminated food specifically consumption oforaumndercooked meat and
contaminated wat [26]. Toxoplasmosishas a widerange of symptoms frorasymptomatic in
immunocompetent individualdo severe symptoms Common symptoms include ocular
manifestationsvhich causeetinal damagecongenitatoxoplasmosisvhich cause$rain, eye, and
nerve systemdamagein newborns and encephalitiswhich causesbrain inflammation These
symptoms can develop sever damagedmorecomplications foimmunocompromisegatients

[24].

Overall, there are few treatments fokoplasmosis. They are not very effective and have

side effects, even death. Recently, drug resistance to some of these drugs was reported. In addition,



none of the treatments are effective for the chronic stage. There is an urgent need to find new

effedive drugs with fewer side effedi®7] [28].

1.6 DISSERTATION FOCUS

This dissertation focuses on investigating metabolomic perturbations in organs affected by
parasitic diseases, sp@wally leishmaniasis and toxoplasmosis. Mass spectronietsed
approaches were applied to explore the metabolite profiles and their alterations in different organs
upon parasitic infection. Chapt&wo focuses on the application of untargeted metabal®ma
identify metabolic perturbations at the level of overall metabolism, individual metabolites, and
metabolic family in a hamster model of visceral leishmaniasis causedislymania donovani
The results of this research aim to discover potential bikens or new treatments for visceral
leishmaniasis. In chaptefhree, untargeted metabolomics and spatial metabolomics were
combined to explore metabolic perturbations across 11 organs at two infectious stages in a mouse
model infected byroxoplasma gondiiThe systematic analysis of metabolic changes provides
valuable information for developing more effective treatments for both acute and chronic stages
of the disease. Chapteéour builds upon the previous research and focuses on carnitine, which was
idenified through untargeted metabolomics. Carnitine improved heart health and decreased
mortality in mouse models infected Byypanosoma cruziluring the acute stag&his chapter
investigates the effects of different doses of carnitine alone @rmbination with benznidazole
on Chagas disease in four different cohorts, aiming to assess the safety and efficacy of carnitine
during chronic stagef chagas diseas&hese three chapters showed the importance of utilizing
mass spectrometry for discovaginew insights related to parasitic diseases, and how it can lead

to preclinical drug development.
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2.1 ABSTRACT

Leishmaniais an intracellular parasite with different species pathogenic to humans and
causing the disease leishmarsakeishmania donovargauses visceral leishmaniasis (VL) that
manifests as hepatosplenomegaly, fever, pancytopenia and hypergammaglobulinemia. If left
without treatment, VL can cause death, especially in immunocompromised people. Current
treatments havefien significant adverse effects, and resistance has been reported in some
countries. Determining the metabolites perturbed during VL can lead us to find new treatments
targeting disease pathogenesis. We therefore compared metabolic perturbation hetween
donovaniinfected and uninfected hamsters across organs (spleen, liver, and gut). Metabolites were
extracted, analyzed by liquid chromatograjphgiss spectrometry, and processed with MZmine
and molecular networking to annotate metabolites. We found feabwiges commonly impacted
by infection across all three sites, including glycerophospholipids, ceramides, acylcarnitines,
peptides, purines and amino acids. In accordance with VL symptoms and parasite tropism, we

found a greater overlap of perturbed metabs between spleen and liver compared to spleen and
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gut, or liver and gut. Targeting pathways related to these metabolite families would be the next

focus that can lead us to find more effective treatments for VL.

2.2 INTRODUCTION

Leishmaniasis is ond the neglected tropical diseasegicaused by a protozoan parasite.
There are different humgmathogenid_eishmaniaspecies, which associate with different disease
symptoms. Clinical forms of leishmaniasis are distinguished by infected tissue location an
severity, and include cutaneous (CL), mucocutaneous (MCL) and visceral leishmaniasid(VL).
can be asymptomatic or with symptoms like persistent fever, splenomegaly, hepatomegaly, weight
loss, and anemia. Mortality, if untreated, ranges fror20% ofcases, making recent estimates
of yearly 50,000 to 90,000 new VL cases concerning. Most VL cases are found in Southeast Asia,
Sudan, Ethiopia and BraziLeishmania donovaris a species that causes VL some Asian
countries likelndia, Bangladesh, and Nal and some African countries like Sudan and Ethiopia

[1-4].

Standard treatments for VL are very limited and include pentavalent antimonials,
amphotericin B, pentamidine, miltefosine, and paromomycin, or combination treatrAgart
from miltefosine, all are parenteral. A further concern is the rise of resistance, necessitating
increases in dose and treatment duration, leading to worsened adverse effects such as renal damage,
ototoxicity, cardiac and liver issug?, 5]. The efficacy of treatment and adverse effects are even
more concerning fammunocompromised patientat arenfected withLeishmanig6]. Finding
new treatments with less toxicity and higher efficacy will have a significant impact on the quality
of these patients’ i fe. Modul ating host met a

treat neglected tropical dsees. For example, a previous study on the related parasite
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Trypanosoma cruzised metabolomids identify carnitine as a negandidatéreatment for acute
stage Chagas diseasih efficacy in experimental models of dise@ge Such an approach could

be valuable in the context of leishmaniasis ak. we

There have been many studies on metabolite profiling of different spediegsbimania.
However, most of them have been dameitro rather thann vivo (e.g.[8-10]). A recent tudy
analyzed the metabolome of the liver, spleen, serum, brain, and uingoofovaniinfected mice
and observed alterations fatty acids, dicarboxylic acids, amino acids, gmdidine [11].
However, this study used G&S, anefficient technique to separate Apalar analytes that have
masses less than 600 Dalton but less suitable for larger and polar ajiahté$ Furthermoe,
previous studies showed that Golden Syrian hamstéesdcricetus auratysare better animal
models ofVL compared to other models for immunopathogenesis and drug develdfsieir
hamsters, however, metabolomic studies have been limited to serum lipids. SpecificallyalQin et
used LGMS t o show t hat g-lingleiceacidy pnld aracpidiooid dcig arel the,
metabolites most affected by infection in the sefliB). Tissue metabolomic analyses in hamsters
using LGMS are lacking. In this study, we address this gap by analyzing the metabolome of the
gut, liver, and spleen frorh. donovaniinfected hamsters by L-®1S. We found that specific
metabolitesfrom chemicalfamilies such asphosphocholines and puriribat are affected by
infection differ partially between organ. In the long term, these results can lead us to find more

effective treatments to increase the tolerance or resistance of the host in VL.

23 RESULT

VL is associated with localized parasite colonization in the liver and spleen. Recently, the

gut has also emerged as a target ofg@h The mmune response to the parasite dgteztween
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sites [18]. However, it is incompletely understood how infection reshapes the metabolome
differentially across infection sites. To address this gap, we acqu@dd3/MS data from the
liver, gut (duodenun and spleen of L. donovarniinfected hamsterat 12 to 14weekspost
infection and from uninfected controlBhe overall metabolome was most perturbed in the liver
(PERMANOVA R (positive mode) 9.309,R? (negative mode) &326,p<0.01). In contrast, the
effect of infection was more minor in the spleen (PERMANOVA(positive mode) = 0.137,R
(negative mode) = 0.270, p<0.01). With regards to the gut, we only observed siguiiaages

in negative mode (PERMANOVA R(positive mode) = 0.134, p>0.05? Bhegative mode) =

0.137, p<0.05) (Figur2.1A-C, Figure 2.1A-C).

Next, we used random forest machine learning analysis to first determine the proportion of
metabolitescommonly @rturbed by infection across tissues, and second, the specific metabolites
and metabolic pathways that are most perturbed by infedfising this approach, evidentified
more metabolites specifically perturbed in the liver and spleen than the gut fdate#tquisition
modes Furthermore, thgut hal the lowestpercentage of perturbed metabolites compared to the
other two organsin both modeqp<0.05,Fishet s exact test) . I n contra

comparable between liver and spleen (p>0.05,lFie r ' s  €Tkesewdre more raetabolites
commonly perturbed between liver and spleen compared tediteor spleefgut comparisons
(Fi s her ' sp<e&pforbothtmededf, the infectiorperturbed metabolites overlapping
between two organscross both data acquisition mode$% hadthe samadirection of change
Few perturbedmetaboliteswere in commonacrossall three organg17 featuresacrossboth

mode3, with 35.3% (6/17)f them showng the samalirection of change in responseifection

in all three organgFigure2.1D & S2.1D).

14



We performed featurbasedmnolecular networking (FBMN) to annotateese differential
metabolites Table 2.1 andS2.2) [19]. Kynurenine in particular was increased acrotshate
organs, with a higher fold change to uninfected samples in liver and spleen compared to gut (Figure
2.1E). Riboflavin is an example of locati@pecific perturbed metabolites, being increased by
infection in the liver only (Figur€.1F). Kynureninehelps to regulate the balance between
activation and inhibition of the immune syst¢p0]. Riboflavin is a vitamin and a precursor in

coenzyme biosynthesis, with antioxidant, immunomodulatory and antimicrobial af2i/jty

Some metabolite families had high representation as infepgdnrbed metabolites,
including glycerophosphocholines, phosphoethanolamines, fatty acyls, acylcarnitines, purines and
amino acids. To investigate the impact of infection at the chemical feawél, we applied PALS
(Pathway Activity Level ScorindR2] separatelypn each orgarThe greatest number of perturbed
chemical families was observattheliver and the leastumber of perturbedchemical families

in thespleen (Family members%8, P<0.05 Table 2.3, Table 2.4, and Table 35).

Families that were perturbed by infection in all three organs include glycerophospholipids,
ceramides, acylcarnitines, peptides, puriaesino acids, lipids, and lipilke molecules (Figure
2.2). Most chemical families showed a mixed pattern of change, with some family members
increased and some decreased by infection (Figawe to S). In contrast, most ceramides and
acylcarnitines werancreased in the spleen (Figl2D & G). Acylcarnitines were also almost all

increased in the liver (Figuz2H).
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Figure 2.1: Effect of L. donovani infection on overall metabolism of host orgggst (n
= 4 uninfected and n = 10 infected), liver (n = 4 uninfected and n = 10 infected), spleen (n = 8
uninfected and n = 21 infected, two samples per animal)) in positinele.

(A) PCoA analysis of extracted metabolites from infected and uninfected gut samples
(PERMANOVA R= 0.134, pvalue > 0.05). Each sphere represented one sample. Red color
represented infected samples and blue color, uninfected samples. (B) PCoA analysis of extracted
metabolites from infected and uninfected liver samples (PERMANGVAORB09, pvalue <
0.01). (C) PCoA analysis of extracted metabolites from infected and infected spleen samples
(PERMANOVA R= 0.137, pvalue < 0.01). (D) Venn diagram representing the number of
metabolites perturbed by infection at each organ. Smaller fombeus in parentheses show the
number of metabolites commonly perturbed between indicated organs and that have the same
direction of change in response to infection. (E) Kynurenine metabolite increased by infection in
three organs. Wilcoxon rardum test wvih FDR correction, pralue < 0.01. (F) Riboflavin
increased by infection only in liver. Wilcoxon rasikm test with FDR correction;yalue < 0.01
in liver.

Glycerohosphocholinesvere the most prevalent infectigerturbed chemical familyps
we focusedon this family in greater detail. Wesedthe characteristiphosphocholindead group
MS2 fragmentatiorpattern[23] to collect all glycerophosphocholines in our datasétrardical
clustering of glycerophosphocholine peak areas successfully separated infected and uninfected
sampledn liver and spleen (except for one infected samplgure2.3A & B), while in the gut

such clustering was not observed (FigRRC).

There were hree perturbed chemical families in common between spleen and liver
(carbohydrates,lgcerophosphoethanolaminesnd fatty acids, Figur24A to F). Carbohydrates
and fatty acyls were mostly decreased by infection in the spleen, whereas a mixed pattern was
observed in the liver. In the case diyaerophosphoethanolaminemost of the individual
metabolite features showed a clear pattern of increasing by infection. On the other hand, liver and
gut had four perturbed families in common (FigR4G to N). Mo$ of these families showed a
mixed effect of infection within the family, except for amino acids and peptides, which were

mostly increased by infection in liver. Spleen and gut had two families specifically perturbed in
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these organs. Purines and nucleasidere increased by infection in the spleen, whereas bile acids

were mainly decreased in the gut (FigRr®A to D).
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(A to C) Glycerophopholipids. (D to F) Ceramides. (G to I) Acylcarnitines. (J to L) Peptides. (M
to P) Purines and amino acids. (Q to S) Lipid and Higke@ molecules. Infected samples are shown
in red and uninfected samples in green. Each column regseser® sample, and each row
represents one metabolite featuf&escale shows zero mean and unit variance (higher than zero
mean = red and lower than zero mean = blue color) for each row.

Figure 2.3: Glycerophosphocholines heat map
In spleen (A), live(B), and gut (C). Each colummepresent®ne sample and each roepresers
one metabolite feature from the glycerophosphocholine fafiig. color scheme shows the
minimum (gray) and maximum (orange) values in each row.
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Figure 2.4: Perturbed chemical families in common between two organs.
(A to F) Perturbed chemical families in common between liver and spleen (carbohydrates,
glycerophosphoethanolamines, and fatty acids). (G to N) Perturbed chemical families in common
between gut amh liver (amino acids and peptides, lipid and ligike molecules, bile acids, 1,2
amino alcohols). Infected samples are shown in red and uninfected samples in green. Each column
represents one sample, and each row represents one metabolite feBlgr&ale shows zero
mean and unit variance (higher than zero mean = red and lower than zero mean = blue color) at

each row.
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Figure 2.5: Perturbed chemical families specific to one organ.
(A & B) Nucleosidesjyucleotidesanalogues and purines are the peliad chemical families that
are specific to the spleen. (C & D) Bile acids and a mixed family are the two families that were
perturbed by infection only in the gut. Infected samples are shown in red and uninfected samples
in green. Each column representseogample, and each row represents one metabolite feature.
Scale shows zero mean and unit variance (higher than zero mean = red and lower than zero mean

= blue color) at each row.

24 DISCUSSION

Overall, we found thakt. donovaniinfection caused metabolmerturbations in all three
analyzed organs (liver, spleen, gut) in terms of overall metabolism (FAdyrEigure 2.1), and
at the individual metaboliteTéblesS2.1 & S2.2) and metabolic family level (Figurés2-2.5,
Tables 2.3-S2.5). Importantly, many responses were locaspecific. Studying orgarspecific

metabolic alterations help us to understand how these changes can lead to systemic disorders. For
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example, in this study riboflaviwasincreased by infection only itihe liver. Riboflavin has an
important role in immune function and responses figetrophiland macrophage activation, also
having an antrinflammatory role [24]. Trypanosomatiddike Leishmaniaare not able to
biosynthesize riboflavin and take it from their environmengpinosomatidaeeds riboflavin as
precursors foflavin mononucleotide (FMN) and flavin adenine dinucleotide (FA®)d other
essential cofactors for redox center enzyij2é$. Thus, elevated riboflavin could be benefiting
the parasite. On the other handjng riboflavin and ultraviolet light decreased infectivitylLof
donovaniin plasma and whole blod@6, 27] Beyond effects directly on the parasite, several in
vivo studies showed that riboflavin treatment can cediver damage by decreasing of oxidative
stress biomarkers like MDA and increasing of G&3431]. Thus, the elevated riboflavin levels

we observed could be affectifgpth parasite and host aspects of Yevious studiegh mice
demonstrated that the outcomd.oflonovaninfection is not the same in the liver and the spleen,
with different immune responses in these two orga@hs. iver kills Leishmaniaefficiently by
forming hepatic granulomas contrast, the spleen is not able to control amastigotes growth and
shows inflammation during the chronic std@8]. On the other had, hamsters infectedith L.
donovani showed progression of infection in both spleen and liver, but different immune gene
expression in these two orgdds, 32] Finding locationspecific metabolites that are perturbed

by infection may link local metabolism to locatispecific immune responses.

In contrast, several commonalities were observed across organs and could be targets for
systemic intervention. For examplgjriureninewas increased by infection in all three organs, with
the highest increase in the liver. Previous studies showythaténineproduction from tryptophan
is increased by bacterial, parasitic, and viral infecf88135]. Infection by the related protozoan

parasie Trypanosoma cruzfor example, increased kynurenine in the plasma and the[B&hrt
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Kynurenine is antinflammatory [36][41][37] and regulates naive T cell differentiation to
regulatory T (Treg) cellg38]. Thus, kynurenine may be contributing to parasite persistence while

limiting tissue damage.

Likewise, purines, peptides, acylcarnitines, glycerophospholipids, and ceramide families
were perturbed by infection in all three organs. The latter two changes might be caused by
Leishmaniasalvagingphospholipids andphingolipids[39], or by detection foparasitederived
lipids [40]. Previous studies ofrypanosoma cruzdhowed elevatio of acylcarnitine C20:4 in the
esophagus and small intestine during astdége infection7], and likewise we see elevated
acylcarnitines in this studyrhis may reflect infectiofinduced alterations in energy metabolism
during kinetoplastid infectiorf41]. Purines and pyrimidines are salvaged lbsishmania
Compounds targeting these pattys have been successful as parasite growth inhiliitafisro
and in mouse models of acute Chagas digd&s4 3] In dogs, the inhibitor of purine metabolism,
allopurinol, was sufficient to improve disease symptoms, even in the absence of effects on parasite
load[44]. This suggests a causal link between our observations and disease dasishityania
also scavenge many amino acids suclpltenylalanine, leucine, and valindost amino acids
increase promastigotes growtheishmara also scavenge vitaminsbifpterin, folic acid,
riboflavin, and lipoic acifiland cofactor$45]. We observed the greatest decrease ahes and
amino acids in the spleen compared to liver and gut. Our findings contrast with a prior study in
mi ce where purine and pyrimidine metabolic pa
differences upoh. donovaninfection[11]. This discrepancy may be caused by the higher parasite
load in the hamster modfl7]. However, our results are consistent with these known parasite

scavenging activiés.
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Our analysis also showed that lipids and kjkg molecules are the most commonly
perturbed metabolites and metabolic families in response to infection. These observations concur
with a recent study on the serum of hamsters infected lwittonovani[16] and on ataneous
lesiors caused bylLeishmania majorin mice [46]. Previous studies indicated reduction of
cholesterol and increasétplyceridesin the serum of infected individugi7-49], which may be
caused byetention of cholesterol into thearasitophorous vacuolen macrophage$s0]. Mice
with high fat and high cholesterol diets showed reduced burderdohovanamastigotes in liver
and spleeri51]. A previous study on dogs infected witteishmania infantumanother agent
causing VL, showed elevation of pgstandial bile acids concentration in ser{i52]. These
results suggest a possible causal role in VL pathogenesis of the lipid alterations we observed.
Although we detected many perturbed glycerophosphocholines, we ndid detect
lysophosphatidylcholiner lysophosphatidic acithat can contribute to fibrosis duringsceral
leishmaniasig53-55]. This could be due to the rapid turnoverlyggophosphatidic aciéh the

circulation[56].

Further work will be necessary to determine why these metabolites or chemical families
are perturbed by infectio@ne possibility is that elevated metabolites are pardsiteed. Indeed,
Leishmaniacan also produce many phosphalj39] and thelLeishmaia genome has several
putative kynurenine pathway genég, 58].These metabolites and metabolite families have the
potential to be biomarkers for VL diagsis or cardead us tdind more effective treatments to

increase the tolerance or resistance of the host in VL.
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2.5 MATERIALS AND METHODS

Animal and infectios

Parasite culture and hamster infection were previously performed and repoft&d. in
Briefly, 4-6 weeks old Golden Syrian hamsters were infected with metatydicnovanistrain
1S (MHOM/SD/00/1S2D) promastigotes (3 x Ipby intracardiac injection. 224 weeks post
infection, hamsters were euthanized, exsanguinated and perfused with PBS. Tissues were
collected, snafirozen and stored ai80°C until metabolite extraction. The experiment was
performed according to the NIH Guide for the Care and Use of Laboratory Aramélsnder
approved protocol LPD 68E.

Sample preparation for L&MS/MS

Metabolite extraction statl with adding chilled LEMS-grade water, normalized by
sample weigh(500puL water/ 50 mg samp)eand homogenizing aTissuelyzer for 3 min at 25
Hz with a 5-mm steel ball.Then,to achievea final concentration of 50% methantd water,
methanol spiked with sulfachloropyridazi@@guM) was adde@t500uL methanol50 mg sample
Samples were reomogenizedn a Tissuelyze for 3 min at 25 Hz. Homogenized tissugere
centrifuged with 16,000xg for 10 min at 4.“The supernatanivascollected and dried dowin a
Speedvac. To extract organic metabolites, dichloromethane: methanol 3:1 spiked with
sulfachloropyridaziné2 uM) wasadded to the pellet and homogenized fori8 at 25 HzSamples
werecentrifuged atLl6,000xg for 10 min at 4 °C. The supernatwasair-dried overnight.Both

extracts were storeat -80 freezer until LEMS analysis
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Liquid chromatographijtandem masspectrometry

Both extracs werecombined by adding 200L of 50% methanol spiked with gM
sulfadimethoxine as internal standard. Samples were anabyzé€-MS (Thermo Scientific
Vanquish UHPLC systemndQ Exactive Plus1S) using aC8 column (0.7m, 50 mm x 2.1 mm,
100 A Kinetex). Instrumental parameter®in Table S2.6. MS/MS data were collected both
positive and negative mode.

LC-MS/MS data analysis

After converting the raw data to mzXML format using MSConvert soft{&8k mzXML
files were processed with MZmine version 2.35 to generate the feature tdilee$1.a2-2.7) [60].
Features that had less than threefold difference to blank were removed. After blank removal, total
ion current (TIC) normalizatiomas done in R (http://jupyter.org). PCoA plots were generated
with TIC normalized data using the Br&urtis dissimilarity metric in QIIME240] and visualized
with EMPeror[61]. Features were annotated through molecular networking using Global Natural
Products Social Moleculardtworking (Table 3.8) [19, 62]and were visualized with Cytoscape
[63]. Venn diagrams to show common or specific metabolites were generated in R. Random forest
classification analysig4] was performed with 1000 trees (using the random forest R gacia
determine features that cause most differences between uninfected and infected tissues in Jupiter

notebook ittp://jupyter.org, followed by Wilcoxon test. Adonis tests were perfechin QIIME

2 [40]. Perturbed chemical families in three organs were found by apgpBALS (Pathway
Activity Level Scoring) for Family members>=10, P<0.[22]. Glycerophosphocholines were
identified by searching the data for the PC diagnostic peakézd84.0739, 125.0004, 104.1075,

and 86.09697[23] using MassQL, https://github.comivang87/MassQueryLanguage. The
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hierarchical clustering heatmap were generated through Versatile matrix visualization and analysis

software (MORPHEUS)ttps://software.broadinstitute.org/morphgus/

Data availability

Data were uploaded tdassIVE (massive.ucsd.edu, accession numid&¥000085991
(positive modgandMSV00008599(negative modg. Molecular networkingobsare accessible

through these links:

Positve mode:

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=a41e05f0699e45328675aac49f667753

Negativemode

https://gnps.ucsd.edu/ProteoSAFe/status.ijsp?task=abc2bd81f18c461a9b5e43c8cee83a02

All supplemental tables and figures are &lze in supplementary material A section.
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3.1 ABSTRACT

Toxoplasmosis is parasiticdisease caused Byoxoplasma gondiihatinfects over one
third of the world population. The disease presents varying symptoms depending on the host's
immune system and the timing of infection, ranging from mild symptoms in immunocompetent
individuals to severe consequences in immunocompromised pafitiet®e are few treatments,
most of which have low efficacy, especially tbechronic stage, and present adverse effects. We
comparednetabolic perturbation between eleven infected and uninfected organs in mice during
acute (15 days post infection) angr@nic stage (50 days post infection)G87BL/6 mice. We
analyzed extracted metabolites by liquid chromatographgiem mass spectrometry ({MS).
Our results showed spatial mismatches betwetamsity ofmetabolic perturbation and parasite
burden for both infectious stages. The liver and large intestine had the highest metabolic
perturbation in acute and chronic stages respectively. Carboxylic acids, fatty acyls,
glycerophospholipids, and organonitrogemmpounds were perturbed in all organs in both
infectious stages.The aenosylmethionine metabolism pathway may be affected by
toxoplasmosis. In addition, we found associations between perturbed carboxylic acids, purines,
indoles, flavonoids, and some guicnobiome families. These findings highlight the metabolic
consequences of toxoplasmosis in different orgauisch can lead us to potential targets for

therapeutigurposes.

3.2 INTRODUCTION

Toxoplasmosis is a zoonotic disease caused.lyondiiparasies that infect more than
30% of the world population. Of the two billion people infectedTbygondij Latin America,

Africa, Eastern/ Central Europe, and Southeast Asia have the highest infecti¢t)].rdteas
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estimaté that there is an annual incidence of 190,000 new cases of congenital toxoplasmosis, in
addition to the 1.2 million existing congenital toxoplasmosis c@e¥he range of symptoms is
different based on the host immune system and whether the first infection happens during
pregnancy or at any other timeln contrast foy immunocompetent mothers, congenital
toxoplasmosis can cause miscarriage, stiibior chorioretinitis, hydrocephalus, and intracranial
calcifications[3] [4]. Immunocompetent nepregnant patients have mild symptoms that do not
need any treatmenEurthermore,T. gondiican have severe consequences like encephalitis or
systemic infections in the absence ofatreent, for immunocompromised patients like HIV
positive patients with reduced number of T cells, or patients that receive immunosuppressive drugs
due to cancer or organ transpl@ [3]. One recent study estimated that more than 13 million
HIV -positive patients are eofected byT. gondiiworldwide and that 80% of them are in sub

Saharan Africd6].

Immunosuppression in toxoplasmosis compromises the host's immune responsg, leadi
to persistent infection, increased disease symptoms like brain and eye involvement, and impaired
immunity [7]. In immunocompetent patients, CDB cells produce IFNy t hat has a si
role in initiating the immune response to restrict parasite replicljohe immune response is
not able to clear the pathogen completely and around 14 days after infection, rapidly dividing
parasiteconvert to slowly dividing londived tissue cyst stages in visceral organs, including the
lungs, liver, and kidneys and more prevalent in CNS and muscle. The cysts can reconvert to rapidly

dividing phases with the suppression of the host immune sy8jem

After infection, the immune response causes metabolic dysregulation such as glycolysis,
glutaminolysis, and fatty acid oxidation to activate the immune cells and provide substrates for

defense mechanisms against paragji€. Both immune responses and metabolism differ
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between toxoplasmosis stages. For example, studies orf BAdteB/c genotypé infected withT.

gondii showed higher metabolic perturbation in the acute stage compared to the chronic stage in
the liver[11], brain[12] and spleeri13]. In another example, renormalization of liver and brain
cholesterol levels were observed in the chronic stage, after decreasing during the acute stage in
Swiss Webster mice indéed with T. gondii [14]. Toxoplasmosis caraffect differently on
pathogenesisral mortality of different mouse genotypg¢$5]. Another chronic stage aspect of
toxoplasmosis is cachexia (muscle wasting), with increased sphingolipadd
glycerophospholipids and decreased levels of some TCA cycle intermediates in thEL&¢rinm
addition, previous stues showed metabolic perturbation can also differ between organs such as
the brain [17], serum[18], spleen[13], and liver [11]. These studies showed metabolic
perturbations vargmong different organs and acute and chronic stages, indicating the complexity

of hostparasite interactions.

This study focused on determining metabolic alterations across 11 different organs during

acute and chronic stages for the first time. Different g a n s met abolic prof
understand orgaspecific responses to parasites and how they change from acute to chronic
stage. In the longterm, this will enable the identification of metabolic pathways that could be
modulated to improve diseasymptoms in a disease tolerance framevipgf. We found that

most of the perturbed metabolites are orgpecific, and metabolic changes in each organ are
infectious stagepecific. Despite organ and stage specificity of perturbed metabdhies,

chemical families, carboxylic acids, fatty acyls, glycerophospholipids, and organonitrogen
compounds, were in common between organs and stages. Some metabolites related to
adenosylmethionine metabolism pathway were affected by infection in thealerheart.

Understanding each organ’s response to infectd.i
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chronic stages can lead us one step closer to more effective treatments. In addition, the possible
association between some perturbed metabolitdggahmicrobiome that we found needs more

investigation, which can explain some metabolic alteration in the Gl tract by toxoplasmosis.

3.3RESULTS

This study's purpose was to generate a systematic understanding of spatial metabolic
alterations during acute and chronic toxoplasmosis, particularly with regards to tissue recovery
following acute infection. Metabolomic analysis was performed on eleviéarafit organs
(muscle tissue: heart and quadriceps; liver; gastrointestinal tiskweenum, jejunum, ileum,
cecum and large intestine; intestinal contents: small intestine contents, cecum contents and large
intestine contents) during acute (15 dayst pofection (WT15)) and chronic infection (50 days

post infection(WT50)) in C57BL/6 mice infected witi. gondii

There was no correlation between the magnitude of metabolite perturbation and the local
parasite burden at each organ during acute stagaddition, the sites of highest and lowest
metabolic perturbation differed from sites of highest and lowest parasite burden. During the acute
stage, the liver, colon contents, and heart had the greatest degree of metabolic alteration, while the
highest peasite burden was in the quadriceps and jejununu(e®j1A & B). In the chronic stage,
we only quantified parasite burdem the heart and quadriceps; however, literature indicates low
to undetectable parasite burden at other organ sites during clirageadii infection [20]. The
pattern of perturbation was different in the chronic stage. The highest metadxdlicbation in
the chronic stage was observed in the large intestine and cecum, followed by cecum contents, with

other sites ranormalizing compared to the acute stage.yf@8§.1C & D).

40



9 X "

— & ** Jejunum

) = .‘9
7~ B

. Small intestine <
liver Duodenum
@ 4 contents
Cecum contents
dri * a4 ™\ b
Quadriceps % Cecum IO \
\ %% Large intestine O

'é-""contents PB WT15 ave

/‘ SRELES -

5143  log 2167

Large intestine 0.700 8.700

Figure 3.1: Spatial mismatch between metaboperturbation and parasite burden.

(A) Metabolic perturbation at each organ based on psdauftom pairwise PERMANOVA
test during acute stag®seudoF_WT15)B) Average parasite burden at each organ during acute
stage (PB_WT15 ave)(C) Metabolic perturbiion at each organ based on psetfldrom
pairwise PERMANOVA test during chronic stdgseudoF_WT50)D) Average parasite burden
at each organ during chronic stage. Gray color denotes organs where metabolites and/or parasite
burden were not analyzed (PB_WT50_ave).

To identify the most perturbed metabolites during infection in each organ and at each stage
of infection, random forest classifier analysis was usedr a given timepoint, none of the
perturbed metabolites were in common between eleven organs, and most of the perturbed

metabolites are specific to one organ or few organs at each infection/sStage 82 A & B). To
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determine the chemical families related to these perturbed metabdbidetEnhancer was used.
Chemical families are shown by different colors on UpSet plotsif€&)2 & 3.3). Four chemical

families, carboxylic acids, fatty acyls, glycerophospholipids, and organonitrogen compounds,
were perturbed at all organs in botheictious stages (Fige 3.2 A &B). In addition, comparing
perturbed metabolites between acute and chronic stage at each organ showed few overlaps between
two stages of infection in all organs. Comparing between timepoints, most of the perturbed
metabolites were specific to a given infection stage in each organ. However, most of these

perturbed metabolites are from common chemical familieu(ER)3).
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organ.Chemical families related to each perturbed metabolite are shown by different colors.
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Figure 3.3: Overlap of perturbed metabolites armhnotated chemical families by
infection between acute and chronic stages in each organ.
(A) Cecum. (B) Cecum contents. (C) Heart. (D) Large intestine. (E) Large intestine contents. (F)
Liver. (G) Quadiceps (H) Small intestine contents. (I) Duodenum). {@um. (K) Jejunum.
Chemical families related to perturbed metabolites in each Venn diagram were shown by UpSet
plot in different colors. Perturbed metabolites with no chemical family matches are not displayed
on the UpSet plots.

Amino acids and peptides are a common family affected across organs and timepoints. The
greatest number of the individual affected metabolites in this family were in Large intestine
contents, Cecum contents, and liver compared to other organs. The same anaci ds di d
necessarily show the same direction of change between infected and uninfected samples for each
infection stage or between organs. For instatweesine decreased by infection in liver at both
acute and chronic stage, while increased geantestine contents at both acute and chronic stages
(Table $.1). Amino acids play different roles in immune system responses or incorporated into
proteins that are vital for immune functions. Tyrosine is a precursor for some molecules such as
catecholanine hormones, thyroid hormones, dopamine, and melanin, which have roles in immune
system modulatioff1]. Different directions of change for tyrosine in the liver and large intestine
contents might be because of different immense system responses to infection in each organ.
Another example, tryptophan decreased in liver and cecunerdsnduring acute stage and
increased in the large intestine contents at the chronic Stagke (8.1). Tryptophan is involved
in the kynurenine pathwgg?2]. Kynurenine haantrinflammatory functior{23] and regulates T
cell differentiation[23]. Kynurenine functions might explain why tryptophan decreased by

infection during the acute stage.

In prior work on another parasitic infection, visceral leishmanj2dis we saw significant
changes in purines. We therefore assessed whether they were affected in toxoplasmosis. Adenosine

can act as a signaling molecule and modulate immune responses through various mef@tgnisms
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It was increased during the acute stage in the heart, small intestine contents, ileujapand je
Xanthine is involved in the production of reactive oxygen species (ROS) by immune cells such as
neutrophils and macrophagié]. It is increased in cecugontentsand small intestineontents

and decreased in the heart during the acute stadpe(3.1).

Other metabolites showed common patterns across organs, which can indicate systematic
changes. Hemin andoeflavin increased, and adenosylmethionine, betaine, and hydroxynonenal
glutathione decreased with infection in one or multiple organs during the acute stage and
renormalized during chronic stage. Some metabolites such as kynurenine have reverse direction
of change in acute stage and normalized during chronic sBagee metabolites, such as reduced
glutathione, decreased only in one organ in the acute stage, followed by renormalization in that

same organ and decrease in another organ in the chroni¢Stage 3.4 A to X).
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Figure 3.4. Effect of toxoplasmosis on metabolites in different organs at acute and
chronic stages.
(AT F) Hemin abundance in large intestine, liver, quadriceps, duodenum, ileum, and JejGnum. (
- I) Riboflavinabundance in large intestine contents, liver, and duodenlimP) Kynurenine
abundance in cecum, heart, large intestine, quadriceps, duodenum, ileum, and jef@niuB). (
Spermidine abundance in heart, laigéestine contents, ariver. (T) Betaine abadance in liver.
(U7 V) Hydroxynonenal glutathione in heart and quadricejd#. X) Reduced glutathione in heart
and liver. Feature abundance is quantified as -hi@malized peak area. To detect significant
difference between groups, Kruskéhllis test (KuskatWallisi p-value < 0.05) was used. Dunn
test with BenjaminHochberg adjustment was applied to correatgbue based on false discovery
rates (pvalue < 0.05 = *, pvalue < 0.01 = **, pvalue<0.001 = ***),

During both stages affection, Gl trat contents showed significant metabolite alteration
(Figure 3.1). Gut microbiome and metabolites have a mutually influential relationship. Different
diets and consumption of different foods affect gut miawia[27]. Conversely, the metabolites
generated by gut mi cr ob[R8 manvastgdtd the eacotreencedfe h o s
metabolites that were perturbed the most in small intestine contents, large intestine contents, and
cecumcontents vs the microbiome from these contents at acute and chronic stages, we applied the
neural network platform microbmetabolite vectors (mmve¢29]. The operational taxonomic
units (OTUs) from amplicon sequencing and perturbed metabolites abundances were applied for
mmvwvec analysis. In each figure, we show the six most influential microbe families. Most of the
influential families are different between acute and chronic stages. The carboxylic acids and
derivatives chemical family is the only family that has strong priediatteraction with influential
microbe families in all three organ contents and both infectious stages. Another chemical family,
flavonoids, was associated with influential microbe families only in the small intestine contents in
the chronic stage. Fatgcyls were observed in all organ contents except small intestine contents
in the acute stage (Figure 3.5-A). Our results also exhibited indoles that are associated with

MicrococcaceagRekenellacegeandCarnobactereacen small and large intestine contents in the
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chronic stage. In addition, purine nucleosides showed strong predictive

Bacteroidaceag¢Figure 3.5 C).
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Figure 35. Possible cabccurrence between the most perturbed metébsl by
infection and gut microbiome families in Gl tract contents.
mmvec analysis was applied on microbiom (operational taxonomic urjiresults and on the
most perturbed metabolite abundance. The taliegensional PCA shasithe 6 most influential
microbiome families with red arrows. Capital letters are identifiers for each microbiome family
as shown on table G. PChprincipal component analysispf metabolitemicrobe possible

with

interactions related to (A) Small intestine contents in the acute stage. (B) Small intestine contents
in the chronic stage. (C) Cecum contents in the acute stage. (D) Cecum contents in the chronic
stage. (E) Large intestineontents in the acute stage. (F) Large intestine contents in the chronic
stage. (G) Most influential microbe families for each orgamall intestine contents for acute
stage (SIGNT15H, small intestine contents for chronic stage (SWT50),cecum contentfor

acute stage (C&VT15H, cecum content®r chronic stage (CEVT50), large intestine faacute

stage (LIGWT15), and large intestine for chronic stage (BMI50) and each stage are
highlighted in blue.
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3.4 DISCUSSION

Overall, our results showed thaethver in the acute stage and the large intestine in the
chronic stage had the most metabolic perturbation compared to the other ten organs (Figure 3.1 A
& C). Global liver metabolic perturbation was previously observed in mouse models infected by
T. gondli during the acute stagél]. Transcriptomic and proteomics studst®wed alteration of
lipophilic and hydrophilic metabolites (xenobiotic metabolism), inflammation response, and
PPAR signaling pathway that affect lipid metabolism during e&rlgondiiinfection in liver.

These changes can alter hundreds of metab{@#®$31]. Humans withl'. gondiiinfection have

higher rates of nealcoholic fatty liver disease (NAFLD32] which might be the consequence of

liver metabolic perturbationLiver metabolic changes can alter bile acids biosynthesishase

bile acids secretions to Gl tract can lead to imbalanced gut microbial comm{Bifie$hese
changes can explain the high metabolic changes that we observed in the liver during the acute

stage and then in tleecum and large intestine during the chronic stage.

Metabolic alteration intensity byifection is not correlated with parasite burden during the
acute stage in 11 organs (Figures 3.1A & B and S3.1). In the chronic stage, the intensity of
met abolic perturbation also didn’t match par a:
& D). The spatial metabolic perturbation and parasite burden mismatches previously observed in

different heart sections in Chagas disease during acute and chronid38kges

Most of the individual perturbed metabolites were specific to one or few organs at each
infectious stage. For example, betaine was reduced by infection only in liver during acute stage.
Betaine has multiple aninflammatory roles, such aseimg involved in pathways providing

potential protection against reactive oxygen species (R@®)ced cellular damage, suppressing
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the activity of the transcription factor N6FB and it s dnflanmatdryrgerseesn pr o
inhibiting the activation of theNLRP3 inflammasome (a key mediator of inflammation),
contributing to restoring normal metabolism by influencing lipid and glucose metabolism and
reducing stress in the endoplasmic reticulum and preventing cell[@8éhathhe antiinflammatory
functions of betaine can explain why it is reduced in the acute staggnosylmethionine is
another metabolite that was redu@ethe heart and increased iretfgjunum and liveduring the

acute stage.-&denosylmethionine plays a critical role in preventing autophagy, increasing cellular
glutathione, and preventing oxidative stress. Interestingly, betaine treatment increased
adenosylmethionine in previous siesl[35] [36] [37]. In addition, reduced glutathione was
observed in the heart during acute infection and in the liver during chronic infection. The
alterationof betaine, adenosylmethionine, andueed glutathione might be becausélofjondii

affecting adenosylmethionine metabolism, which needs more investigation.

Some of the metabolites showed more systematic changes in a few organs. For example,
hemin and riboflavin both increased in a few oghay infection during the acute stage and were
renormalized during the chronic stage. Hemin and riboflavin both havan#athmatory
functions. According to a mouse study, the induction of heme oxygdn@4$@-1) using hemin
was found to play a role iroatrolling the parasite load in the small intestjd8] and antiviral
activity also has been reportg89] [40]. Riboflavin is beneficial for hosts during infection, such
as antioxidative stress and activating neutrophils and macrophages. It plays an important role in
survival of macrophagelgll]. Liver riboflavin increase was observed in hamsters affected by
another parasitic disease, leishmanifsi$. T. gandii is able to synthesize its own riboflavin and

does not rely on external sources. Ri bofl avir
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distribution ofT. gondiiin chicks[42]. Hemin and riboflavin alteration during acute stage might

explained by their involvement in defense mechanisms.

One the most perturbed chemical families was carboxylic acids and derivatives.
Specifically, alteration of amino acids was ebh&d in most organs, although direction of change
was not the same across different organs or infectious stages. Amino acid auxotroprges dif
can be one of the reasons of amino acid perturbation during toxoplag#48sis addition, we
observed purine perturbation in some organs. A previous study in mice also observed purine
alteration during acute and chronic stages, angéhrbation was slightly different for different
strains ofT. gondii[44]. Other parasitic diseases such as leishmaniasis showed mostly reduction
of purine and amino acids in spleen and a mixed pattern of change midivea[24], and Chagas
disease showed reduction of purines in the Hdait Overall, our results agreed with previous

studies related tamino acids and purines.

Exploring possible interactions between perturbed metabolites and gut microbiome
showed that the carboxylic acids chemical family had strong predictive interactions with
influential microbe families in all three organ conteritb@h acute and chronic stages. Previous
studies showed that amino acids and gut microbiomes are closely interconnected and have strong
influence on each other. The availability of amino acids affects gut microbiome growth, and the
gut microbiome affectamino acids absorption and metaboligi]. Flavonoids can improve the
growth of microbiome families, such aBifidobacteriaceaeand Lactobacillaceae[47].
Interestingly, our result showed two flavonoid metabolites exhibiting strong predictive interactions
with BifidobacteriaceadFigure 3.5B). Fatty acyl perturbation is expected to be associated with
gut microbiomes, due to fatty acgietabolism and short chain fatty acids production by gut

microbiomeg48], which also agree with our resuKigure 3.5A to F). In addition, indoles and
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derivatives can be produced by gut microbgfamilies through tryptophan metaboligf8]. No

study was found to explain the association of thBBerococcaceag Rekenellacegeand
Carnobactereacdamilies with indoles and derivatives thate found in our study. One of
Bacteroidaceae, Bacteroides fragilmyssesses an enzyme, purine nucleoside phosphorylase,
involved in the metabolism of purine nucleosidd4] that can explain possible interactions
betweenBacteroidaceaeand purine nucleosides in our resulBg(gre 3.5C). These findings
suggest the possibility of interactions between specific perturbed metabolites and microbiome

families.

In summary, our study provides valuable insights into the metabolic perturbatioced
by T. gondiiinfection in various organs. The identified orggrecific and systematic alterations
in metabolites shed light on the host's response to the parasite and potential mechanisms underlying
the observed changes, which can lead us tddiimaiarkers, and new treatments to cure or increase
tolerance to toxoplasmosis. Future research should focus on elucidating the functional
consequences of these perturbations, exploring their relationship with immune responses, and
investigating the effeaif metabolic alteration on the gut microbiome and downstream changes in

host metabolism duringj. gondiiinfection.
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3.5 MATERIALS AND METHODS

Animal and infectionand sample preparatiofor LC-MS/MS

Mouse strain, infections, and tissue harvest were descriljé@é]irHarvested tissues (15
and 50days posinfection) were stored aB0 before metabolite extraction. Metabolites were
extracted as previously describj@d].

Liquid chromatographyandem masspectrometry

Organic and aqueous extractions were mergecesuspending in 150 uL of 50% MeOH
spiked with 2 uM sulfadimethoxine and transferred to a new plate after sonication and centrifuge
of the plate (5 min, RPM = 14800). The sampl e:
50 mm x 2.1 mm, 100 A Kinetpwith LC-MS/MS acquisition in positive mode (Thermo
Scientific Vanquish UHPLC system and Q Exactive Plus M3 3000 highest abundance
molecules related to blank samples were added to data collection as exclusindidting the
exclusion list no molecules related to blardetectedduring the run Instrumental methods are
mentioned inTableS31.

LC-MS/MS data analysis

Collected raw data were converted to mzXML with MSConvert software (version
3.0.19014f9d5b8a3b, Proteowizard, Palo Alto, Santa Clara, CA, US8). mzXML datawere
processed through MZmine 2 (version 2.53) to generate the featur¢stgpblall MZmine data
analysis parameters areTinbleS32. Due to obseing a batch effect (from changing the column
during the run), WavelCA batch removal method was applied to normalized peak area for each
sample (parameters: alpha=1, @tit=0.1, K=10). In recent comparative work, WavelCA

outperformed all but one batch nmalization method on a large datafgt]. PCoA plots (Bray
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Curtis dissimilarity metric) and distance analysis to detect differences between groupsmeere d
through Qiime 2[53]. To annotate the features and visualize annotation miroas,pGNPS
(Global Natural products social molecular networking) was [5£[d55]. Parameters related to
GNPS analysis are available in Tal883. MolNetinhancer was used to classify features in
different chemical familiefs6] using ClasyFire chemical ontologp7]. To visualize the features

and different families, Cystoscape (version 3.9.0) was {B&d Random forest classification
analysis[59] was used to find the metabolites that were perturbed the most during infection at

different stages (1000 trees). Venn diagrams and UpSet plots through

(https://www.molbiotools.com/listcompare.ht@hd https://asntech.shinyapps.io/inter@g and

R and python codes (https://upsetplot.readthedocs.io/en/stable/) were implemented to show
common and speci fic perturbed met abolites
(https://ili.embl.de/) were used to generate 3 D models of metabolome p&dnrand parasite
burden in different organs. parasite burden was measured as previously dept@ibed
Underdetermined values (below limit of detection by qPCR) for parasite burden were substituted
with the lowest number of parasites detected in each organ divided by five.

16S amplicon sequencing

The contents from the small intestine, cecum ancdelamgestine were homogenized in
0.175 ml of water per 50 mgs of tissue, aliquoted, and stor&@®d. DNA was extracted from
the intestinal contents wusing the Qiagen DNea
instructions. 16S ribosomal DNA seencing was performed by Novogene. Briefly, the V4
hypervariable region of the 16S rRNA gene was amplified using barcoded primers 515F
(GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT). Amplicons
were visualized on a 2% agarose gel, quantified withtneee PCR, and pooled in equimolar

concentration followed by engpairing, Atailing, and Illumina adapters. Libraries were

55


https://www.molbiotools.com/listcompare.html

sequenced on an lllumina NovaSeq 6000 platform to generate 250bpgradreaw reads. Two
negative controls were included durisgmple processing and sequencing.

16S bioinformatics analysis

The 16S sequence with barcode and primer removed were analyzed with DADAZ2
Workflow for Big Data (https://benjjneb.github.io/dada2/bigdata.html) and dada2 (v 1{@@}0)
Forward and reverse reads were trimmed using lengths of 150 bp, filtered to contain no ambiguous
bases, and contained a minimum quality score of 2. Reads were assemdélchimeras were

removed per dada2 protocol.

Taxonomy was assigned to each amplicon sequence variant (ASV) using a combination of
the SILVA v128 databaqdé1] and the RDP naive Bayesian classifier as implemented in the dada2
R packagd60]. Reads counts for ASVs assigned to the same taxonomy were summed for each
sample. Alpha diversity of microbiome samples was evaluated &agnon alpha diversity
index. Beta diversity of microbiome was measured using-Buayis dissimilarity measures on
the basis of relative abundance data. The statistical significance of alpha diversity was determined
by pairwise comparisons using Wilcoxoank sum test with continuity correction, while the
significance of beta diversity and relative abundance of each family were measured by

permutational multivariate analysis of variance (PERMANOVA) and unpatest,trespectively.
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4.1 ABSTRACT

Chagas disease, caused by the parasyiganosoma cruzis a neglected tropical disease
with limited treatment optionslreatment with arnitine, a natural molecule involved in energy
production,improved heart health during the acute stage of Chagas diseiisaut affecting
parasite burdenn this study, w investigated the safety and efficacy of carnitine treatment alone
or in combination with benznidazole, a commonly used antiparasitic drug, in mouse foodels
thechronicstage oifChagas disease. Our results demonstrated that carnitine treatmente vari
doses and durations, did n@storegene expression levels bfain natriuretic peptidéBNP),
collagen, and fibronectiin addition, nonegative effectsvere observedn overall mouse health,
including mortality, weight loss, ankidney and large testinefunction for any of treatment
groups For future directions, measuring plasma BNP levels using mass spectrometry could
provide more accurate insights into cardiac health after carnitine ddsnmgg chronic stage
Chagas diseasé@Our study suggestthat carnitine treatment alone or in combination with

benznidazole may be a safe option for Chagas disease patients
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4.2 INTRODUCTION

Chagas disease is one of the neglected tropical diseases. It is caused by the protozoan
parasiteTrypanosoma cruziThis parasite can be transmitted to humans through the feces of
infected triatomine insects or by other transmission routes such as congenital transmission,
contaminated food and beverage, organ transplantation, and blood trangfusitiragas disease
is called a silent disease due to mild or no symptoms for most infected people during the acute and
chronic stages of the dised&}. Between 30% to 40% of patients develop symptoms such as
cardiac arrest with the possibility of death (estimated at 7.9 percent), megaesophagus, and
megacolori3] [4]. Chagas disease is endemic in the Americas, and with globalization, it has been
spreading out to Europe, Australia, and other cousigh as Japan, Canada and the United
States, especially in the Texlexico bordel5] [1] [6] [7]. Eight to tenmillion people around
the world are infected with. cruzi[7]. Treatments for Chagas disease are limited to two drugs,
nifurtimox and benznidazole, that are most effective during acute stage. These drugs have side
effects, and some df. cruzistrainsshow resistance to these dr§8k No new drugs have been
developed for decades, despite ongoing efforts to find drugs with less adverse effects, higher
efficacy or effective drugs for the chronic stage to prevent further heart dabDeggoping new
treatments which can improve health of the patient without reducing the parasite burden is another

strategy help patients that are at risk of death.

Carnitine treatment reduced mortality in mice during acute stage Chagas disease, without
affecting the parasite burden. Infected and carnitieated mice showed greater overall metabolic
similarity to uninfected mice in the plasma and the heart, compared to infected untreated mice. In
parallel, carnitine treatment improved acatage cardic brain natriuretic peptidéBNP) gene

expression, suggesting that carnitine increases overall heart health via metabolic restoration. This
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suggests that carnitine could be an effective treatment to improve Chagas disease patient health.
However, the acutstage presurvival effects of aanitine occurred without decreasing parasite
numberd9]. Thus, clinical implemesation would require combination with an antiparasitic such

as benznidazole. Combination treatments need to be tested for safety, given the possibility of drug
drug interactions worsening safety profild®]. Furthermore, all this prior work was in acute
models of Chagas disease. The efficacy of these treatments incdbhagas diseagemainsbe

evaluated.

This studywas therefore designed to test safety and efficacy of carr@mznidazole
combination regimens during chronic stage Chagas disease in mouse models. We applied carnitine
in different doses individuallgr with benznidazole at different doses during the chronic stage of
infection for four cohorts with two parasite strains and two mouse genatyresious studies
showed that parasite strain and mowgsmotypesboth effect pathogersis and need to be
consdered for drug developmefit1-13]. Overall, we foud that none of the carnitine doses
individually or combined with benznidazole improved BNP, collagen, and fibronectin gene
expression levels. The combinations were safe, as evidenced by plasma ALT and urea nitrogen
tests. Blood TMAO only increased trandlgnin high dose carnitine treatment (400 mg/kg) but
not with standard dose carnitine (100 mg/kg) or reduced dose carnitine (50 mg/kg), and levels

returned to normal six weeks after treatment started.
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43 RESULTS

Parasite burden

In vivo experimentsvere performed in four cohortSive weeks oldnicewere infected by
T. cruzi and ten weeks after infectigineatmentsvere appliedEighteernweeks afteinfectionthe
micewereeuthanized, and the organs were colledddA was extracted frorthe heart and delta
Ct were calculated to compare the relative levels of parasite DNA in the different treatment groups.
A lower delta Ct value indicates a higher amount of parasite DNA, and vice versa. To investigate
the effect of treatments on parasiteden we compared delta Ct of vehicle and treatment groups.
The full dose of benznidazole, either alone or in combination with different doses of carnitine,
resulted in a lower parasite burden compared to the vehicle control in cohorts 2, 3, and 4. The
pr asite burden wasn’'t determined in cohort 1.
not show a significant difference in parasite burden compared to the vehicle. Additionally, there
was no significant difference in parasite burden between faolirbdazole alone or combination
with different doses of carnitine (Figukel A to C). Overall, this result shows that none of

carnitine dosesffect the efficacy of benznidazole.

Immunosuppressed cohort hearts were collected at the endpoint and dinaéour
sections from base to apex (A to D). The delta Ct values relatedTo¢hezigene[14] were then
measured in each section of the heart. The results of the analysis showed that carnitine didn't impair
the efficacy of benznidazole group, and the parasite burden is still low even after the immune

system is downKigure4.2A to D).
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BNP, collagen and fibronectigene expression

Increasing BNRbrain natriuretic peptide collagen and fibronectin gene expression level
can be a sign of cardiac damd@8]. To investigate if any of the treatments had any effects on
BNP, collagen, and fibronectin gene expression level in the heart, we compared heart tissue from
vehicletreated and experimental groups fimele cohorts. No significant differences were found
between vehicle and experimental groups in cohoriBBdluie 4.3A to D), 2, and 3Kigure4.4A
to F), except for cohort 3 collagen which showed a significant difference between infected and
uninfected (KuskalWallis p-value < 0.05). For cohort 1, gene expression levels were measured
in the top half and bottom half of the heart. Since we did not see significant differences, we only

measured gene expression in the top half section of the heart for theahtbds.
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Figure 4.3: Heart relative gene expression levels of BNP, collagen, and fibronectin
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KruskalWallis's test was performed to detect significance between growpadug > 0.05).
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hear base section. E) Cohort 3 collagen relative gene expression level in the top half of the heart.

F) Cohort 3 fibronectin relative gene expression level in the top half of the fibark axidabels

are two weeks benznidazole full dassatment(2WBZfull), two weeks benznidazole low dose
treatment(2WBZlow), six weeks {carnitine high dosdreatment(6WLGChigh), six weeks-|

carnitine standard dosteatment(6WLGs t d ) , and Ai+0 showed combi na
KruskalWallis's test was performed to detect significance between groups. Dunn test (Benjamini
Hochberg adjustment) was used to correstafue based on false discovery r§pevalue < 0.05

%),

Heart weight heartlength colon weight, colon length, and fecal transit time test

Previous studies showed that Chagas disease causes heart and colon enldggtignt
To assess if treatments have any further effect on heart and colon weight and length, we collected
daa for heart weight for cohort 2,3, and 4 and colon weight for all four cohorts. Additionally, we
measured heart length for cohort 4 and colon length for cohorts 1 and 4. All measurements were
normalized mouse weight. We saw no impact of treatment on fipech&eart weight, normalized
colon weight, normalized heart length and normalized colon weight in the measured experimental
cohorts. Normalized colon weight showed significant difference between uninfected and vehicle
groups in cohort 1 and 3 {mlue <0.05) fFigure 45, 4.6, and4.7). One of the common
manifestations of Chagas disease is megacolon which can cause chronic con§liphtidve
investigated if carnitine and benznidazole combination, or individual treatments have any effect
on chronic constipation, and no significant differences were observed between vehicle and
experimental groups before starting treatment, after two weeks of treatment, and after six weeks

of treatmentlfigure4.8 A to C).
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A) Normalized heart weight in cohort B) Normalized heart weight in cohort 3. C) Normalized
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groups was tested by Kruskalallis's test. Dunn test (BenjamiHochberg adjustment) was used
to correct pvalue based on false discovery rate (FDR) to compare vehicle with other gsoups
value < 0.05 *).
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Figure4 . 7: Tr eat ments didnot affect normalize
cohort 4.

A) Normalized heart weight. B) Normalized heart length. C) Normalized colon weight. D)
Normalized colon lengtihe x axis labels argvo weeks benznidazole full dose treatment (2WBZ

full), two weeks benznidazole low dose treatment (2YBY, six weeks {carnitine high dose

treatment (6WL&high), six weeks-¢arnitine standard dose treatment (6WEQ d ) and i+
showed combination of tweeatmentsThe significance between groups was tested by Kruskal

Wallis's test. Dunn test (BenjamiHochberg adjustment) was used to correstafue based on

false discovery rate (FDR) to compare vehicle with other groups.
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Figure 4.8: Carnitneande nzni dazol e treatments didnodt a
A) Fecal transit time at pretreatmer) Fecal transit time two weeks after treatment. C) Fecal
transit time six weeks after treatmeifihe x axis labels are two weeks benznidazole full dose
treatment (2WBZull), two weeks benznidazole low dose treatment (2WBY six weeks 1L
carnitine highdose treatment (6WL-Gigh), six weeks¢arnitine standard dose treatment (6WLC
std), and A+0 showed c &msbaWalid'sitestrwasapplied wbndt r e a't
significance between groufs-value > 0.05).

Weight gain/loss andurvival rate

No significant differences were observed between survival of velnedéed mice
compared to experimental treatment groups (FigugeA to D). In addition, after starting
treatment (about 70 days post infection) with carnitine and benzohejamnimal weights at most

time points showd nosignificant differences between treated groups and vehicle in all four
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cohorts. For the time points with significant differences to vehicle, mean mouse weight in the

treatment groups was higher than in wéhiand closer to the uninfected groups most of the

time points after treatment, uninfected showed higher mean weight compared to vehicle (p<0.05).

Higher weights compared to vehicle group confirm that the treatments themselves didn't cause

weight loss during treatment and to the end of experimeRigure 4.10 A to D).
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Figure 4.9: No impact of treatment was observed on survival in any of cohorts compared
to vehicle.
A) Cohort 1 survival cure. B) Cohort 2 survival curve. C) Cohort 3 survival curve. D) Cohort 4
survival curve.The colors representexperimental groupssix weeks benznidazole full dose
treatment that applied orally (6WBill_oral), six weeks benznidazdidl dose treatment that
applied by IP injection (6WBHIIl_IP), six weeks benznidazole half dose treatment applied orally
(6WBZhalf _oral), six weeks benznidazole half dose treatment applied by IP injection {6 WBZ
half_IP), six weeks-carnitine full dos€6WLGHull), six weeks-tarnitine half dose (6WL@alf),

two weeks benznidazole full dose treatment (2\BY, two weeks benznidazole low dose
treatment (2WBZow), six weeks 4carnitine high dose treatment (6Wiigh), six weeks-|
carnitine standard dse treatment (6WLE t d ) |,
Kaplan-Meier method and the legink MantelCox test was used for generating survival cure and
statistical significance @walue > 0.05).

and fA+0

showed

combi
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Figure 4.10: Mouse weight gain after infgion with T. cruzi to the end of the experiment.
A) Cohort 1 (treatment started at 71 days post infectiBh)Cohort2 (treatment started at 74
days post infection). C) Cohort 3 (treatment started at 74 days post infection). D) Cohort 4
(treatment staed at 75 days post infectioMhecolors represent experimental groupsx weeks
benznidazole full dose treatment that applied orally (6ViBIZoral), six weeks benznidazole full
dose treatment that applied by IP injection (6WBE IP), six weekdenznidazole half dose
treatment applied orally (6WRHalf_oral), six weeks benznidazole half dose treatment applied by
IP injection (6WBZhalf IP), six weeks “carnitine full dose (6WL&ull), six weeks-tarnitine
half dose (6WL@alf), two weeks benzradole full dose treatment (2WBdl), two weeks
benznidazole low dose treatment (2\WIB®&), six weeks {carnitine high dose treatment (6WLC
high), six weeks¢arnitine standard dose treatment (6WQ d) , and A+0 showed
two treatmentsThesignificance between groups at each time point after treatment was tested by
KruskalWallis's test. Dunn test (Benjamidbchberg adjustment) was used to correggpue(p-
value < 0.05 = *, pvalue < 0.01 = **, pvalue < 0.001 = ***) based on false discexy rate

(FDR) to compare vehicle with other groups pwsatment start. Blue line shows starting day of
treatment.

ALT, Urea, TMAO, and carnitinkevels in plasma
Higher alanine transaminase (ALT) in the blood can indicate liver damage because of dug

toxicity [18]. We measured ALT inhe plasma of cohort 2 and 3 at end of the experiment. The

79



result confirmed a lack of increase of ALT levels in experimental groups compared to vehicle for
both cohortgKruskalWallis p-value > 0.05)figure4.11 A & B). Differential amounts of urea in
blood can be a sign of kidney or heart damgdd. Comparing blood urea nitrogen in vehicle
comparedtot@®t ment groups didn’t show significant
3 treatment groups had higher blood urea nitrogen compared to vehicle (except for-2WBZ4
full+6 WCL-std), treatment groups were more similar to uninfected untreated anindadsfiimy

that this is unlikely to be a consequence of the treatment (#gl2eA to C).
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Figure 4.11: No significant differences in plasma ALT between vehicle and other
experimental groups were observed at end of experiment for cohort 2 and 3.
A) ALT level in plasma in cohort 2. B) ALT level in plasma in cohort 3. Kroakalis's test was
performed to detect significance between groups. Dunn test (Benjdotghberg adjustment)
was used to correctpalue based on false discovery rate (Kruskédlis i p-value > 0.05).
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Figure 4.12: Urea concentration in plasma at endpoint.

A) Plasma urea concentration in cohortB). Plasma urea concentration in cohort 3. C) Plasma
urea concentration in cohort 4he x axis labels are two weeks benznidazole full dose treatment
(2WBZfull), two weeks benznidazole low dose treatment (2WBY, six weeks {carnitine high
dose treatmat (6WLGChigh), six weekk-carnitine standard dose treatment (6WEQ d ) ,
showed combination of two treatmeriguskalWallis's test was applied to find significance
between groups. Dunn test (Benjartttdchberg adjustment) was used to corregajfue (p-value

< 0.05 = *, pvalue < 0.01 = **) based on false discovery rate (FDR) to compare vehicle with
other groups.
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Previous studies showed thatarnitine supplementatian humanand micecan increase
trimethylamine Noxide (TMAO) levels that can lead to atherosclerosis and cardiovascular risk
[20][21]. To assess TMAO changes during treatment, we measured TMAQaarditine before
treatment stded, after finishing 6 weeks carnitine treatment and at endpoint in cohdb 1.
significant differences between vehicle and treatment groups were observed for TMA® and L
carnitine (Figure4.13 A to F). In cohort 2, TMAO only increased compared to vehatlfour
weeks and six weeks after treatment started, in the high dosing carnitine treatments (individual or
combined with benznidazole). At endpoint, no significant differences were observed compared to
vehicle Figure4.14 A to D). In cohort 3, excepoff the high dose carnitine group combined with
benznidazole that showed an increase compared to vehicle at week four, other treatment groups at
all time points showed no significant differences compared to vehiaeré 4.16 A to D).
Carnitneinc ombi ned treat ment groups didn’t show si
for all experimental timepoints, except for four weeks of treatment that showed an increase

compared to vehicleF{gure4.15 A to D & Figure4.17 A to D).
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Figure 4.13: No significant differences in plasma TMAO and carnitine levels were

observed after tcarnitine treatment or at the endpoint in cohort 1.
applied by IP injection (6WBHIIl_IP), six weeks benznidazole half dose treatment applied orally

(6WBZhalf _oral), six weeks benznidazole half dose treatment applied by IP injection {6WBZ

treatment that applied orally (6WBll_oral), six weeks benznidazole full dose treatmentt tha
half_IP), six weeks-carnitine full dose (6WL&ull), six weeks-carnitine half dose (6WL@alf),

A) TMAO peak area at pretreatment. B) TMAO peak area at post treal@)emIAO peak area
at endpoint. D) kcarnitine pak area at pretreatment. E}darnitine peak area at post treatment.
F) L-carnitine peak area at endpointhe x axis dbels ae six weeks benznidazole full dose

significance between groufs-value > 0.05).
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4.14: TMAO level in plasma increased four and six weeks after high dose

carnitine treatment and return to normal level 2 weeks after finishing treatment in cohort 2.

A) TMAO peak area at pretreatment. B) TMAO peak area after two weeks of treatment. C) TMAO

peak area After 4 weeks of treatment. D) TMAO peak area after skswétreatment. E) TMAO

peak area at endpointhe x axis labels are two weeks benznidazole full dose treatment {2WBZ

full), two weeks benznidazole low dose treatment (2Y0®BY, six weeks {carnitine high dose
treatment (6WL&high), six weekd.-carnitine standard dose treatment (6WASCt d ) ,

showed combination of two treatmertSuskalWallis's test was applied to find significance

between groups. Dunn test (Benjantttichberg adjustment) was used to corregbpue(p-value

< 0.05 = *, p-value <0.01 = **) based on false discovery rate (FDR) to compare vehicle with

other groups.
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Figure 4.15: L.car ni tine | evel i n plasma didnot st

treatment groups and vehicle except after four weeks of treatment in cohort 2

A) L-carnitine peak area at pretreatment. B)¢arnitine peak area after two weeks of
treatment. C) Lcarnitine peak area after four weeks of treatment. D)chrnitine peak area
after six weeks of treatment. E)-tarnitine peak area at endpoiniThe x axislabels are two
weeks benznidazole full dose treatment (2WiH), two weeks benznidazole low dose treatment
(2WBZ-low), six weeks tcarnitine high dose treatment (6 WL@igh), six weeks Ekcarnitine
standard dose treatment (6WLE€t d) , and A + ationsohtwovreatmertssroskai- n
Wallis's test was applied to find significance between groups. Dunn test (Benjahhachberg
adjustment) was used to correcivalue(p-value < 0.05 = *pased on false discovery rate (FDR)
to compare vehicle with other gups.
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Figure 4.16: TMAO level in plasma increased 2 weeks after high doseatnitine
treatment and no significant differences were observed after six weeks of treatment or at
endpoint in cohort 3.

A) TMAO peak area at pretreatmeB). TMAO pealarea after two weeks of treatment. C) TMAO
peak area After 6 weeks of treatment. D) TMAO peak area at endpénk axis labels are two
weeks benznidazole full dose treatment (2WiHY, two weeks benznidazole low dose treatment
(2WBZlow), six weeks dcarnitine high dose treatment (6Wiigh), six weeks 4carnitine
standard dose treatment (6WIsCt d ) and A+0 showed cHKroskat nat i
Wallis's test was applied to find significance between groups. Dunn test (Berjtouhberg
adjustmat) was used to correctyalue(p-value < 0.05 = *, pvalue < 0.01 = **)based on false
discovery rate (FDR) to compare vehicle with other groups.
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Figure 4.17: No significant differences in plasma carnitine levels were observed after
carnitine treatment compared to vehicle in cohort 3 at all time points.
A) L-carnitine peak area at pretreatment. Brarnitine peak area after two weeks of treatment.
C) L-carnitine peak area after six weeks of treatment. I3atnitine peak area atrglpoint.The x
axis labels are two weeks benznidazole full dose treatment (2MIBZwo weeks benznidazole
low dose treatment (2WHB@w), six weeks dcarnitine high dose treatment (6Wi@yh), six
weeks kcarnitine standard dose treatment (6Wk), ad fi+0 showed combi na
treatments KruskaltWallis's test was applied to find significance between groups. Dunn test
(BenjaminiHochberg adjustment) was used to corregbjue(p-value < 0.05 = *)based on false
discovery rate (FDR) to compare vele with other groups.
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4.4 DISCUSSION

A previous study demonstrated that carnitine supplementation can reduce mortality and
improve overall heart health without affecting parasite burden during acute Chagas. disease
Carnitine treatment forChagasdiseasewas found through modulating host metabolifgh
Benznidazole is one of the two major effective aifiticruzitreatments during acute stage but has
adverse effects such as hypersensitivity, toxic hepatitis, bone marrow disorders, digestive
intolerance, and polyneuritj22]. On theother hand, tcarnitine as an endogenous molecule that
contributes to fatty acid metabolism and production of energy. This molecule can be received from
external sources and has health beng8§ Carnitine supplementation can increase muscle mass
and be used as a treatment for heart failure, angina, and weight loss due to its abditxzeo re
oxidative stres$24]. To evaluate the efficacy and safety of carnitine treatment combined with
benznidazole during the chronic stage of Chagas disease for the first time, we designed four
different in vivo cohorts with two different mouse strains and two differ€ntcruzi strans.
Recently, variations in the responselofcruzito a new drug have been observed in vivo studies
which highlight the importance of considering different strains of T. cruzi during the development
of drugs for Chagas diseg@b]. In addition, various doses of carnitine were administered either
individually or in combination with different doses and durations of benznidazole, aiming to assess

whether carriine has any impact on the efficacy of benznidazole.

Carnitine treatment alone or in combination with benznidazole did not have any negative
effects on overall mouse health, including mortality, weight loss, colon weight and length, heart
weight and lends, liver function, kidney function, and fecal transit time. These safety aspects were
observed in both mouse strains and in the presence of bathzistrains, indicating that carnitine

treatment may be a safe option for patients with Chagas disease.
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The presence oF. cruziand immune system dysregulation in the heart increases fibrosis.
Fibrosis involves the accumulation of collagen and fibronectin in the myocardium. Developing
fibrotic tissues leads to structural changes and functional impairmenaésidition, BNP is a
biomarker for cardiac dysfunction and heart failure, and the levels of plasma BNP in Chagas
disease patients can be a sign of left ventricular dysfunction and ventricular arrhythmias that can
lead to deathi26] [27] [15] [28] [29]. Our study showed that applying carnitine individually or
combined with benznidazotti dn’'t decrease gene expression | e

the heart, which confirms these treatments di

In addition, we assessed further damage to other organs that might be caused by
benznidazole and carnitine drdgug interactions. Drugnduced liver injury (DILI) can be caused
by drug side effects, and one of the biomarkers for distinguishing liver damage [4&]LNone
of the treatment groups showed significant differences from vehicle group for ALT. Another
biomarker is blood urea nitrogen whishows heart failure and renal dama@@]. Our result
indicated no increase of blood urea in treatmeotigs compared to vehicle group except in one
cohort, where however blood urea was not significantly different from uninfected groups in these
samples. Overall, these biomarker results confirmed no damage to liver and kidney after carnitine

treatment.

Degite benefits of kcarnitine, it can increase the amount of TMAO in humans. Studies
showed that increasing TMAO in blood can cause cardiovascular disease, kidney failure, and
diabeteg430] [20] [21]. We measured blood TMAO in all treatment groups before starting dosing,
after the end of dosing in each group and at end ofperienent. Our result showed that lower
dosing of carnitine 100 mg/kg/day didn't increase TMAO at any time point. On the other hand,

400 mg/kg/day dosing showed plasma TMAO increase at week two and four and it went back to
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normal level after six week$revious study ohealthy aged women showed that when they used
1.5g L-carnitine alone ot g L-carnitine +3g lewcine for 24 weeks, thEMAO level increasedh

plasmg31].

In conclusion, our study suggests that carnitine treatment, alone or in combination with
benznidazole, is safe in mice infected withcruzi Our results Isowed no negative effects on
mouse health or biomarkers for liver and kidney function. However, the treatments did not improve
fibrosis or cardiac dysfunction biomarkers in the heart. Measuring plasma BNP as originally
pl anned with an EitellSféurek metsuringa BNRP with mase spactrometry
would give us more accurate and reliable results. Plasma BNP could be a great biomarker for heart
health situations after carnitine dosing. Further investigation is necessary to determine the optimal
dosage and administration schedule for potential clinical use and to assess the potential risks and
benefits of carnitine supplementation, including its effects on TMAO levels and related health

outcomes in humans.

45 MATERIALS AND METHODS

To determine fi carnitine and benznidazole combinations are safe and effective in the
chronic stage of Chagas disease, we designed experiments with four cohorts of different mouse
andT. cruzistrains. We named these cohorts from 1 to 4 (TakleTable4.2).

In vitro parasites and cells:

Two differentT. cruzistrains (Sylvio X10/4, ATCC) and luciferasgpressing CL Brener

strain (CL+luc, gift from Dr. John Kelly, London School of Hygiene and Tropical Medicine) were
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used to infect four cohorts. Al. cruzistrains were caultured with C2C12 mouse myoblasts
(ATCC) in Dulbecco’s Modification of Eagl e’ s
bovine serum (FBS), 100 U/ ml penicillin and 1

In vivo experiment (Four cohorts):

5-weekold male Swiss Webster mice (cohortsadd 3), female Swiss Webster mice
(cohort 2), or male C3H/HeN mice (cohort 4) were purchased from Charles River. Mice were
infected with 500,000 cruzi trypomastigotes (Sylvio X10/4 strain) (cohort 1, 2 and 3), or 1,000
T. cruzitrypomastigotes (CL+lustrain) through intraperitoneal injection. Treatment started ten
weeks after infection. Dosing groups and duration are detailed in Tahlesd4.2 for each
cohort. Blood collection and fecal transit time tests were done at different time pointsrdsedesc

in Table4.2.

Mice were euthanized two weeks after carnitine treatnesmted (18 weeks post
infection). Plasma was collected and frozen-80°C. Hearts were perfused with PBS, length
measured, and weighed. Heart base sections were stored iateiNAF 24 hours at 4°C, and then
RNAlater was removed, and samples were store8GfIC. Colons were collected, and weight and
length were measured.

Benznidazole and carnitine dosing:

Benznidazole was administered at half (50 mg/kg) and full doseniy) in cohort 1
or at low (25 mg/kg) and full dose (100 mg/kg) in cohorts 2 to 4 per kg mouse weight for two or
four weeks. Vehicle for benznidazole was 20% solutol, and mice were dosed every day through

or al gavage (100 pL) .resBweekly((Tabidd 242).e was prepar
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The volume of drinking water consumed by the mice was measured before treatment
started, and carnitine drinking water solutions prepared so that mice would consume half doses
(50 mg/kg per day) in cohort 1 or at full orrstiard dose (100 mg/kg) per day in cohdrts 4)
or high doses (400 mg/kg per day) in cohorts 2 to 4 per kg mouse each day. Carnitine water
solutions were freshly prepared twice a week (Tdlle 4.2). Carnitine dosing for some of the

treatment groupshicohort lwasdone with intraperitoneal injection (i.p.) that mentioned in table

4.1.
Table4.1: Cohort 1 treatment groups
Benznidazole (BZAnd L-carnitine (LC)
Bz full dost Bz full dose | Bz full dose 4 Bz full dose A Bz half dosd Bz half dose 4 Bz half dose
Group |Uninfected| Vehicle only (oral) LC full dose| LC full dose| LC half dose| only (oral) LC full dose | LC full dose
y (oral) (i.p.) (oral) y (oral) i.p.)
Cohort 1 9 7 6 6 6 8 7 7 6
100 100 50 50 50
Bz dose 100 mg/kg 100 mg/kg mg/kg ma/kg mg/kg ma/kg ma/kg
BZ duratior 6 weeks 6 weeks 6 weeks 6 weeks 6 weeks 6 weeks 6 weeks
carnitine 100 100
dose mg/kg/day 100 mg/kg/day 50 mg/kg/dayf 100 mg/kg/day mo/kglday
garnl_tme 6 weeks 6weeks 6 weeks 6 weeks 6 weeks
uration
Table4.2: Cohorts 24 treatment groups
Benznidazole (BZ),-tarnitine (LC), andmmunosuppressed (IMS).
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Cohort2 | 10 | 8 | 8 8 8 7 8 8 8 8 8 8 - - -
Cohort3 |10 [ 8 | 9 8 9 8 8 8 - - 8 8 - - -
Cohort4 | 10 |12 |12 | 13 13 12 13 13 - - - - 7 10 9
ran? 100 | 100 | 25 25 25 25 25 100 | 100
Bzdose - * Q/]d mg/kg/img/kg/|mg/kg/imal/kg/ma/kglmgr/kg/\malkal| - - - |mg/kg/{mg/kg/
a?y day | day | day | day | day | day | day day | day
2
Bz duration wee 2 2 2 2 2 4 4 - - - 2 2
ks weeks|weeks|weeks|weeks|weeks|weeks|weeks weeks |weeks
Carnitine 100 | 400 100 | 400 400 | 400 | 100 400
d - - | - [ma/kg/ma/kg/| - |ma/kglmag/kg/ -  [mg/kg/[mg/kg/mgrkg - - mg/kg/
ose
day | day day | day day | day [/day day
. 6
Carnitne i 6 6 ) 6 6 i 6 6 weeks i i 6
duration weeks|weeks weeks|weeks weeks|weeks| ’ weeks
200
cycloplospl mg/ 200 | 200
ide [ - > - - - - - - - - - ka/d mg/kg/|mg/kg/
amide 99 dose | dose
ose
Table4.3: Sample collection from different cohorts
Cohorts Pretreatment BZ post treatment Carnitine Endpoint Blood collection
posttreatment method
1 Blood Blood Blood Blood Saphenous vein
2 Urine/Blood Urine/Blood Urine/Blood Urine/Blood Saphenous vein
3 Urine/Blood Urine/Blood Urine/Blood Urine/Blood Saphenous vein
4 Urine/Blood Urine/Blood Urine/Blood Blood Facialvain

Immunosuppression cohort:

For select experimental groups only, to confirm whether benznidazole treatment resulted
in sterile cure and whether carnittbenznidazole combinations interfered with the antiparasitic

activity of benznidazole, immunosuppression was performed. Spegificalll8 weeks post
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infection (two weeks after carnitine treatment end), three rounds of immunosuppressing
cyclophosphamide (CP) were administered through intraperitoneal injection (200 mg/kg/dose), at
4-day intervals (Tabld.2). Mice were euthanized fodays after the last CP dosing.

Parasite burden and cardiac BNP, fibronectin, and collagen transcript quantification:

ZYMO research QuicioNA/RNA Miniprep Plus Kit (ZD70203) was used to extract DNA
and RNA from the top half of the heart. Tissues wemadgenized by adding-Bm steel beads
and RNA/DNA shield for 6 min at 25 Hz using a Qiagen TissueLyser Il. Then, the homogenized
samples and proteinase K (15 pL) and PK digest
at 55°C at 2000 RPM for 2h. cDNkas made from extracted RNA (2

High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor.

Extracted heart DNA (180 ng) were used to measure the parasite burden by gqPCR (Roche
Lightcycler 96) using PowerUp SYBR Green masMix (Fisher). Primers for parasite
amplification were 5-ASTCGGCTGATCGTTTTCGA3' and 5'-
AATTCCTCCAAGCAGCGGATA3 [14]. Primers for normalization to mouse DNA wése
TCCCTCTCATCAGTTCTATGGCCCA3 and 5
CAGCAAGCATCTATGCACTTAGACCCG3 [32]. Delta Ct for each sample was calculated

with this equation: delta Ct = Ct (parasite g

Expression levels of BNP, collagen, and fibronectin were measured b GRTanalysis
on a Roche Lightcycler 96 with primerS-GACTTCAACAGCAACTCCCAG3 and 5-
TCCACCACCCTGTTGCTGTA3 (GAPDH), 5-TGCTCTTCTTGCATCTGGCTTT3 and5'-
GGTTGCGCTGCTCCTGTAAG3 for BNP [33]; 5-CCTGGTAAAGATGGTGCG3 and 5-

CACCAGGTTCACCTTTCGCACCGS for collagen; andb'-GCGGTTGTCTGACGCTGGCH
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and5-TGGGTTCAGCAGCCCCAGGT3 for fibronectin[34], as mentioned in McCall et al 2017

[35]. The gene fold changes related to BNP, collagen, and fibronectin were calculated using a
method based on the measurement of delta Ct values. Deltdef@imined by subtracting the Ct

value of the target gene from the Ct value of a reference gene. Delta delta Ct is then calculated by
subtracting the delta Ct value of the sample from the average delta Ct value of the uninfected
samplesTo obtain the gentld change, the equation used is gene fold change = 2”(delta delta
Ct).

Fecal transit time test:

At each time point, 6% carmine and 0.5% methyl cellulose in water was administered to
mi ce through or al [3§].aVicaweee kdptirDtiteir qriginal@wdges doy lehpur
and then moved to individual cages to monitor for the appearance of red stool, for a maximum of
3 hous.

Urea measurement:

Urea was measured by Urea Assay Kit (Sighal dr i ch) i n 2 pL of
times prior to measuring.

ALT (alanine aminotransferase):

ALT was measured by Alanine Aminotransferase Activity Assay kit (Sigilarich) in
10pL of pl asma.

Trimethylamine Noxide (TMAO) and carnitine measurements:

Plasma was diluted 1:4 with 100% HPig€ade methanol spiked with 0.5 uM
sulfachloropyridazine, then vortexed and centrifuged at 14,800 RPM for 15 minutes. The

supernatant was cotteed and dried using a speedvac. Dried extracts were stor80°&. For
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LC-MS/MS analysis, dried samples were resuspended in 150 pL Hpdde water spiked with
0.5 M sul fadi methoxi ne, sonicated for 5 min
Cxnitine, and TMAO standards (1 pM) were prep

(QC) were run every 12 samples.

LC-MS/MS (Thermo Scientific Vanquish UHPLC system and Q Exactive Plus MS) data
acquisition was performed parallel reaction monittng (PRM) mode.A Kinetexpolar C18 LC
column (Phenomenex,; 50 x 2.1 mm, 1.7 uM parti
column was kept at 49 during the run. Liquid chromatography was performed at 0.5 mL/min
flow rate for 12.5 min. LC gradients was as follows, with mobile phase A (water + 0.1% formic
acid) and mobile phase B (acetonitrile +0.1% formic acid):n0in = 5% B; 19 min = increaseot
100% B; 911 min= hold at 100% B; 111.5 = decrease to 5% B; and ¥1A5 = 5% B.Mass
spectrometry data acquisition parameters are in Table Sollected data were analyzed through
Skyline software(version 20.1.0.76) with parameters as in Table SJupyter notebook with R

(version 3.6.1) was used for statistical analysis and visualization.

Statistical analysis:

ShapireWilk normality tests were applied to check the normality of the data distribution.
Results demonstrated a deviation from nditjpaso nonparametric tests were applied. To
compare heart and colon weight and lengths between groups, KWakal tests with poshoc

Dunn’s test for comparisons between walleicl e v
based on number of syparisons using the FDR method) were appl&dvival curvesKaplan

Meier method) wergenerated in Prism, version 9.3.0.
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Chapter 5 17 Conclusion (Metabolic Profiling of Parasitic Diseases:

Unraveling Organ-Specific Perturbations Toward Drug Developmen)

This dissertation focuses on the application of untargeted metabolomics techniques
utilizing liquid chromatography mass spectrometryirtgestigate metabolic dysregulation in
specific organs affected by parasitic diseases. By uncovering metabolic perturbations, this research

aims to identify potential new biomarkers and treatments.

Chapter Two: "Impact of Visceral Leishmaniasis on Loc@rgan Metabolism in
Hamsters. For the first time, this research sheds light on the metabolic perturbations occurring in
the gut, spleen, and liver as colonization sites of leishmaniasis in hamsters. The study unravels
metabolic perturbationin all three ogans at various leveloverall metabolic perturbation
chemical families, and individual metabolites. Many of these altered metabolites exhibit organ
specific patterns while a select few are found to be perturbed across all three organs, providing
invaluable insights into orgaspecific responses and systemic changes during infe¢tienliver
emerges as the most affected orgaggesting a greater impact of the infection on ¢tihgan
compared to otherdzurther steps areeededto unravel the underlgg reasons behind these
metabolic changes anddeterminevhether these perturbations arise from the parasite or the host.
Additionally, there is potential in exploring strategies to target the metabolic pathways associated

with these alterations, whicloald pave the way for discovering new and promising treatments.

ChapterThree" S p antefalmlic perturbation in the liver, heart, quadriceps, and Gl tract
during acute and chronic toxoplasmdési$his research investigatedetabolc alteration by

toxoplasmosisn 11 organsandcomparedmetabolic changes between acute to chronic gtage
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the first timeto deeperthe understanding dbxoplasma pathogenesid/hile previous research
primarily focused orbrain, muscleand liver, this studyexpaned the knowledge related to
metabolites to Gl tract and its contents. The intensifyesfurbatiorwasthe highest in liver for
acutestageand inlarge intestindor chronicstage.The intensity of perturbationdinot correlate

with the parasite burdeim these organs, indicating that other factors, such as immune system
responses or other unknown variables, may play aaraléurther investigations required This

is a major finding that changes how we think about-pasasite interactions and theiifect on
metabolismFurthermore, the overall intensity of metabolite perturbation differs for each organ
during both acute and chronic stages, possibly due to the presence of specific perturbed metabolites
unique to each infectious stage and orgemother inerestingfinding is the identification of co
occurrences between perturbed metabolites and gut microbiota, which raises the possibility of
downstream metabolic pathway alterations in the Hdss studyoffered potential clues for the

developmat of more effective treatments.

Comparing thdwo untargetedmetabolomics analysis showedmesimilar results. For
instancepoth parasitic diseasehoweahe highesintensity ofmetabolicperturbatiorin the liver
by infection compared totherorgars when parasite is more activ&mino acids, purines, and
glycerophosphlipidare the chemical familidhatwereperturbed in all measured organs for both
parasitic disease#t individual metabolites level, kynurenineerturbed by infection in atirgans

in leishmanigisandsome organs in toxoplasmosis.

Both Chapter Two and Chapter Three provide candidate pathways for drug development.
In Chapter Four, we focus on the next stages of development of such a treatment, in the context of
Chagas disesz.Chapter Fouis entitled’ Safety and efficacy assessment of carnibeaznidazole

combination regimens for chronic stage Chagas disease tredtniémnt study was conducted to
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evaluatethe safety and efficacy of carnitine, a new compound found thraugargeted
metabolomics ima previous studyCarnitine was evaluategither alone or in combination with
benznidazole, on mice infected with cruziduring the chronic stage of Chagas dise&selr
different in vivo cohorts were designed using variousuge strains and. cruzi strains to
comprehensively assess the treatment's efficacy and Sdietgesul revealedo negative effects

of carnitineon antiparasiticeffect of benznidazoleno adverse effects on overall mouse health,
mortality, or thefunctioning of vital organs like the liver and kidneys addition, he findings
suggest that lower dosages of carnitine did not cause significant TMAO elefragjbaer TMAO
level increases cardiovascular rishile higher dosages exhibitad increase plasma TMAO
levels, which subsequently returned to norfilis suggests that lower doses would have a better
safety profile and should be privileged over high do$és. research emphasizes the safetgt
efficacy of carnitine treatment for Chagas eise Further investigation to determine the optimal

dosage and administration schedule for potealiaical applicationis necessary.

Overall, this last chapter provides prawfconcept of the translatability of the findings of
Chapters Two and Threato preclinical development anderves as a guiding framework for
these studies. Furthermore, this approach overall can be applied to other diseases beyond parasitic

diseases, with particular utilifpr other infectious diseases.
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Supplementary Material A

Supplementary Figures 2.12.3
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Figure S2.1 Effect of L. donovani infection on overall metabolism of host organs (gut,
liver, spleen) metabolites in negative mo(&) PCoA analysis of extractedetabolites from
infected and uninfected gut samples (R2 = 0.137lpe < 0.05). Each sphere represented one
sample. Red color represented infected samples and blue color, uninfected samples (B) PCoA
analysis of extracted metabolites from infected andfeated liver samples (R2 = 0.326yplue
< 0.01). (C) PCoA analysis of extracted metabolites from infected and infected spleen samples (R2
=0.270, pvalue < 0.01). (D) Venn diagram representing the number of perturbed metabolites by
infection at eachigan. Smaller font numbers show the number of perturbed metabolites that are
in common between two organs and have the same direction of change on response to infection
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Figure S22: Correlation between parasite load and feature abundance (riboflavin and
kynurenine) in liver and spleen(A) Correlation between riboflavin abundance and parasite load
in the liver. B) Correlation between kynurenine abundance and parasite load in #re (@)
Correlation between riboflavin abundance and parasite load in the spl&nCégrrelation
between kynurenine abundance and parasite load in the spleen
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Figure S2.3: Correlation between antibody responses (abéishmania IgG ELISA)
and feature abundance (riboflavin and kynurenine) in liver, spleen, and gét) Correlation
between riboflavin abundance and antibody responses in the IBerCgrrelation between
kynurenine abundance and antibody responses in the li@rCerrelation between riboflavin
abundance and antibody responses in the spl&@rC@rrelation between kynurenine abundance
and antibody responses in the sple&).Correlation between riboflavin almdance and antibody
responses in the gut=) Correlation between kynurenine abundance and antibody responses in
the gut

Supplementary Tables 2.12.6

Table 2.1. Metabolites perturbed by infection in the gut, liver, and spleen in positive
mode (random forest output).
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https://www.mdpi.com/article/10.3390/metab012090802/s1

Table S22: Metabolites perturbed by infection in the gut, liver, and spleen in negative
mode (random forest output)

https://www.mdpi.com/article/10.3390/metab012090802/s1

Table 2.3: Chemical families perturbed by infection in the spleen (PALS output).

https://www.mdpi.com/article/10.3390/metabo12090802/s1

Table S.4: Chemical families perturbed by infection in the liver (PALS output).

https://www.mdpcom/article/10.3390/metabo12090802/s1

Table 2.5: Chemical families perturbed by infection in the gut (PALS output)

https://www.mdpi.com/article/18390/metabo12090802/s1

Table 2.6: LC-MS instrumental method.

https://www.mdpi.com/article/10.3390/metab012090802/s1

Table 2.7: MZmine data analysis parameters; Table S8. GNPS parameters.

https://www.mdpi.com/article/10.3390/metab012090802/s1
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Supplementary Material B

Supplementary Figures 3.1
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Figure S3.1: Correlation between pseudb from pairwise PERMANOVA to parasite burden at
acute stage A) witloutlier. B) without outlier.
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Supplementary Tables3.1-3.4

Table $.1: Amino acids, peptides, purines and purine nucleosides change by infection in acute and chronic stages of
infection in different organs.Only metabolites with sigiicant changes between infected and uninfected were displayed on the table.

Significance was obtained by applying the Wilcoxon test at each infection stage for each erglale € 0.05 = *, pvalue < 0.01 =

**).
f(;hnfiwical Feature Compoundhame Analog:CompoundName diﬁ'\g?:rfce Increased abundance Organs

X156.076_0.29 Histidine Histidine 0.000198364 | WT15UNINF*** Liver
X156.076_0.29 Histidine Histidine 0.000198364 | WT15INF*&WT50INF** Quad
X147.076_0.34 Glutamine Glutamate 0.983597 WT15UNINF*** Liver
X367.149_1.1% tryptophan tryptophan 0.000396729 | WT15_UNINF** C_contents

> X188.07_3.47 | Abrine Abrine 0.000396729 | WT5CINF** LIcontents

g- X188.07_1.07 | Abrine Abrine 0.000488281 | WT15UNINF* Liver

g X175.118_0.2¢ Arginine Arginine 0.00109863 | WTS50INF** cecum

% X175.118 0.26 Arginine Arginine 0.00109863 | WT5GINF* Heart

% X175.118 0.26 Arginine Arginine 0.00109863 | WT15INF*&WTS50INF** LIcontents

3 X309.165_0.31 Fructoselysine Fructoselysine 0.00158691 | WT50_UNINF** C_contents

'(gD,_ X309.165_0.31 Fructoselysine Fructoselysine 0.00158691 | WTI15INF* Llcontents

§ X223.107_1.09 Gly-Phe Phenylalanine 15.0104 WT15UNINF* lleum
X261.144 _0.44 lle-Glu lle-Glu 0.0038147 WT15INF* Liver
X302.207_2.2 | lle-Glylle lle-Gly-lle 0.000610352 | WT50_UNINF** C_contents
X302.208_2.22 lle-Gly-lle lle-Gly-lle 0.00109863 | WT15UNINF* Duodenum
X302.207_2.2 | lle-Glylle lle-Glylle 0.000610352 | WT50INF** LIcontents
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X245.186_2.13 lle-Leu lle-Leu 0.000289917 | WT15UNINF** Duodenum
X245.186_2.13 lle-Leu lle-Leu 0.000289917 | WT15INF*&WT56GINF** Llcontents
X295.165_0.73 lle-Tyr LeuPhe 15.9951 WT50_UNINF** C_contents
X336.192_2.24 Leucine Enkephalin PheGly-Phe 33.984 WTSGINF** Licontents
X189.123 0.57 LeuGly LeuVal 42.0466 WT15UNINF** lleum
X189.123 0.57 LeuGly LeuVal 42.0466 WT15INF*&WT56INF** Llcontents
X279.17_2.21 | LeuPhe LeuPhe 0.000671387 | WT50_UNINF** C_contents
X279.17_2.21 | LeuPhe LeuPhe 0.000671387 | WT15INF*&WT56INF** Llcontents
X166.086_3.4 | Phenylalanine Phenylalanine 0 WT50UNINF* Jejunum
X166.086_0.54 Phenylalanine Phenylalanine 0.000198364 | WT15UNINF** Liver
X205.096_3.47 Tryptophan 6-FluoroDL:tryptophan 17.9911 WTS0INF** LIcontents
X205.097_1.07 Tryptophan 6-FluoroDL:tryptophan 17.991 WT15UNINF* Liver
X165.054_0.32 Tyrosine Tyrosine 0.00360107 | WT5GINF* cecum
X165.051_0.24 Tyrosine Tyrosine 0.000106812 | WT5GINF** Llcontents
X182.081_0.31 Tyrosine Tyrosine 0.000793457 | WTSINF** Llcontents
X182.081_0.31 Tyrosine Tyrosine 0.000793457 | WT15UNINF*** Liver
X165.054_0.32 Tyrosine Tyrosine 0.00360107 | WT50UNINF** Liver
X324.216_2.32 N-(-)-Jasmonoy(S}eucine N-(-)-Jasmonoy{S}eucine 0.000518799 | WT15UNINF** LIcontents
X189.159 0.2 Trimethyllysine Trimethyllysine 0.000305176 | WT15UNINF** Heart
X203.15_0.26 | Dimethylarginine Arginine 28.0272 WT15UNINF** Heart
X203.15_0.26 | Dimethylarginine Arginine 28.0272 WT15UNINF*** Liver
N,N-dimethylproline-proline N,N-dimethykproline-proline
X241.154 0.41 betaine betaine 0.000595093 | WT15INF* Duodenum
N,N-dimethykproline-proline N,N-dimethykproline-proline
X241.154_0.41 betaine betaine 0.000595093 | WT15_UNINF* L-intestine
N,N-dimethykproline-proline N,N-dimethykproline-proline
X241.154_0.41 betaine betaine 0.000595093 | WT15UNINF* Liver
N,N-dimethytproline-proline N,N-dimethylproline-proline
X241.154_0.41 betaine betaine 0.000595093 | WT50INF* Slcontents

109



X267.133_0.46 PheThr PhePhe 46.0214 WT15_ UNINF** C_contents
X267.133_0.44 PheThr PhePhe 46.0214 WTS5CBUNINF* Duodenum
X267.133_0.46 PheThr PhePhe 46.0214 WT15INF* LIcontents
X215.139_0.37 ProVval Prolle 14.016 WT50_UNINF** C_contents
X215.139_0.37 Pro-Val Prolle 14.016 WTSGINF** Licontents
X399.144 0.2 Adenosylmethionine Adenosylmethionine 0.000701904 | WT15UNINF** Heart
X399.144 0.25 Adenosylmethionine Adenosylmethionine 0.000701904 | WT15INF*** Jejunum
X399.144 0.2 Adenosylmethionine Adenosylmethionine 0.000701904 | WT15INF*** Liver
X182.081_3.27 Tyrosine Tyrosine 0.000106812 | WT50_UNINF** C_contents
X265.154 2.1 | VatPhe LeuPhe 14.0151 WT15UNINF* Duodenum
X298.096_1.47 Adenosine, 5Smethy}5'-thio- Adenosine, 5Smethy}5'-thio- 0.00650024 | WT15INF* Heart
X268.103_0.33 Adenosine Adenosine 0.000305176 | WTSINF* Heart

= X268.103_0.33 Adenosine Adenosine 0.000305176 | WT15INF** SIC

g. X268.103_0.33 Adenosine Adenosine 0.000305176 | WT15INF* Sl

98’_ X153.04_0.43 | Xanthine Urate 13.9804 WT15INF** C_contents

g X153.04_0.43 | Xanthine Urate 13.9804 WT15INF* SIC

§. X153.04_0.43 | Xanthine Urate 13.9804 WT15UNINF*** Heart

o

g X285.082_0.47 Xanthosine Guanosine 0.983795 WTSINF** SID

(%]

g X285.082_0.42 Xanthosine Guanosine 0.983795 WT50INF* Sli

@ WT15UNINF*&WT50
X285.082_0.42 Xanthosine Guanosine 0.983795 UNINF* Cecum
X285.082_0.42 Xanthosine Guanosine 0.983795 WT15UNINF* Heart
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Table3.2: LC-MS/MS instrumentalmethods

Instrumental methods

Use Lock Masses

Off

Exclusion list (3000 total)

The 2994 most abundam/z values from the blankand 6m/z values from our
standard chemical mixturer(/z 144.98, 235.21, 285.01, 311.08, 314.13, and 371.1

Chromatogram Peak Width |6 seconds

Method Duration 7.50 mn

Liquid chromatography parameters

Time (min) Flow %A (water + 0.1% Formi(%B (Acetonitrile + 0.1% Formic Acid
(mL/min)  |Acid)

0.00 0.500 98

1.00 0.500 98

2.50 0.500 98

4.50 0.500 98

5.50 0.500 98

7.50 0.500 98

7.50 Stop Run

MS parametergdd Settings)

Min. AGC Target 8.00E3
Intensity Threshold 1.5E5
IApex Trigger
Peptide Match preferred

Dynamic Exclusion

10.0seconds

Charge Exclusion

Exclude Isotope On

MS parametergdd-MS)

Isolation Window 1.0m/z

(N)CE/ Stepped NCE: 20, 40, 60
Fixed First Mass

Maximum IT 54 milliseconds
Resolution 17,500

IAGC Target 1E5

Top N 5

MS parametergFull MS)

IAGC Target 3E6

Resolution 70,000
Maximum IT 246 milliseconds
Scan Range 100 to 1500m/z
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Table 3.3: MZmine parameters (MZmine2 versi@35)

Mass Detection MS1 Noise Level 4.0E5
MS2 Noise Level 1.00E+03
Mass Detector Centroid
IADAP Chromatogram Builder Min group size in # of scans 5
Group intensity threshold 4.0E5
Min highest intensity 1.2E6

m/z tolerance

0.001m/z or 10 ppm

Chromatogram Deconvolution: LOCAChromatographic threshold 20
MINIMA algorithm
Search minimum in RT range (min) |.2
Minimum relative height 26
Minimum absolute height 1.6E6
Min ratio of peakop/edge 1.0
Peak duration range (min) 0.01-1.00
m/z Range for MS2 Scan Pairing (Dg0.01
RT Range for MS2 Scan Pairing (mir{0.1
Isotopic Peak Grouper Retention Time Tolerance (min) 0.1
m/z tolerance (ppm) 10
Monotonic Shape Yes
Maximum Charge 3
Representative isotope Lowestm/z
Join aligner m/z tolerance (ppm) 0.000%10
m/zto RT weight 1000010
Retention Time Tolerance (min) 0.32
Row filtering Retention Time 0.20-7 min
Remove previous peak list Disabled
Keep only peaks with MS2 scan Enabled
Minimum peaks in a row 5

Table 34: GNPS parameters

PCoA Distance Metric Cosine
Filter Precursor Window Filter
Filter Library Filter
SearchAnalogs Do Search
Minimum Peak Intensity 0.0

Aggregation Method For peak abundance per group Mean

Precursor lon Mass Tolerance 0.02 Da
Filter peaks in 50 Da window Filter
Score Threshold 0.7
Library Search Min Matchdeeaks 4
Fragment lon Mass Tolerance 0.02 Da
Maximum Analog Search Mass Difference 100 Da

112



Normalization Per file Row Sum Normalization (Per File Sum to 1,000,00)
Network TopK 10

Top results to report per query 1

Maximumshift between precursors 500 Da

Min Pairs Cos 0.7

Minimum Matched Fragment lon 4

Maximum connected component size (Beta) 100
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Supplementary Material C

Supplementary Tables4.1-4.2

Table S1.1: Mass spectrometry parameters for PRita acquisition

Use Lock Masses

Off

Exclusion list

six standard chemical mixturen(z 144.98,m/z 235.21,m/z 285.01,

m/z 311.08,m/z 314.13, andn/z 371.10)

Inclusion list

TMAO (n/z 76.076), kcarnitine (n/z 162.11),sulfachloropyridazine

(m/z 285.0213), sulfadimethoxinen{z 311.08

4)

Chromatogram Peak
\Width

6 seconds

Method Duration 12.50 min
Polarity Positive

MS parameters

Isolation Window 1.0m/z

(N)CE/ Stepped NCE: 20, 40, 60
Fixed FirsMass

Maximum IT 54 milliseconds
Resolution 17,500

AGC Target 2E5

Table S1.2: Skyline parameters

Prediction Settings

Precursor mass

Monoisotopic

Product ion mass

Monoisotopic

Filter Settings Precursor adducts [M+H]
Fragment adducts [M-]
lon types f.p.
IAuto select all matching transitions yes
Library Setting lon match tolerance 0.5m/z
Pick most intense ions if spectrum availabljyes
Product ions 3
Filtered iontype From filtered ion adducts
and types
Instrument Setting Minimumm/z 50
Maximumm/z 1500
Dynamic min produatn/z No
Method match tolerancen/z 0.055
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MS1 filtering Settings

Isotope peaks included

Count

Precursor mass analyzer

Orbitrap

Peaks

3

Resolving power

70,000 at 200n/z

Isotope labeling enrichment

Default

MS/MS filtering Settings

Acquisition method Targeted
Product mass analyzer Orbitrap
IsolationScheme None

Resolving power

17,500 at 200n/z

Retention time filtering

Use only scans within of MS/MS IDs

5 min
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