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Parasitic infections remain a significant public health challenge in many parts of the
world, especially in developing countries. Despite significant progress in their treatment,
these diseases often cause long-term illness, disability, and mortality. Parasites face various
challenges within the host, including oxidative and nitrosative stress generated by the host’s
immune response. Understanding how parasites respond to these challenges is crucial
to our comprehension of parasite-host interactions at both the cellular and molecular
levels. This Special Issue includes articles on various protozoan, helminth, and arthropod
parasites that highlight recent advances in our understanding of the role of oxidative stress,
nitrosative stress, and metabolic pathways in parasitic diseases. These papers cover critical
topics, such as the response and adaptation of parasites to oxidative stress induced by
drugs [1,2]; their localization in the host during their life cycle [3]; or by nutrition [4], plant-
based, and probiotic approaches to modulating parasites’ redox responses [5,6], as well as
redox talk between parasites and the host’s immune defense cells [7-9]. Additionally, this
Special Issue addresses nitric oxide resistance by discussing the role of glucose consumption
and GSH-mediated redox capability in the resistance of Leishmania to nitrosative stress [10].
These examples underscore the importance of understanding the mechanisms underlying
parasitic diseases, and lay the foundation for the development of innovative treatments
targeting parasites’ defense mechanisms against oxidative stress. I hope that this special
edition will serve as a valuable resource for researchers, students, and physicians studying
parasitic infections. Finally, I would like to express my gratitude to all the authors who
contributed to this Special Issue, and to the Antioxidants team for their assistance during
the review and editorial process.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Auranofin (AF), an antirheumatic agent, targets mammalian thioredoxin reductase (TrxR),
an important enzyme controlling redox homeostasis. AF is also highly effective against a diversity
of pathogenic bacteria and protozoan parasites. Here, we report on the resistance of the parasite
Entamoeba histolytica to 2 uM of AF that was acquired by gradual exposure of the parasite to an
increasing amount of the drug. AF-adapted E. histolytica trophozoites (AFAT) have impaired growth
and cytopathic activity, and are more sensitive to oxidative stress (OS), nitrosative stress (NS), and
metronidazole (MNZ) than wild type (WT) trophozoites. Integrated transcriptomics and redoxomics
analyses showed that many upregulated genes in AFAT, including genes encoding for dehydrogenase
and cytoskeletal proteins, have their product oxidized in wild type trophozoites exposed to AF (acute
AF trophozoites) but not in AFAT. We also showed that the level of reactive oxygen species (ROS)
and oxidized proteins (OXs) in AFAT is lower than that in acute AF trophozoites. Overexpression of
E. histolytica TrxR (EhTrxR) did not protect the parasite against AF, which suggests that EnTrxR is not
central to the mechanism of adaptation to AF.

Keywords: Entamoeba histolytica; auranofin; drug resistance; transcriptomics; redoxomics;

thioredoxin reductase

1. Introduction

The protozoan parasite Entamoeba histolytica is the etiologic agent of amoebiasis, a
significant hazard in countries with low socioeconomic status and poor sanitation. This
disease accounted for 55,500 deaths and 2.237 million disability-adjusted life years in
2010 [1]. The main symptoms of amoebiasis are inflammation of the large intestine and
liver abscesses. Infection occurs following the ingestion of food contaminated with cysts.
Trophozoites that emerge from the cysts migrate to the large intestine. Asymptomatic
colonization occurs in most cases (90% of all infections). Symptomatic infection is charac-
terized by bloody diarrhea. Metronidazole (MNZ) is the drug currently used for invasive
amoebiasis [2]. Inside the parasite, MNZ is reduced through the action of thioredoxin
reductase (TrxR) to a nitro radical anion or to a nitroimidazole. This nitro group reduces
O3, leading to the formation of cytotoxic reactive oxygen species (ROS) inside the para-
site. The nitroimidazole can also modify cysteine containing proteins such as thioredoxin
(Trx), leading to their inactivation [3]. There are numerous common side effects related
to MNZ, including dizziness, heartburn, stomach cramps, trouble sleeping, and weight
loss [4-6]. Treatment with MNZ is usually highly effective, but resistance to this drug has
been reported in various bacteria [7,8] and protozoan parasites [9-11]. To address these
drawbacks, new alternatives to MNZ have been initiated and AF has emerged as one of
the most potent anti-protozoan parasites drugs. Initially, AF was a gold-containing com-
pound developed in the 1970s for the treatment of rheumatoid arthritis [12]. Its mechanism
of action as an antiarthritic gold drug remained controversial but it is assumed that it
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works by inhibiting the activity of TrxR, a crucial enzyme involved in the maintenance of
the redox homeostasis in the cell [13]. AF is also a potent anticancer agent [14] and has
been found to be very efficient against a number of pathogens, including Mycobacterium
abscessus [15], Clostridium difficile [16,17], vancomycin-resistant enterococci [18,19], and
some additional multidrug resistant bacteria [20]. Auranofin is also very efficient against
parasites, including the trematode Schistosoma mansoni [21,22], and protozoan parasites,
including Trichomonas vaginalis [23], Giardia lamblia [24], and E. histolytica [25]. The mode of
action of AF in protozoan parasites is not completely understood although it is assumed
that TrxR is the main target of AF in E. histolytica [24,25]. In G. lamblia, this mechanism
of action has been challenged by the significant TrxR activity that occurs in trophozoites
exposed to high concentrations of auranofin [26]. Overexpression of TrxR in G. lamblia
has no effect on the sensitivity of this parasite to AF [26]. AF can also target E. histolytica
adenosine 5'-phosphosulfate kinase (EhAPSK), an essential enzyme in Entamoeba sul-
folipid metabolism [27]. We recently showed that AF induced the formation of more than
500 oxidized proteins (OXs) in E. histolytica, including some crucial enzymes for redox
homeostasis and cytoskeletal proteins, which are essential for E. histolytica’s cytoskeleton
dependent virulence [28]. Knowledge about resistance to AF in bacteria and in protozoa
is scarce. Recently, toxoplasma trophozoites resistant to AF (2 pM) were successfully
generated through chemical mutagenesis. The authors identified point mutations in genes
encoding redox-relevant proteins, such as superoxide dismutase and ribonucleotide reduc-
tase. However, recapitulation of these mutations in the parasite did not confer resistance to
AF, suggesting that the mechanism of resistance is complex [29]. In this work, we used a
multi-omics approach to characterize an E. histolytica strain that was made resistant to AF
(AFAT) by progressively adapting the parasite to 2 pM of AF. At this concentration, the
drug is lethal to non-adapted parasites [25,28].

2. Materials and Methods
2.1. E. histolytica Culture

E. histolytica trophozoites, the HM-1:IMSS strain (a kind gift of Prof. Samudrala
Gourinath, Jawaharlal Nehru University, New Delhi, India), were grown and harvested
according to a previously reported protocol [30].

2.2. Adaptation of E. histolytica Trophozoites to AF

The concentration of AF in E. histolytica trophozoite culture was progressively in-
creased from 0 to 2 uM over a period of one month.

2.3. Growth Rate of WT Trophozoites and AFAT

The growth rate of WT trophozoites or AFAT and their viability were measured
according to a previously reported protocol [31].

2.4. Viability of AFAT Exposed to HyO,, Paraquat, MNZ or GSNO

The viability of WT trophozoites and AFAT exposed to HyO, (2.5 mM for 30 min),
paraquat (2.5 mM for 24 h), MNZ (5 uM for 24 h), or GSNO (350 uM for 2 h) (Sigma-Aldrich,
Jerusalem, Israel) was determined by the eosin dye exclusion method [31].

2.5. Measurement of Cytopathic Activity

Cytopathic activity was assayed against HeLa cells (a kind gift from T. Kleinberger,
Faculty of Medicine, Technion) (using a previously described protocol [32].

2.6. RNA Extraction

Total RNA was extracted from control trophozoites (WT) and AFAT using a TRI
reagent kit, according to the manufacturer instructions (Sigma-Aldrich, Jerusalem, Israel).
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2.7. RNA Sequencing (RNAseq): Library Preparation and Data Generation

Six RNAseq libraries were produced according to the manufacturer’s protocol (NEB-
Next Ultrall Directional RNA Library Prep Kit, Illumina, NEB, MA, USA) using 800 ng of
total RNA. mRNA pull-up was performed using a Magnetic Isolation Module (NEB, MA,
USA). All libraries were mixed in a single tube with equal molarity. The RNAseq data was
generated on an Illumina Next5eq500, 75 single-end read, high output mode (Illumina). Qual-
ity control was assessed using Fastqc (v0.11.5); reads were trimmed for adapters, low quality
3/, and minimum length of 20 using CUTADAPT (v1.12). STAR aligner (v2.6.0a) was used to
align 83 bp single-end reads to an E. histolytica reference genome (Entamoeba_histolytica.JCVI-
ESG2-1.0.dna.toplevel.fa) and annotation file (Entamoeba_histolytica.JCVI-ESG2-1.0.46.gff3),
both downloaded from ENSEMBL (strain HM-1:IMSS, imported from the AmoebaDB
(https:/ /amoebadb.org/amoeba/app accessed on 28 July 2021)). The number of reads per
gene was counted using Htseq-count (v0.9.1) (parameters: -t CDS -i ID -m intersection-
nonempty -s reverse).

2.8. Descriptive Analysis
The statistical analysis was preformed using DESeq2 R package (version 1.20.0) [33].

2.9. Differential Expression Analysis

Results of the statistical analysis, i.e., the list of the differentially expressed genes
(DEGsS) (p-value adjusted (padj) < 0.01) are provided in the DESeq2_results_with_anno.xls
file (Table S1). Genes with a fold change >1.5 were taken into account for further bioinfor-
matics analysis. Gene symbol and gene name identification was achieved using Protein
ANalysis THrough Evolutionary Relationship (PANTHER) Classification System software
(http:/ /www.pantherdb.org/ accessed on 28 July 2021) [34].

2.10. Availability of Data

RNA-Seq data are available at the Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo accessed on 28 July 2021) under the accession number GSE178520.

2.11. Construction of HA-Tagged EhTrxR Trophozoites

For the construction of the pJST4-EhTrxR expression vector that was used to express
HA-tagged EhTrxR in the parasite, EnTrxR was amplified from E. histolytica’s genomic
DNA using the primers 5 EhTrxR_Kpnl (ggtaccatgagtaatattcatgatg) and 3’EhTrxR_BamHI
(ggatccatgagtttgaagec). The resulting PCR product was cloned into the pGEM-T Easy
vector system (Promega, WI, USA) and then digested with the restriction enzymes, Kpnl
and BamHI. The digested DNA insert was subcloned into the E. histolytica expression
vector pJST4, which was previously linearized with Kpnl and BamHI. The pJST4 expres-
sion vector contains a tandem affinity purification tag for use in protein purification and
identification [35]. This CHH tag contains the calmodulin binding protein, hemagglutinin
(HA), and histidine (His) residues, and its expression is driven by an actin promoter.

2.12. Immunodetection of (HA)-Tagged EhTrxR

E. histolytica control and HA-tagged EhTrxR trophozoite cytosolic proteins (40 ug)
were prepared according to a published method [36] and resolved on a 10% SDS-PAGE
in SDS-PAGE running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). The resultant
protein bands were visualized after staining with Ponceau-S (Sigma-Aldrich, USA). Next,
proteins were electrotransferred in protein transfer buffer (25 mM Tris, 192 mM glycine,
20% methanol, pH 8.3) to nitrocellulose membranes (Whatman, Protran BA83). The blots
were first blocked using 3% skim milk and then probed with 1:500 mouse monoclonal
HA antibody clone 12CAS5 (a kind gift from Prof. Ami Aronheim) for 16 h at 4 °C. After
incubation with the primary antibody, the blots were incubated with 1:5000 secondary
antibody for one hour at RT (Jackson ImmunoResearch, PA, USA), and then developed
using enhanced chemiluminescence (Bio RAD, Rishon Le Zion, Israel).
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2.13. Viability Assay

E. histolytica trophozoite controls and EhTrxR overexpressing trophozoites (2.5 x 10%)
were cultivated or not in the presence of 2 uM AF for 24 h. The cells were harvested
at 400x g for 5 min, stained with Propidium iodide (1 ug/mL), and analyzed by flow
cytometry. Flow cytometry was performed using Cyan ADP (Agilent Dako, CA, USA) and
data from 10,000 cells were collected for each condition.

2.14. Detection of ROS

WT trophozoites, AFAT, and WT trophozoites that were cultivated with AF (2 uM)
for 24 h (WT + AF acute) were incubated with 0.4 mM H2DCFDA for 15 min at 37 °C. The
trophozoites were washed twice with PBS, and the level of oxidation was analyzed by flow
cytometry. Flow cytometry was performed using Cyan ADP flow cytometer (Agilent Dako,
CA, USA) and data from 10,000 cells were collected for each condition.

2.15. Detection of OXs by RAC (OX-RAC)

The detection of OXs by OX-RAC was performed using a previously described pro-
tocol [31]. A protein was considered to be oxidized when its relative amount in the DTT-
treated lysates was at least two times greater than that in the untreated lysates (p < 0.05
according to the results of an unpaired t-test).

2.16. In-Gel Proteolysis and MS Analysis

In-gel proteolysis, MS, and data analysis were performed according to a previously
reported protocol [31,37].

2.17. Classification of OXs According to Their Protein Class

The OXs were classified according to their protein class using PANTHER Classification
System software (http://www.pantherdb.org/ accessed on 28 July 2021) [34].

2.18. Immunofluorescence Microscopy Analysis

The formation of F-actin in WT trophozoites, acute AF trophozoites, and AFAT was
determined as described previously [28].

3. Results
3.1. Generation of AFAT

Resistance to 2 uM of AF in the parasite T. gondi can be generated by exposure of
the parasite to the mutagenic compound N-Ethyl-N-nitrosourea [29]. To the best of our
knowledge, the development by natural selection of parasites resistant to AF has never
been attempted. To address this knowledge gap, we adapted E. histolytica trophozoites
to AF by progressively increasing the drug concentration over a period of one month to
2 uM. To check whether adaptation to AF has an effect on the growth of the parasite, we
compared the doubling time of AF-adapted trophozoites (AFAT) with that of wild type
(WT) trophozoites. We found that the doubling time of AFAT (13 £ 0.32 h) was significantly
higher than the doubling time of WT trophozoites (10.6 & 0.24 h).

3.2. Reponse of AFAT to OS, NS, and Cytopathic Activity

The response of AFAT to OS was tested by exposing them to H,O, (2.5 mM for 30 min)
or to paraquat (2.5 mM for 12 h). We observed that AFAT are significantly more sensitive
to HyO; or to paraquat than WT trophozoites (Figure 1A). We also examined the resistance
of AFAT to MNZ (5 uM for 24 h) and found that AFAT are significantly more sensitive to
MNZ than WT trophozoites (Figure 1A). The sensitivity of AFAT to nitrosative stress (NS)
was tested by exposing them to the NO donor S-nitrosoglutathion (GSNO) (350 uM for
2 h). We observed that AFAT are significantly more sensitive to NS than WT trophozoites
(Figure 1A). The ability of AFAT to destroy a monolayer of mammalian cells (cytopathic
activity) was also determined (Figure 1B). We observed that the cytopathic activity of AFAT
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is impaired compared to that of WT trophozoites. Overall, these results indicate that, for
E. histolytica trophozoites, adaptation to AF results in a loss of fitness.
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Figure 1. (A) Viability of AFAT exposed to HyO,, paraquat, MNZ, or GSNO. WT and AFAT were
exposed to 2.5 mM H,O; for 30 min, 2.5 mM paraquat (PRQ) and 5 uM metronidazole (MNZ) for
24 h, or 350 pM GSNO for 2 h. All experiments were undertaken at 37 °C. Data are expressed as
the mean =+ standard deviation of three independent experiments that were performed in triplicate.
The graph represents the ratio percentage of viable amoebas compared to WT. The viability of AFAT
exposed to HyO,, PRQ, MNZ, or GSNO was significantly different (* p < 0.05) from that of the WT
according to the results of an unpaired Student’s ¢ test. (B) Cytopathic activity of AFAT. Data are
displayed as the mean =+ standard deviation of four independent experiments that were performed
in triplicate. The cytopathic activity of AFAT was significantly different (* p < 0.05) from that of the
WT according to the results of an unpaired Student’s ¢ test.

3.3. Transcriptomics of AFAT

We used RNA sequencing (RNA-seq) to examine the mechanism of adaptation to AF.
Transcriptomics of WT trophozoites vs. AFAT was compared. Our comparisons revealed
that adaptation to AF has a strong effect on the E. histolytica transcriptome, with more than
500 upregulated and downregulated genes (Table S1).

3.4. Gene Categories Modulated in AFAT

The differentially regulated genes in AFAT vs. WT trophozoites were classified, ac-
cording to the protein class they encode, using PANTHER. The categories for functional
classification of genes upregulated in AFAT are shown in Figure 2A. The most abun-
dant classes are the gene-encoded protein-binding activity modulator (PC00095), such as
AIG1-type G domain-containing protein (EHI_176590); metabolite interconversion enzyme
(PC00262), such as Lecithin:cholesterol acyltransferase (EHI_065250); protein modifying
enzyme (PC00260), such as Leucine rich repeat protein phosphatase 2C domain containing
protein (EHI_178020); and cytoskeletal protein (PC00085), such as F-actin-capping protein
subunit beta (EHI_134490). Of the upregulated genes in AFAT, genes that encode for
actin or for actin-binding cytoskeletal proteins, such as actin (EHI_107290) or EHI_172960
(Actin-related protein 2/3 complex subunit 3); dehydrogenase (PC00092), such as NAD
(FAD)-dependent dehydrogenase (EHI_099700) or Aldehyde-alcohol dehydrogenase 2



Antioxidants 2021, 10, 1240

(EHI_024240); and guanyl-nucleotide exchange factor, such as Ras guanine nucleotide
exchange factor (EHI_023270) or Rho guanine nucleotide exchange factor (EHI_005910)
are significantly enriched according to the PANTHER statistical overrepresentation test
(Figure 2B).
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Figure 2. (A) PANTHER sequence classification of genes upregulated in AFAT; (B) PANTHER statis-
tical overrepresentation test of upregulated genes in AFAT; (C) PANTHER sequence classification of
genes downregulated in AFAT.

The categories for functional classification of genes downregulated in AFAT are shown
in Figure 2C. The most abundant class of gene encoded proteins are metabolite interconver-
sion enzyme (PC00262), such as alpha-amylase (EHI_152880); protein modifying enzyme
(PC00260), such as Gal/GalNAc lectin Igl2 (EHI_183000); and protein-binding activity
modulator (PC00095); such as guanylate binding protein (EHI_175080). Of the downregu-
lated genes in AFAT, no enrichment of a specific biological process was detected according
to the PANTHER statistical overrepresentation test.
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3.5. Redoxomics of AFAT

Using OX-RAC, we previously detected 583 OXs in acute AF trophozoites [28]. Here,
we also used OX-RAC to detect OXs in the lysate of AFAT (Figure 3A). We identified 96
OXs in AFAT (Table S2), which were classified using PANTHER. The most abundant OX
families belong to metabolite interconversion enzyme (PC00262), such as Purine nucleoside
phosphorylase (EHI_200080); protein modifying enzyme (PC00260), such as NEDD8-
activating enzyme E1 (EHI_098550); chaperone (PC00072), such as Peptidylprolyl isomerase
(EHI_044850); and Protein-binding activity modulator (PC00095), such as glucosidase 2
subunit beta (EHI_135420) (Figure 3B).
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Figure 3. Detection of oxidized proteins by resin-assisted capture (OX-RAC) analysis of AFAT.
(A) Silver staining of OXs. OXs in the AFAT lysates were subjected to RAC in the presence of
10 mM DTT (+DTT) or the absence of DTT (—DTT). (B) Protein ANalysis THrough Evolutionary
Relationships (PANTHER) sequence classification of the OXs identified in AFAT. (C) PANTHER
statistical overrepresentation test of the OXs identified in AFAT. (D) PANTHER sequence classification
of the 17 OXs common between trophozoites exposed to an acute AF treatment [28] and AFAT.
(E) Level of ROS in AFAT and acute AF trophozoites. WT trophozoites, AFAT, and WT trophozoites
that were cultivated with AF (2 uM) for 24 h (WT + AF acute) were incubated with 0.4 mM H2DCFDA
for 15 min at 37 °C. The trophozoites were washed twice with PBS, and the level of oxidation was
analyzed by flow cytometry. Flow cytometry was performed using Cyan ADP (Agilent Dako,
CA, USA) and data from 10,000 cells were collected for each condition. Data are expressed as the
mean + standard deviation of three independent experiments. The level of ROS in AFAT was
significantly different from that of the WT + AF acute trophozoites according to the results of an
unpaired Student’s t test (* p value < 0.05).
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Of the OXs in AFAT (Table S2), chaperone (PC00072), such as HSP16 (EHI_125830)
or Trx (EHI_110350), and metabolite interconversion enzyme (PC00262), such as Amino-
tran_5 domain-containing protein EhnifS (EHI_136380) or alpha-amylase EHI_152880, are
significantly enriched according to the PANTHER statistical overrepresentation test (Figure 3C).

Seventeen OXs are shared between acute AF trophozoites [28] and AFAT (Table S3).
These common OXs belong to chaperone (PC00072), metabolite interconversion enzyme
(PC00262), and protein modifying enzyme (PC00260) (Figure 3D).

3.6. Level of ROS in AFAT

The lower quantity of OXs in AFAT compared to the quantity of OXs in acute AF
trophozoites [28] suggests that AFAT are less exposed to ROS. Consequently, we measured
the level of ROS with dichloro-fluorescein (H,DCDEFC) in acute AF trophozoites and in
AFAT. We observed that the ROS level in AFAT is significantly lower than that in acute AF
trophozoites (Figure 3E).

3.7. Comparison between Transcriptomics and Redoxomics of AFAT

We found that only two genes upregulated in AFAT (Gal/GalNAc lectin Igl1 EHI_006980
and SNF7 family protein EHI_077530) have their product oxidized (Table S3). None of the
genes downregulated in AFAT have their product oxidized (Table S3).

3.8. Comparison between Transcriptomics of AFAT and Redoxomics of Acute AF Trophozoites

We found that 77 genes upregulated in AFAT have their product oxidized in acute AF
trophozoites [28] (Table S3). The most abundant OXs belong to metabolite interconversion
enzyme (PC00262), protein-binding activity modulator (PC00095), protein modifying
enzyme (PC00260), and cytoskeletal protein (PC00085) (Figure 4A). Of the upregulated
genes in AFAT that have their product oxidized in acute AF trophozoites, genes that
encode for dehydrogenase (PC00092), such as NAD(FAD)-dependent dehydrogenase
(EHI_099700); oxydoreductase (PC00176), such as Pyruvate:ferredoxin oxidoreductase
(EHI_051060); and metabolite interconversion enzymes (PC00262), such as isopentenyl
phosphate kinase (EHI_178490), are significantly enriched according to the PANTHER
statistical overrepresentation test (Figure 4B).
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Figure 4. Comparison between transcriptomics of AFAT and redoxomics of acute AF trophozoites. (A) PANTHER sequence

classification of genes upregulated in AFAT that have their product oxidized in acute AF trophozoites. (B) PANTHER

statistical overrepresentation test of upregulated genes in AFAT that have their product oxidized in acute AF trophozoites.

Eight genes that are downregulated in AFAT have their product oxidized in acute
AF trophozoites [28] (Table S3). These OXs are the uncharacterized proteins (EHI_008120,
EHI_065710, and EHI_110780), Asparagine—tRNA ligase (EHI_126920), Cytosolic Fe-S
cluster assembly factor NUBP1 (EHI_047750), ribonuclease (EHI_156310), and Flavodoxin-
like domain-containing protein (EHI_096710).

3.9. Formation of F-Actin in AFAT

We have previously shown that AF leads to the oxidation of cytoskeletal proteins and
inhibits the formation of actin filaments (F-actin) [28]. In contrast, cytoskeletal proteins
in AFAT are not significantly enriched among OXs according to the PANTHER statistical
overrepresentation test (Table S2). In order to confirm this observation, we looked at the
level of F-actin in WT trophozoites, acute AF trophozoites, and AFAT. As described previ-
ously [28], the F-actin signal in acute AF trophozoites was significantly less intense than
that in WT trophozoites. In contrast, the F-actin signal was identical in WT trophozoites
and AFAT (Figure 5A,B). These results confirm that the formation of F-actin is impaired in
acute AF trophozoites [28], but is not impaired in AFAT.

3.10. Overexpression of EnTrxR Does Not Protect E. histolytica Trophozoites against AF

Overexpression of TrxR in the parasite Giardia lamblia has no effect on its resistance
to AF [26]. In E. histolytica, Debnath et al. found that AF inhibits the amebic TrxR and its
reduction, leading to a higher sensitivity of trophozoites to ROS-mediated killing [39]. Our
observations regarding the level of TrxR expression, which was the same in WT tropho-
zoites and in AFAT (Table S1), and the fact that Trxs are enriched OXs in AFAT, strongly
suggest that E. histolytica TrxR is not central to the mechanism of adaptation of the para-
site to AF. To test this hypothesis, we overexpressed EhTrxR in E. histolytica trophozoites.
Overexpression of EhTrxR was confirmed by Western blotting and its level of expression in
E. histolytica was proportional to the amount of G418 used for selection (Figure 6A-C) [40].
Next, we determined the level of resistance to AF of HA-tagged EhTrxR trophozoites. We
observed that the level of resistance to AF of HA-tagged EhTrxR trophozoites did not
differ significantly from the level of resistance of the control trophozoites (trophozoites
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transfected with pEhExGFP (a kind gift from Dr. Tomoyoshi Nozaki [41])) (Figure 6D).
pEhExXGEFP allows the constitutive expression of the green fluorescent protein (GFP).
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Figure 5. Formation of F-actin in WT trophozoites, acute AF trophozoites, and AFAT. (A) Confocal laser scanning microscopy
of F-actin and total actin in WT trophozoites, acute AF trophozoites, and AFAT showed that F-actin was detected using
rhodamine-conjugated phalloidin. Total actin was detected using a primary actin antibody and a secondary Cy2-conjugated
immunoglobulin G (IgG) antibody. The nuclei (blue) were stained by 4’,6-diamidino-2-phenylindole (DAPI). (B) A computer-
assisted image was overlaid on the signal emitted by the actin antibody, phalloidin, and DAPI. Fluorescence quantification
was performed using Fiji software [38] on 10 trophozoites and the F-actin signal was normalized to the total actin signal. The
level of F-actin in WT was arbitrary defined as 1. Data are expressed as the mean =+ standard deviation of two independent
experiments. The level of F-actin in acute AF trophozoites was significantly different from that in WT and AFAT according
to the results of an unpaired Student’s f test (** p value < 0.01). No difference of F-actin level between WT and AFAT was
observed according to the results of an unpaired Student’s ¢ test (p value > 0.05).
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Figure 6. Western blot analysis of E. histolytica trophozoites that overexpress a hemagglutinin (HA)-tagged EhTrxR
and viability assay. Legend: Protein molecular weight marker (PM). Control trophozoites (lane 1). HA-tagged EhTrxR
trophozoites cultivated in the presence of an increasing concentration of G418 (lane 2: 6 ng/mL, lane 3: 30 ug/mL, lane 4: 48
ug/mL). (A) Ponceau staining of a nitrocellulose membrane containing cytosolic proteins (40 ug) separated by SDS PAGE
of control trophozoites and of HA-tagged EhTrxR trophozoites cultivated in the presence of an increasing concentration
of G418. (B) Immunodetection of (HA)-tagged EHTrxR with an HA monoclonal antibody (1:500) in HA-tagged EhTrxR
trophozoites cultivated in the presence of an increasing concentration of G418. (C) Relative quantification of the HA EhTrxR
signal following its normalization with the level of total protein in each well with Image] software. Normalized values for
control trophozoites were taken as 100%. These results are representative of two independent experiments. (D) Viability
assay. E. histolytica trophozoite controls and HA-tagged EhTrxR trophozoites were cultivated in the presence of 2 uM AF for
24 h. The cells were harvested at 400 x g for 5 min, stained with Propidium iodide, and analyzed by flow cytometry. Flow
cytometry was performed using Cyan ADP (Agilent Dako, CA, USA) and data from 10,000 cells were collected for each
condition. Data are expressed as the mean =+ standard deviation of three independent experiments that were performed
in triplicate. The viability of the control trophozoites was defined as 100%. The viability of control trophozoites was not
significantly different (ns) from that of the HA-tagged EhTrxR trophozoites according to the results of an unpaired Student’s
t test (p value < 0.05). The viability of control trophozoites was significantly different from that of the control trophozoites
exposed to AF according to the results of an unpaired Student’s t test (**** p value < 0.001). The viability of HA-tagged
EhTrxR trophozoites was significantly different from that of the HA-tagged EhTrxR trophozoites exposed to AF according
to the results of an unpaired Student’s ¢ test (**** p value < 0.001).

4. Discussion

In our previous work, we demonstrated that AF triggers OS inside E. histolytica tropho-
zoites, resulting in the oxidation of more than 500 proteins, including many redox enzymes
that are essential for controlling the intracellular levels of ROS in the parasite [28,42,43]. Here,
we characterized E. histolytica trophozoites that were adapted to 2 pM AF. Adaptation of E.
histolytica to AF leads to the upregulation and downregulation of hundreds of genes, which
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suggests that the mechanism of adaptation is complex. Drug resistance is often mediated
by a drug’s molecular target gene overexpression [44,45]. Consequently, we expected
that E. histolytica TrxR (EhTrxR), the assumed main target of AF [25], would be one of the
upregulated genes in AFAT. However, transcriptomics of AFAT indicates that this was not
the case. Indeed, the overexpression of EnTrxR did not confer to E. histolytica resistance to
AF. This information raises a question about why EhTrxR expression is not upregulated as
a simple mechanism to resist AF. One possible answer is that, as for Giardia lamblia, TrxR is
not the primary target of AF in E. histolytica [26]. This is supported by the absence of the
detection of EhTrxR among OXs in AFAT (this work) and acute AF trophozoites [28].

It is also possible that the fitness cost for E. histolytica to overexpress TrxR during
adaptation to AF resistance is too high. EhTrxR can generate HyO, from molecular oxygen,
leading to the formation of reactive species [46]. Therefore, it is possible that the production
of HyO, resulting from EhTrxR overexpression combined with OS triggered by AF [28]
during the adaptation process cannot be tolerated by the parasite.

In this work, we found that only two genes upregulated in AFAT have their products
oxidized in AFAT. In contrast, 77 genes upregulated in AFAT have their product oxidized
in acute AF trophozoites [28]. The upregulation of these 77 genes in AFAT may be essential
for the adaption of the parasite to AF by replacing their oxidized-inactivated products by
reduced-activated proteins. The relevance of this mechanism for some of these 77 genes is
discussed in the following.

Pyruvate:ferredoxin oxidoreductase (EHI_051060), NADP-dependent alcohol dehy-
drogenase (EHI_107210), and Fe-ADH domain-containing protein (EHI_198760), which
encode for proteins involved in redox regulation: These redox enzymes depend on cysteine
residues for their activity [47—49]. The oxidation of these cysteine residues impairs their
activity [47,50].

Genes that encode the protein-binding activity modulator, such as Ras guanine nucleotide
exchange factor (EHI_035800), Rho guanine nucleotide exchange factor (EHI_005910), or Ras
GTPase-activating protein (EHI_105250): These proteins have their product oxidized in
acute AF trophozoites [28]. G proteins are involved in vesicular trafficking and cytoskeleton
regulation [51]. Redox regulation of G-proteins have been well documented [52] and their
oxidation impairs E. histolytica’s motility [28].

Genes that encode protein-modifying enzymes such as protein kinase domain-containing
proteins (EHI_186820) (EHI_101280) and Protein kinase (EHI_188110), which are also
oxidized in acute AF trophozoites [28]: Protein kinases have been associated with the
virulence and phagocytic activity of E. histolytica [53]. The redox regulation of protein
kinases is well established [54], and it has been demonstrated that AF can directly inhibit
protein kinase C by interacting with thiol groups present in the catalytic site [55].

Genes that encode actin or actin-binding cytoskeletal proteins are upregulated in
AFAT and oxidized in acute AF trophozoites [28]: In our previous work, we showed that
AF induces the oxidation of E. histolytica cytoskeletal proteins and consequently inhibits
the formation of F-actin [28]. Consequently, it appears that the parasite upregulated
the expression of actin-binding cytoskeletal proteins as a mechanism to adapt to AF by
replacing oxidized cytoskeletal proteins that were formed during the process of adaptation
to AF. The low level of F-actin in acute AF trophozoites and the normal level of F-actin in
AFAT (this work) support this hypothesis.

The fact that E. histolytica can adapt to AF illustrates the remarkable ability of E. his-
tolytica to adapt to drugs [56,57] and environmental stresses [32,58]. The fitness cost paid
by the parasite to adapt to AF resembles collateral sensitivity, which occurs when the
acquisition of resistance to one antibiotic produces increased susceptibility to a second
antibiotic [59]. AFAT are more sensitive to OS, paraquat, MNZ, and GSNO than WT
trophozoites. Resistance to OS in E. histolytica involves the upregulation of 29 kDa perox-
iredoxin [60] and iron-containing peroxide dismutase expression, which is also involved
in the resistance to MNZ [10,61]. The level of expression of 29 kDa peroxiredoxin and
iron-containing peroxide dismutase is globally the same in WT and in AFAT, which sug-
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gests that the sensitivity of AFAT to OS and MNZ is not caused by a reduced level of these
redox enzymes’ expressions. As discussed above, many oxidized proteins in AFAT have
their level of expression upregulated. The fitness cost observed in AFAT may be due to
numerous factors, including the rerouting of protein synthesis toward oxidized proteins, or
substrate wasting that results from target overexpression [62]. In hydroxamic acid analog
pan-histone deacetylase inhibitor-resistant leukemia cells, overexpression of the target
protein heat shock protein 90 (HSP90) revealed collateral sensitivity to the HSP90 inhibitor
17-N-allylamino-17-demethoxygeldanamycin [63].

5. Conclusions

We showed that E. histolytica trophozoites can be easily selected to resist toxic concen-
trations of AF in vitro. Adaptation to AF reduces the fitness of E. histolytica, as seen in a
decreased growth rate and virulence, and a sensitivity to OS, NS, and MNZ. Overexpres-
sion of genes whose products are sensitive to AF-mediated oxidation may represent an
important step in the adaptation process to AF, and EhTrxR does not appear to be central
to this process.

AF is FDA approved for the treatment of rheumatoid arthritis but has not been yet
used as an antimicrobial drug in the field. The ability of E. histolytica to adapt to amebicidal
concentrations of AF raises concerns about the future use of this drug as an antiamebic
compound. Our omics data provide the basis for the development of strategies to limit
the emergence of resistance against AF. One possible strategy suggested by our data is to
promote dual antibiotic therapy (AF + MNZ) vs. single AF therapy, because adaptation to
AF leads to more MNZ sensitivity in E. histolytica.
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.3390/antiox10081240/5s1. Table S1: transcriptomics of WT trophozoites vs. AFAT. Table S2: legend of
Table S1. Table S3: comparative analysis of OXs in AFAT vs. OXs in acute AF; OXs in AFAT vs. gene
products upregulated in AFAT and OXs in acute AF vs. gene products upregulated or downregulated
in AFAT.
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Abstract: Several measures are in place to combat the worldwide spread of malaria, especially in
regions of high endemicity. In part, most common antimalarials, such as quinolines and artemisinin
and its derivatives, deploy an ROS-mediated approach to kill malaria parasites. Although some
antimalarials may share similar targets and mechanisms of action, varying levels of reactive oxygen
species (ROS) generation may account for their varying pharmacological activities. Regardless of the
numerous approaches employed currently and in development to treat malaria, concerningly, there
has been increasing development of resistance by Plasmodium falciparum, which can be connected
to the ability of the parasites to manage the oxidative stress from ROS produced under steady or
treatment states. ROS generation has remained the mainstay in enforcing the antiparasitic activity
of most conventional antimalarials. However, a combination of conventional drugs with ROS-
generating ability and newer drugs that exploit vital metabolic pathways, such antioxidant machinery,
could be the way forward in effective malaria control.

Keywords: ROS; antimalarials; Plasmodium falciparum; malaria and oxidative stress

1. Introduction

Malaria is a vector-transmitted parasite disease that continues to plague mankind. It
is caused in humans by five main species of Plasmodium. The World Health Organization
estimated a global prevalence of 229 million cases in 2019, with Sub-Saharan Africa taking
the top spot, with more than 90% of the global burden and most of the deaths being due to
the parasite Plasmodium falciparum. Plasmodium vivax is also a notable species and, although
it is less deadly; it still has a very significant economic impact [1]. The physiopathology of
P. falciparum and P. vivax malaria relies to a large extent on the oxidative stress generated
by the parasites during their erythrocytic cycle [2—4].

It is worrisome to note that the control of malaria has stalled since 2014 [1,5], which
calls for a doubling of efforts by all stakeholders. Several recommendations have been made
with regard to malaria control. These recommendations range from the use of insecticide
spray and sleeping under insecticide-treated nets to the use of chemotherapeutic agents.

Regardless of these numerous interventions, the seeming lack of progress may be
attributed to many factors, which may include, but are not limited to, poverty, poor sanita-
tion, and inadequate or nonoperational health policies [6,7]. Moreover, overuse, inadequate
or incomplete treatment regimens, and counterfeit drugs, which lead to drug failures and
the development of resistance by both mosquitoes and malaria parasites to insecticides
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and antimalarials, respectively, are also responsible for this scenario [1,8,9]. Chloroquine
and most antiplasmodial drugs have lost their usefulness in malaria control due to parasite
resistance development [10,11], and it is worrisome to note that the continued relevance of
the current gold-standard drug artemisinin and its derivatives is threatened by resistance
development, which was first reported in 2008 [12,13]. Resistance of the parasite to anti-
malarials could be a result of its ability to develop diverse mechanisms to evade death,
which can be preventive, reductive, or reparative.

As for any cell, the maintenance of redox homeostasis is vital for parasites. The
overall level of ROS in a biological system is determined by its level of production and/or
elimination by the antioxidant machinery of the cells [14]. The ROS generated are very
reactive and oxidize any biomolecules around their site of production [15], leading to
intense cellular damage.

Since the majority of conventional antimalarials kill parasites via direct or indirect
overproduction of reactive oxygen species (ROS) [16], the present article seeks to review
the generation and modulation of ROS in steady state and during treatment with different
antimalarials, especially artemisinin and its derivatives in relation to P. falciparum resistance
to these drugs. An in silico comparison of the enzymes of the P. falciparum redox system
with the P. vivax proteins has shown a certain level of homology between these two parasite
species [17]. However, as the in vitro culture of P. vivax has not yet been mastered, the
redox system of Plasmodium has almost exclusively been studied in P. falciparum.

2. Defining ROS in Living Cells

ROS are defined as oxygen-containing reactive species. This term includes superox-
ide radicals (O,° ™), hydrogen peroxide (H,O,), hydroxyl radicals (*OH), singlet oxygen
(10,), peroxyl radicals (LOO®), alkoxyl radicals (LO*®), lipid hydroperoxide (LOOH), and
peroxynitrite (ONOO™), among others [15]. Their generation can first occur as a result of
the partial reduction of oxygen, as described in Figure 1. Among the ROS, some species
are radicals, i.e., have unpaired electrons in their outer orbit—for example, superoxide
and hydroxyl radicals. The different forms of ROS have varying levels of reactivity de-
pending on their oxidation potential, with H,O, being the least reactive and "OH being the
most reactive.

One-electronreduction flow

Molecular oxygen  Superoxide Hydrogen Hydrjoxyl Water
Energy ground state anion radical peroxide radical
,6:5, :-c;:'c;.- :6:": | -5=H H:.C.):H
Unpaired Unpaired Unpaired
electrons electron electron

ha

|H=a 0.

Perhydroxyl
radical

HO;

ROS

Figure 1. Molecular oxygen to ROS. Superoxide radicals are the primary ROS but have poor reactivity.
Hydrogen peroxide is the least reactive ROS. At the end of the reduction flow, hydroxyl radicals are
the most reactive [14].
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3. The Biochemical Impacts of ROS in Living Cells: Is There Any Peculiarity in Malaria?

ROS generated at low concentrations under physiological conditions are often ben-
eficial, playing important roles as regulatory mediators in signaling processes [15,18].
Nevertheless, at high concentrations, they become deleterious for the cells. The toxicity
of free radicals stems from their unstable nature and predisposition to donate or abstract
electrons from nearby molecules, triggering a chain reaction that can be terminated by
another molecule with unpaired electrons. Lipids, proteins, and nucleic acids are attacked
and damaged by ROS, which affects the survival of living organisms [14,15] (Figure 2).

Lipid
peroxidation

Protein
Damage

Cell
death

Cell
Signalling

Heme
Alkylation

Nucleic acid
damage

Figure 2. Biochemical impacts of ROS depending on their concentrations.

This overproduction of ROS can be endogenous due to the dysregulation associ-
ated with pathological processes such as aging, inflammation [19,20], or cardiovascular
diseases [21] and can also be exogenous with the administration of xenobiotics such as
antimalarials [22].

3.1. Cell Signaling

ROS play important physiological roles, such as in the induction of apoptosis and
suppression of some genes’ expression, at low concentrations [18]. Studies have reported
the production of ROS by specialized plasma membrane oxidases and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases in normal physiological signaling by growth
factors and cytokines [23]. For example, NADPH oxidase activity plays defensive roles
in phagocytic cells [18]. The small size and ability of ROS (such as HyO;) to traverse
membranes make them suitable for cell signaling; however, this role is not yet fully
understood in Plasmodium [24].

3.2. Lipid Peroxidation

Lipids are prone to attacks from reactive species, resulting in their oxidation and
the formation of lipid peroxides [25] (Figure 3). This leads to cellular dysfunction, es-
pecially as lipids are major components of cell membranes. In Plasmodium, artemisinin
and its derivatives accumulate in neutral lipid bodies, especially in the digestive vac-
uole, where they can trigger oxidative damage after their heme—iron activation [26], via a
lipid peroxidation process that, once initiated, is propagated by autocatalysis to free fatty
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COCH
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Poly-unsaturated fatty acid

acids [26]. This oxidative damage leads to a loss of Plasmodium membrane integrity and,
consequently, parasite death. Moreover, tetraoxanes oxidatively damage phospholipids
more than artemisinin [27], which may account for the differential antimalarial effect of

these endoperoxides.
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Figure 3. Lipid peroxidation. Lipid peroxidation occurs in three phases: initiation (A), propagation (B), and termination (C).

Malondialdehyde (MDA) is a biomarker of lipid peroxidation in living cells. Among lipids, polyunsaturated fatty acids
(PUFAs) are the most vulnerable to lipid peroxidation. COOH = carboxyl group, OOH = hydroperoxyl.

3.3. Protein Damage

Proteins are vulnerable to oxidation by ROS, a phenomenon generally referred to
as protein carbonylation. Protein carbonyls are reactive aldehydes and ketone adducts
formed through the x-amidation pathway, the formation of protein—protein cross-linked
derivatives, the oxidative cleavage of glutamyl residues, and cell membrane damage by
lipid oxidation products [28]. Protein carbonyls have been used as biomarkers of oxidative
stress due to their relative stability and early formation [29]. ROS generate cytotoxic protein
carbonyls in two main and irreversible ways:

(i) by a metal-catalyzed oxidative (MCO) attack targeting the amino acid moiety of
arginine, lysine, threonine, and proline (Figure 4);

(ii) by secondary reactions on lysine, cysteine, and histidine with reactive carbonyl
derivatives, resulting, among other things, from lipid peroxidation.

These post-translational modifications due to the oxidization of amino acid side
chains, which results in aldehyde, ketone, and lactam formation, can also lead to damage
to proteins [30,31].

The endoperoxides alkylate numerous vital proteins, including enzymes in the par-
asite, particularly the cysteine residue of cysteine proteases, which play a vast role in
P. falciparum, ranging from hemoglobin (Hb) uptake and digestion to aiding red blood cell
rupture [8,32,33]. Therefore, their alteration, leading to the inhibition of their enzymatic
properties, can cause severe setbacks for parasite survival, considering the huge depen-
dence of the parasite on Hb digestion products. Endoperoxides also disrupt the activities
of sarcoplasmic—endoplasmic reticulum Ca®*-ATPase- (SERCA-) type protein, encoded
by the pfatpase6 gene, presumably from the ROS that they generate [34]. More recently,
approximately 124 proteins were identified as covalent binding targets of artemisinins [35].
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Figure 4. Typical carbonylation of proteins based on a metal-catalyzed oxidation (MCO) attack involving a transition metal
(Fe?*) for hydroxyl radical generation.

3.4. Nucleic Acid Damage

The molecular integrity of DNA and other genetic material is necessary for the con-
tinued existence and survival of all living organisms, including Plasmodium. ROS cause
structural damage to DNA by attacking mainly one of its bases, guanine, due to its lower
oxidation potential [36,37] (Figure 5). Reports have revealed that artesunate can cause
double-stranded breaks of plasmodial DNA in less than one hour and that it is linked to an
increase in ROS generation [38].

hydroxyl
radical NH
0 0 C8-OH ’

adduct , NH2 8-oxoGua
NH \‘ N OH -e
AN N H + e” H
NH, N N
\ Y NH \
Guanine | CHO
NN
NH; N N\"'
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Figure 5. DNA base damage by ROS at the purine base guanine. The C8-OH adduct 7-hydro8-oxo-2’-deoxyguanosine
is used as a marker of oxidative stress. A similar reaction occurs with adenine (8-oxoAde and Fapy-Ade). FapyGua:
formamidopyrimidine, 8-oxoGua: 8-oxoguanine [36,39].

Disruption of the conformation of biomolecules by artemisinins (endoperoxides) or
other ROS-generating antimalarials kills parasites. Although they have a similar activation
process generating carbon- and oxygen-centered radicals, the efficacy of endoperoxides
varies, which can be explained, in part, by their different pharmacological properties,
notably the stage of the parasite erythrocyte cycle, the nature of their target, and their
location in the parasite, i.e., trioxolanes vs. artemisinin and its derivatives [26,40].
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4. Sources and Management of ROS in Plasmodium-Infected Erythrocytes under
Steady State

ROS arise from both the metabolism of the parasite and the host defense system [41]. In
erythrocytic parasites, there are two important sources of ROS: the mitochondrial electron
transport chain and the degradation of hemoglobin [24,42]. The involvement of the antioxi-
dant machinery and the elimination of heme produced during the digestion of hemoglobin
are the two strategies by which the parasite maintains its redox homeostasis (Table 1).

Table 1. Plasmodial heme elimination and antioxidant machinery.

Agent Site of Production Role in Oxidative Homeostasis

HRP FvV Binding with heme for polymerization

HDP FV Heme polymerization to hemozoin

H,O, Cytosol and FV Degrades heme

SOD Cytosol, Mitochondria Dismutation of O,°~

Prx Cytosol, Mitochondria, Apicoplast Reduction of HyO, to H,O

Trx Cytosol, Mitochondria Reduction of Prx

GSH Cytosol Degradation of heme, reduction of proteins and ROS
Vit B6 Cytosol Role unclear

H,0O5: hydrogen peroxide, HRP: histidine-rich protein, HDP: heme detoxification protein, SOD: superoxide dismutase, Trx: thioredoxin,
Prx: peroxiredoxin, GSH: reduced glutathione, Vit B6: vitamin B6, FV: food vacuole [43-50].

4.1. ROS Production from Mitochondrial Electron Transport Chain

The mitochondrion constitutes a very important source of free radicals in aerobic
organisms. Approximately 1-3% of electrons escape from the electron transport chain
directly to react with molecular oxygen, leading to the formation of superoxide radicals
(O2°7) [15]. This is all the more important as the mitochondrion of the parasite responsible
for malaria has cytochromes with heme as a cofactor in the electron transport chain [51].
Although there is a paucity of data on the involvement of the parasitic mitochondrion
in ROS generation, the complexity and diversity of its antioxidant system is a very good
pointer, especially the report of the expression of cytosolic PfSOD-1 and mitochondrial
PfSOD-2 throughout the blood stages of the parasite [52]. Superoxide dismutases (SODs)
quickly dismutate the formed superoxide radical (O,°~) to hydrogen peroxide (H,O5),
which can be reduced to water by the peroxiredoxin 2-Cys Prx (TPx-2) [53,54].

4.2. ROS Production from Hemoglobin Digestion

During the blood stage, parasites take up and break down approximately 75% of the
hemoglobin (Hb) of red blood cells to obtain essential amino acids for their development
and replication, releasing free heme as residual toxic waste [44,55]. This free heme contains
reactive ferrous iron (Fe?*) that can readily reoxidize by transferring electrons to oxygen to
form superoxide radicals (O,° ") [16] and then hydrogen peroxide, finally leading to the
production of the highly deleterious hydroxyl radical (*OH) through the Fenton reaction
involving a new molecule of heme (Fe?*) (Figure 6) [3].

Because of the important role that heme plays in ROS generation, immediately after its
production, a detoxification process takes place where approximately 95% of the produced
heme (Fe?*) is polymerized into hemozoin, a nontoxic crystal [46]. This reaction involves
the heme detoxification protein (HDP), whose action is aided by histidine-rich protein-2
(HRP2) (Figure 7) [48,56]. HRP2 is said to have a very high affinity for heme [57,58], and
elevated HRP2 reduces the vulnerability of the parasite. Kapishnikov et al. showed that
mature parasites have approximately 70% of the total iron from red blood cells in the
hemozoin crystals and therefore suggested a coupling of the rate of Hb digestion to that of
heme polymerization [59].

Although Plasmodium lacks the heme oxygenase enzyme, which is deployed by most
organisms to degrade heme [60], it has a system in place that mimics the heme oxyge-
nase [44]. During the digestion of hemoglobin, H,O; is also generated in the food vacuole
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as a result of the immediate conversion of oxyhemoglobin to methemoglobin due to heme
reduction at the prevailing pH of 5.2 [61,62]. The heme is peroxidatively degraded by the
reaction with HyOy, leading to the formation of a ferryl intermediate (Fe(IV)=0) [44].

OH — OH

0 0
OH N\ OH
e\ Fogl 0 H*
. - \_sop(Fe) /50D(Mn)
o, 0, N +»H,0, OH = AW »H,0

Summed up as

Fe3*+0,” ___, Fe?*+0,
Fe?*+H,0, —— Fe3*+'OH +OH" (Fenton reaction)

Oxydo-reduction
net balance:

0,"+ H,0, cﬁ? 0,+ 'OH + OH™ ([ Haber-Weiss reaction)

Figure 6. Heme Fe?* reaction with 0,°7 leading to ROS production, especially the most deleterious
one, the hydroxyl radical *OH [3,63].
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Figure 7. Hemoglobin digestion and hemozoin production in Plasmodium-infected red blood cells. HDP, heme detoxification
protein [59,64].
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Plasmodium uses a family of hemoglobinases to degrade hemoglobin into amino
acids. Plasmodium also requires heme from the host to synthesize proteins such as the heme-
dependent cytochromes in the mitochondrial electron transport chain [51], although genetic
studies have revealed that the parasites encode and express all the enzymes for heme
production [60]. Moreover, the digestion of hemoglobin ensures that the infected red blood
cells are osmotically stable throughout the intraerythrocytic stages of the parasite [65]. The
digestion of hemoglobin is therefore essential for Plasmodium during its intraerythrocytic
cycle. In addition to the formation of hemozoin, there are other antioxidant defense
mechanisms (discussed below) that can address the toxic effect of resting unpolymerized
heme. The significant role played by hemoglobin in oxygen transport makes red blood
cells and their vicinity highly vulnerable to ROS formation [66].

Box 1. The role of nitric oxide in potentiation of reactive species [15,67,68].

Potentiation of reactive species: Nitric oxide in view

Nitric oxide (*NO), which is also considered a ROS, is produced by macrophages against Plasmodium.
The free radical nitric oxide reacts with the primary radical, O,°~, to give peroxynitrite, a more
lethal reactive species, which can also damage biomolecules such as proteins and DNA. It remains
to be seen if *NO, produced by human phagocytes, diffuses into the parasitic cytosol. However,
*NO production has also been reported in the parasite by an isoform of nitric oxide synthase (NOS),
which is calcium-independent and whose inhibition affects the growth of P. falciparum. The *NO
production is higher in the trophozoite than in the ring stage. Although *NO may not be very
deleterious, its reaction with H,O, to form peroxynitrite will potentiate their radicality

4.3. Management of ROS by Plasmodium under Steady State: The Antioxidant Machinery

To match the multiplicity of the sources of ROS, including nitric oxide (Box 1), from
both the host and the parasites themselves, malaria parasites have several antioxidant ma-
chineries in addition to heme elimination processes, which may be additive or synergistic
in ensuring their survival in red blood cells. Plasmodium species express antioxidant pro-
teins/enzymes such as superoxide dismutases (SODs), glutathione/glutathione-dependent
proteins, thioredoxin/thioredoxin-dependent proteins and thioredoxin reductase, and
peroxiredoxins [53,69-71].

- The SODs act fundamentally to enable the spontaneous dismutation of Op°~ to HyO»,
which can then be reduced by other enzymes to water, preventing its reaction with iron
(Fe?*) to form highly toxic *OH. Plasmodium expresses two forms of SOD: cytosolic
PfSOD-1 (Fe-SOD) and mitochondrial PfSOD-2 (Mn-SOD). The uptake of SOD from
the host may also be complementary [52,72].

- Glutathione, a tripeptide composed of cysteine, glycine, and glutamate, plays a vital
role in the defense system of malaria parasites. Although the level of heme that
escapes polymerization is only 5%, it can still mount oxidative stress, which can
be eliminated by GSH-dependent mechanisms [45,46,73]. GSH is generated by the
reduction of GSSG by glutathione reductase, which can be amplified by other proteins
with thiol groups, such as thioredoxin (Trx) [74] (Figure 8). This could be further
boosted by the de novo synthesis of GSH, a predominant pathway under oxidative
stress [75,76]. Suggestions of possible uptake from the host were rebuffed by the
findings of Patzewitz et al., who demonstrated that GSH uptake from the host is
not statistically significant [77]. In addition to the nonenzymatic degradation of
heme by GSH to generate nonheme iron, Plasmodium also possesses a thiol enzyme,
glutathione-S-transferase (GST), which binds and sequesters heme (FeZ*) [78]. To affect
its detoxification roles, GSH also serves as a cofactor for GSH-dependent enzymes
such as GST, which helps in the reduction of H,O, and glutathione-peroxidase-like
proteins. Overall, GSH acts as a redox buffer to provide redox homeostasis [79]. This
is essential in preventing the escalation of ROS generation, which is often aided by
the redox cycling of transition metals such as iron.
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Thioredoxins (Trxs) are disulfide oxidoreductases, expressed in all organisms, that inter-
act with a myriad of proteins through their cysteine moiety to donate electrons [80,81].
Trxs keep biomolecules in their reduced and active conformations, consequently pro-
moting parasite survival under oxidative stress. The regeneration of reduced thiore-
doxin is achieved through the action of thioredoxin reductase (a FAD-dependent
enzyme) using NADPH [82]. Three isoforms of Trx have been characterized: a cytoso-
lic isoform, Trx1, and two isoforms in the apicoplast, Trx2 and Trx3 [50].

Plasmodium lacks catalase and glutathione peroxidase and therefore will likely depend
greatly on peroxiredoxins (Prx) to reduce HyO; generated by SOD [52,53]. P. falciparum
expresses five different isoforms of Prx that are strategically localized in the cytosol,
mitochondria, and perhaps the apicoplast. These are 1-Cys Prx, two typical 2-Cys
Prxs (Prx1 and Prx2), a 1-Cys antioxidant protein (AOP), and a GSH peroxidase-like
thioredoxin peroxidase (TPxg;) [50]. It is known that 1-CysPrx and Prx1 are localized
in the cytosol, while Prx2 is localized in the mitochondria. The localizations of AOP
and TPxc are not yet fully understood. Prx1, one of the most abundant peroxidases,
is constitutively expressed across all blood parasitic stages and has a very high affinity
for HyO,, hence being judged to serve a housekeeping role [53,83,84]. Prxs are kept
in reduced form through reduction by thioredoxin-dependent systems, comprising
three Trxs and Trx-like proteins (TLPs), Tlp1 and Tlp2, which have been identified
genomically in the parasite [50]. The parasite, in addition to the expressed Trxs, has
approximately 50% of its thioredoxin peroxidase activity depending on the imported
human Prx-2 (hPrx-2) [85]. Moreover, it has been demonstrated that H,O, can diffuse
into the host and be handled by the host’s catalase enzyme [86]. The import of human
antioxidant machinery may be applicable to other antioxidants, although it has not
been fully verified.

NADPH is involved in maintaining vital antioxidant enzymes, such as glutathione
and thioredoxin reductases, in their active conformations. However, the accumula-
tion of heme shifts the equilibrium toward the oxidized form NADP+, increasing
the pressure on the reduced form NADPH necessary to reduce the oxidized glu-
tathione (GSSG) to glutathione (GSH). This can lead to the suppression of the main
antioxidant mechanisms, such as glutathione reductase, thioredoxin reductase (TrxR),
glyceraldehyde-3-phosphate dehydrogenase, and other proteins, leading to the eleva-
tion of oxidative stress [87].

Vitamin B6, in addition to playing several biochemical roles, has also been seen to
act as a potent antioxidant [88,89]. The enzymes governing vitamin B6 synthesis are
elevated in parasites exposed to oxidative stress, e.g., generated by methylene blue
and hence seen as a potential pharmacological target [49]. Although its antioxidant
mechanism is still subject to debate, it is believed to scavenge ROS and prevent lipid
peroxidation [90-92].
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5. ROS Production in Plasmodium-Infected Erythrocytes under Antimalarial Treatment

Oxidative stress is not only an important clinical and pathobiochemical factor but also
an effective therapeutic principle in malaria. Indeed, the pharmacological activity of some
of the most important antimalarials, such as quinolines, atovaquones, and artemisinin
derivatives, is mediated by the high production of ROS, exceeding the oxidative stress
management capacities of the parasite [16,93].

5.1. Mode of Action of Chloroquine and Other Quinolines

Quinolines have been reported to inhibit the polymerization of heme to hemozoin
in food vacuoles, leading to the accumulation of heme [94]. Moreover, chloroquine and
other quinolines differently inhibit the peroxidative degradation of heme by H,O,, hence
increasing heme accumulation and consequently enhancing heme-catalyzed reactions, lead-
ing to the production of ROS and parasite death [44,95]. The formation of the heme-Fe'!
adduct with chloroquine in the food vacuole leads to its diffusion into the cytosol, where
the complex is dissociated, releasing heme in the parasite cytosol and hence promoting
the redox cycling of Fel! to Fell, which enhances ROS generation [96]. This has also been
reported for quinine [96] and may apply to other quinolines. Other purported modes of
action of quinolines include the inhibition of the peroxidase-like activities of heme, leading
to the accumulation of H,O,, which interacts with heme to form radicals [97]. Reviewed
reports about the mode of action of quinolines have revealed their varying levels of activity
that trigger ROS generation [44,94,96].
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5.2. Mode of Action of Atovaquone and Hydroxynaphtoquinones

The mode of action of atovaquone and other hydroxynaphtoquinones is based on
the inhibition of mitochondrial cytochrome bcl complex via the competitive inhibition
of ubiquinol binding [98,99]. Consequently, atovaquone induces the collapse of the mi-
tochondrial membrane potential, blocking the energy supply of the parasites, leading to
parasite death [100,101]. Concomitantly, the ubiquinol accumulation due to the inhibition
of its binding site generates also a significant amount of superoxide radicals (ROS), as was
shown in cancer cells and Plasmodium [16,102].

5.3. Mode of Action of Artemisinin: The Role of Endoperoxide

Artemisinins are at the forefront of the war against malaria and are used in combination
with other antimalarial agents in artemisinin-based combination therapies (ACTs) [103,104].
This class of compounds, which includes arteether, artemether, artesunate, and dihy-
droartemisinin [105], is characterized by the presence of an endoperoxide group that is
responsible for the antimalarial activity.

5.3.1. Activation of the Endoperoxide to Generate ROS

The endoperoxides are converted into carbon-centered radicals, which mediate most
of their effects. Activation is performed by the transfer of electrons from transition metals,
mainly iron (Box 2), leading to the homolytic cleavage of the endoperoxide bridge [106-109].
The carbon-centered radical formed can alkylate heme, preventing its polymerization into
hemozoin and thus inducing the formation of toxic ROS. They also alkylate several essential
biomolecules, rendering them dysfunctional and consequently leading to plasmodial
death. The iron could be heme (nonchelatable iron) (Figure 9) or freely circulating iron
(chelatable iron).

Available evidence shows that artemisinin reacts more efficiently with heme than other
forms of iron [110], thus pointing to the huge role played by heme in the pharmacological
activity of endoperoxides. The dependence on iron is affected by the stage of the parasite.
However, artemisinin activation at the early ring stages depends more on chelatable iron
than on the trophozoite stage (35% vs. 15%), for which artemisinin activation depends
more on heme generation from hemoglobin digestion [111]. This could be explained by
a hemoglobinase system that is not fully developed at the ring stage but has a low level
of falcipain 2 and 3 activity sufficient to sustain hemoglobin degradation that permits
normal growth [111]. The molecular structure of an endoperoxide also determines its level
of dependence on heme for activation [111]. Although the most studied source of heme
for artemisinin activation is hemoglobin, the debate continues on whether other heme-
containing proteins may not do the same [107,112]. Some of these proteins are cytochrome
p450, catalases, peroxidases, and other heme-containing proteins [113-116]. The use of
chelators of free iron and inhibitors of hemoglobin digestion revealed that artemisinin
activity at the early ring and trophozoite stages depends more than 80% on heme activation,
while, at the mid-ring stage, it is 40% dependent. This means that artemisinin and, by
extension, other endoperoxides may have other mechanisms of action that may not be
iron-dependent [111].

5.3.2. Depolarization of the Mitochondrial Membrane Potential

Mitochondria can play an essential role in the indirect killing of the parasite from
ROS generation [107,112]. ROS production occurs as a result of membrane depolarization,
dissipating its membrane potential, which plays vital roles in maintaining parasite cellular
integrity, hence causing death [117,118]. This depolarization can be caused by the direct
inhibition of PfATPase6 by artemisinins and other endoperoxides [119]. Artemisinins can
also generate ROS at the mitochondrial level by altering the transfer of electrons from
complex III to molecular oxygen, forming superoxide radicals [16,38,69,112].
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Box 2. Probable roles of other transition metals as cofactors in endoperoxide activities [15,96].

Transition metals potentiate the artemisinin activity

Apart from iron, other metals, especially transition metals such as copper, which are essential
components of some proteins, also play a crucial role in ROS generation in the malaria parasite by
catalyzing redox cycling in their unbound forms. The ROS generation by antimalarials is potentiated
through the redox recycling of Fe* to Fe?* with the aid of reduced flavin cofactors and probably
NADPH-Fe (flavin reductase). Among the transition metals are copper and zinc.

5.4. Artemisinin-Based Combination Therapies

As discussed earlier, quinolines and artemisinins act essentially via the production of
ROS. The WHO has recommended six artemisinin-based combination therapies (ACTs):
artemether—lumefantrine (AL), dihydroartemisinin—piperaquine (DHA-PPQ), artesunate—
amodiaquine (AS-AQ), artesunate-mefloquine (AS-MQ), artesunate-sulfadoxine-primetha
mine (AS-SP), and artesunate—pyronaridine (AS-PY) [120]. ACTs drastically clear the para-
site and resolve malaria symptoms (such as fever) [121], hence the need for their continued
use. Synthetic hybrids of endoperoxides and quinolines have been developed to enhance
their pharmacological activities and cost-effectiveness in malaria treatment [105,122]. Re-
sistance to partner drugs used in ACTs in Southeast Asia raises concern over the long-term
usefulness of these antiplasmodial combinations [120,123,124].

5.5. ROS Evasive Mechanisms under Treatment

To handle the exacerbated ROS generation by the presence of antimalarials, the
parasites upregulate their survival mechanisms, in addition to the already discussed
mechanisms. The parasite’s evasive mechanisms could simply be classified as preventive,
reductive, and reparative.

5.5.1. Preventive Mechanisms

Reduction of self-generated ROS: The parasite is said to reduce its own production
of ROS and develop new evolutionary mechanisms to curb the effect of ROS [125]. This
evolutionary mechanism undergoes apicoplast metabolism with lipoic acid production,
which has antioxidant properties. Lipoic acids are disulfide-containing derivatives of
octanoic acid that can exist in oxidized and reduced forms. This ability enables them to
play antioxidant roles. Lipoic acids serve as cofactors to several enzymes involved in
energy and amino acid metabolism [126]. In the case of artemisinin resistance, reduced
hemoglobin import leads to a reduction in the activation of artemisinin and reduced ROS
generation [127].

Reduced or mutated expression of hemoglobinases and reduced Hb endocytosis:
Endoperoxide activation largely depends on heme production from Hb [110,111]. Down-
regulation of hemoglobinases (falcipain 2 and 3) in the early ring stage could participate
in artemisinin resistance by enhancing the effect of the K13 mutation [111]. Moreover,
it has been established that a reduction in the import of hemoglobin, especially at the
ring stage, in K13 mutants is responsible for artemisinin resistance [127,128]. Quiescence
state was also described as a parasite response to face the oxidative stress generated
by artemisinin [129-131]. The parasites recuperate rapidly from dormancy artemisinin-
induced once the treatment is removed [130-132].

5.5.2. Reductive Mechanisms

Import of biomolecules: The host boasts more developed antioxidant machinery
against ROS than Plasmodium. Regardless of this, Plasmodium can develop evolutionary
measures to eliminate the marauding ROS in its cytosol. Among these measures is the
importation of some human antioxidant machinery, such as human peroxiredoxin-2, which
uses PfIrx as a reducing agent. Importation is reported to be elevated under treatment
with ROS-generating antimalarials [85]. Other forms of human proteins (SOD, catalase,
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aminolevulinic acid dehydratase, and ferrochelatase) that may augment parasitic defense
mechanisms have also been reportedly imported by Plasmodium [72,133-135].

Increased expression of antioxidants: Because of the elevated ROS generation due to
antimalarial treatment, parasites increase their expression of vital antioxidant enzymes.
Such enzymes include iron-superoxide synthetase (Fe-SOD), glutathione-S-transferase
(GST), glutathione synthetase (GS), y-glutamylcysteine synthetase (y-GCS), thioredoxin
reductase (TrxR), and peroxiredoxins (nPrx) [69,70,136]. This overexpression, which is
higher in the artemisinins-resistant strains, especially SOD and GST, is associated with
parasite resistance characterized by a lower level of ROS and less oxidized proteins [69].

5.5.3. Reparative Mechanisms

ROS generated by antimalarials damage many biomolecules, such as proteins, lipids,
and nucleic acids [15]. Increased repair is therefore necessary for continued survival under
elevated ROS production. The unfolded protein response (UPR), often referred to as a stress
gene, is essential for parasite survival and is upregulated in K13 mutants. This confers upon
the parasite an increased ability to repair or degrade proteins damaged by alkylation and
oxidation generated by artemisinin [137]. Moreover, K13 mutations have been associated
with the elevation of P. falciparum phosphatidylinositol-3-kinase (PfPI3K) due to its reduced
association with PfKelch13 and polyubiquitination [138]. This consequently leads to the
elevation of phosphatidylinositol-3-phosphate (PI3P), which is said to be essential in the
trafficking of proteins and lipids toward the apicoplast, where they are needed [138,139].
K13 gene mutations have demonstrated a global spread and attracted increased attention,
especially in endemic regions, as molecular markers for ART resistance [129], although
not all have been linked to resistance to artemisinin [140,141]. Single-nucleotide poly-
morphisms (SNPs) in P. falciparum mlh1, pms1, and exol lead to increased expression of
thioredoxin (PfTrx) and signal peptide peptidase, which increases adaptation to oxidative
stress and protein damage, leading to the upregulation of the DNA repair mechanisms of
the parasite with a consequent decrease in the antimalarial effect of artemisinin [136,142].
These mechanisms keep the vital biomolecules of parasites functional and, as a result,
improve their chances of survival under treatment, i.e., resistance development.

6. Conclusions

It is now apparent that conventional antimalarials deploy ROS, ultimately responsi-
ble for their parasiticidal activity. However, the evolutionary dynamism of Plasmodium
seeks to systematically counteract the antimalarial activity mediated by ROS. Given this
observation, it is unsurprising that the time required for P. falciparum to acquire resistance
to antimalarial drugs, whose mode of action is based on the generation of ROS, is becom-
ing increasingly shorter. In this way, the development of artemisinin resistance to new
endoperoxide-based hybrid molecules indicates a shared pathway of resistance to the
K13 propeller gene mutation [143]. To ensure the continued relevance of ROS-producing
antimalarials, the ROS-managing machinery of the parasite could be thwarted to preserve
and enhance the activities of the antimalarials. ACTs with newer molecules that disrupt the
resistance mechanism of the parasite should be sought. Such molecules, companion drugs
of artemisinin, could target key antioxidant enzymes linked to glutathione-dependent
and thioredoxin-dependent systems, phosphatidyl inositol 4-kinase enzyme (PI4K), and
mRNA translation pathways in Plasmodium [69,144-147]. ROS generation thus remains a
key element in the strategy in the fight against Plasmodium and sustainable malaria control.
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Abstract: During the evolution of the Earth, the increase in the atmospheric concentration of oxygen
gave rise to the development of organisms with aerobic metabolism, which utilized this molecule
as the ultimate electron acceptor, whereas other organisms maintained an anaerobic metabolism.
Platyhelminthes exhibit both aerobic and anaerobic metabolism depending on the availability of
oxygen in their environment and/or due to differential oxygen tensions during certain stages of their
life cycle. As these organisms do not have a circulatory system, gas exchange occurs by the passive
diffusion through their body wall. Consequently, the flatworms developed several adaptations related
to the oxygen gradient that is established between the aerobic tegument and the cellular parenchyma
that is mostly anaerobic. Because of the aerobic metabolism, hydrogen peroxide (H,O,) is produced in
abundance. Catalase usually scavenges H,O, in mammals; however, this enzyme is absent in parasitic
platyhelminths. Thus, the architecture of the antioxidant systems is different, depending primarily on
the superoxide dismutase, glutathione peroxidase, and peroxiredoxin enzymes represented mainly in
the tegument. Here, we discuss the adaptations that parasitic flatworms have developed to be able to
transit from the different metabolic conditions to those they are exposed to during their life cycle.

Keywords: platyhelminthes; Cestoda; oxygen tension; anaerobic metabolism; tegument; mitochondria

1. Introduction

A crucial moment in the evolution of the planet was the change from an anoxic
primordial atmosphere to one rich in oxygen (O,). Currently, it is accepted that this change
began with the origin of cyanobacteria and the development of oxygenic photosynthesis [1,2]
and continued later with the emergence and diversification of photosynthetic pigments in
different types of algae and plants [3,4]. The latter allowed the atmosphere to accumulate
oxygen over millions of years and, after some fluctuations in the Carboniferous period, to
reach its current level (around 21%) [5,6]. In turn, this process influenced the evolution of life
on Earth, since geological and fossil evidence has allowed us to infer that the increase and
accumulation of O, in the atmosphere gave rise to the establishment of specific ecological
niches. Hence, some of the organisms adapted and developed in the increasingly aerobic
conditions, whereas others established themselves in a microaerophilic environment and
still others in sites where fully anaerobic conditions predominated [7,8]. There is even a
proposal that considers that the first organisms to emerge were anaerobes, which allowed
them to adapt and eventually live in hypoxic conditions [9,10]. In fact, it is recognized that
anaerobic glycolysis is an ancestral metabolic pathway as it is present in these first living
beings, which in turn allowed them to produce ATP at substrate-level phosphorylation
in the absence of O, [11,12]. Moreover, the late oxygen accumulation in the atmosphere
caused the emergence of aerobic-type energy metabolism, in which the now available O is
the final electron acceptor, enabling the ability to obtain a greater amount of ATP from a
glucose molecule. This would favor the appearance and diversification of new metabolic
pathways [13], which in turn enabled organisms to evolve into more complex forms.
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Oxygen is one of the two main products derived from oxygenic photosynthesis. This
molecule is chemically interesting since it has two unpaired electrons in the anti-union
orbitals (with the same spin), which makes it difficult for it to oxidize another molecule and
accept two electrons simultaneously [14]. This restriction in molecular oxygen (that is, the
dioxygen di-radical) significantly decreases its reactivity; however, exposure to physical
factors such as high temperatures or some source of radiation can cause a change in the
spin, thereby decreasing said restriction, which favors the acceptance of one electron at
a time (that is, oxygen becomes more reactive), making reactions very slow [15]. Due to
this, an incomplete reduction of O, can occur, generating a series of molecules that, when
accumulated, can cause adverse effects in the cell. These molecules are generically called
reactive oxygen species (ROS); they include the superoxide radical anion (O,°7), hydrogen
peroxide (H,0O;), and the hydroxyl radical (HO®), among others.

The purpose of this review is to analyze some of the basic adaptations presented by
parasitic flatworms, a specific group of organisms that face changes in the concentration of
oxygen (and related molecules) throughout their life cycle.

2. Parasitic Flatworms and Oxygen Availability
2.1. General Information about Flatworms

The Platyhelminthes, also known as flatworms, are dorsoventrally flattened organ-
isms with bilateral symmetry [16] that morphologically constitute a heterogeneous group.
Throughout history, the phylum Platyhelminthes has been the subject of multiple contro-
versies, especially regarding its phylogeny since morphological data of some species can be
troublesome [17]. We currently have nuclear and mitochondrial genomes and transcrip-
tomic analyses that allow us to reach a consensus. The phylum Platyhelminthes is currently
included within the Lophotrochozoa supergroup, which includes other invertebrates, as
well as annelids and mollusks [18,19]. It is interesting to note that another phylum, which
was traditionally thought to be close to flatworms, the phylum Nematoda, is included,
together with arthropods and related groups, in the supergroup Ecdysozoa [18]. This is
highly important to consider to understand the morphophysiological differences between
flatworms and nematodes.

Already within the phylum Platyhelminthes is the paraphyletic group Turbellaria,
which includes all free-living flatworms. These are found in aqueous environments, both
in salt and fresh water, although there are some adapted to terrestrial environments with
high humidity. An important characteristic that is present in the members of this group is
that their external surface has a simple epidermis, composed of a single layer of columnar
epithelium located on top of a basement membrane and several layers of muscle. This
epithelium usually has cilia, which are used by these worms to swim in waterbodies or to
glide over the substrate [20].

On the other hand, we have the monophyletic group Neodermata, whose innovation is
replacement of the simple epidermis of the turbellarians by the presence of a syncytial-type
tegument that is formed by extensions of cells that are below the basement membrane
and that fuse together in the tegument creating a syncytium. This characteristic is con-
sidered an adaptation to parasitic life and is so important to understand their physiology
that it is a criterion for defining this group, which is composed exclusively of parasitic
organisms. Three types of flatworms with a clearer phylogenetic relationship are currently
recognized [21]. On the one hand, we have the group of ectoparasitic flatworms of the class
Monogenea, whose representatives are characterized by having a single host throughout
their life cycle [22]; they usually live on the gills or skin of aquatic vertebrate animals. On
the other hand, we have the flatworms that are endoparasites and are grouped within
the class Cestoda and class Trematoda. These last two are considered the most successful
parasites due to the great variety of vertebrates they infect; they are responsible for many
diseases of livestock animals and humans [23-25]; thus, they are of great medical and
economic relevance [26,27].
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2.2. The Complex Life Cycles of the Trematoda and Cestoda

This group of organisms presents complex biological cycles in which some may have
free-living stages or need one or more intermediate hosts of invertebrate or vertebrate
origin to finally invade a definitive host in which they move until they find the tissue or
organ, where they settle and reproduce sexually.

Trematodes, also known as flukes, have as their main characteristic the retention of the
cecum, although they can also absorb nutrients and carry out gas exchange through their
body wall (also called tegument) [28]. Their first intermediate hosts are generally mollusks,
and adults can have a wide variety of diets, from blood to epithelia [29]. Some of the species
in which pioneering studies on the biochemistry and immunology of trematodes have been
made belong to this group: Clonorchis sinensis, Fasciola hepatica, and Schistosoma mansoni.

Cestodes are one of the most successful groups within the parasitic flatworms. This is
due in part to their complete adaptation to parasitic life, including the total absence of an
internal digestive system, the lack of an intermediate free-living form, the appearance of
structures specific for attachment to the intestine of the definitive host, and serial repetition
of a hermaphroditic reproductive complex [30]. This group has been problematic to study
due to the difficulty in accessing and maintaining the biological material, the fragility
of the specimens outside their hosts, and the contradictory information from the first
studies [17]. Within this group, we have well-known species such as Hymenolepis diminuta,
Echinococcus granulosus, and Taenia solium.

A representative life cycle of this group is found in T. solium (Figure 1). After the
ingestion of feces contaminated with embryonated eggs (also called hexacanth larva) by
a pig, the protective cover of such eggs is eliminated and the larval oncosphere form
emerges. This oncosphere crosses the intestinal mucosa and migrates through the systemic
circulation to lodge in various tissues, with a preference for the skeletal muscle and the
nervous system. Already there, the larva develops to its metacestode form (also known as
cysticercus), where it can stay for years, asymptomatically. Finally, when the definitive host
(man) ingests pork meat contaminated with cysticerci, it carries out its last metamorphosis,
which is a distinctive characteristic of cestodes [31]. It consists in the activation of the
larva by means of pepsin and stomach acid, as well as the bile salts, of the definitive host,
causing evagination of a fixing structure, the scolex, which will allow it to anchor itself to
the intestinal epithelium. At this point, the adult tapeworm form rapidly begins to develop
and matures sexually to generate a series of hermaphrodite structures called proglottids,
each of which contains a complete set of male and female reproductive organs that mate
with their other proglottid counterparts. Eventually they are filled with millions of fertile
eggs (becoming gravid proglottids) that will detach and leave the host along with the feces
to later be eaten by the pig to close the life cycle. Occasionally, man can accidentally ingest
the eggs of T. solium that give rise to the development of the larva (metacestode) and that
produces cysticercosis.

At this point, it is possible to assume that, during their free-living phase (in the case
of trematodes) or the intermediate step between hosts, these endoparasitic flatworms are
exposed to a higher O, tension that they can face inside the hosts cells, hence, their energy
metabolism will preferably be aerobic [32]. During their transit and accommodation in
the host, they are exposed to variable concentrations of O, so their anaerobic energy
metabolism is expected [33-36] (Figure 2 and Table 1). For example, in their adult state,
tapeworms settle in the intestine of their vertebrate host. In this organ, the partial pressure
of Oy (pOy) can vary from 0 to 16 mmHg, with a three-times higher pressure in the mucosa
than in the intestinal lumen, where it can reach zero [37]. Additionally, the presence of O,
is also modified according to the postprandial state because an increase has been observed
in O, when the digestion process begins as well as in this tissue’s blood supply [38].
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Figure 1. Life cycle of Tuenia solium. Parasite stages and its migration through the interior of its
intermediate host (e.g., pig, in green) and its definitive host (e.g., man, in purple), is illustrated.

Table 1. Oxygen concentration during the life cycle of Taenia solium.

Oxygen Concentration

Specie Biologic Form Host Localization in Host References
pO2 mmHg
Egg Enviroment NA 21.1 160 [33]
Duodenum 5.9 45 [34]
Oncosphera —
- Blood capillaries * 5.3-13.2 40-100 [33]
i
o 8 Muscle 4.9 37.5 [34]
Cysticerci
Brain 3.9 30 [34]
Duodenum ** 7.9 60 [35]
T. solitum Taenia Tleum ** 13 10 [35]
Cecum ** 0 0 [35]
Muscle

Human (in rest) 3.6-3.9 27-30 [36]

. . Brain
Cysticerci (grey matter) 21-53 16-40 [36]
Brain 32-4.4 24-33 [36]

(white matter)

* Human measurements. ** Mice measurements.
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Figure 2. Adult form of the cestodes is exposed to the intestinal oxygen concentration. The image
shows a structural drawing of the adult tapeworm form of Echinococcus granulosus (left; size range
2-7 mm) and Taenia solium (right; size range 2-7 m), attacking the intestinal epithelium of their
definitive host. Oxygen tension in the intestinal tissue decreases the further away parasites are from
the intestinal capillaries, while the oxygen concentration in the intestinal lumen decreases as parasites
move towards the colon, where the environment is practically anaerobic. Oxygen concentrations
were obtained from references [33-36]. The size of the parasites was obtained from the Laboratory
Identification of Parasites of Public Health Concern website (https://www.cdc.gov/dpdx/ (accessed
on 17 February 2022)).

The aforementioned indicates that the different habitats occupied by these parasites
during their life cycle determine their energy metabolism and their transition from an
aerobic to an anaerobic metabolism [39-41]. An example of this adaptation has been
reported in trematodes such as F. hepatica. It was observed that its free-living larva has an
aerobic metabolism, but when it invades the bile ducts of the vertebrate host, its metabolism
is basically anaerobic [42,43] (see below).

3. Adaptations of Parasitic Flatworms to Changes in Oxygen Tension
3.1. Ultrastructural Adaptations
3.1.1. Body Wall (Tegument)

The parasitic flatworms of the Neodermata group have a glycocalyx rich in carbo-
hydrates in their external part of the membrane that limits the tegument, which consists
of a simple syncytium that covers the entire surface of these worms [44]. However, this
tissue results from the fusion of cytoplasmic projections of parenchymal cells (also known
as cytones) that are found below the basement membrane and whose function is to provide
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a constant flow of proteins and other molecules to the tegument [45] (Figure 3). Ultrastruc-
tural adaptations can be present such as microtriches in the case of cestodes, which increase
the surface area of the parasite allowing a greater exchange between it and the host, as well
as recognition mechanisms through the glycocalyx [46].

a b

intestinal lumen / HOST
intersticial space

syncytial
tegument

celular
parenchyma

PARASITE

Figure 3. Tegument of the cestodes. Panel (a) represents a photograph of the tegument of
Taenia crassiceps cysticercus obtained by transmission electron microscopy. Panel (b) is a schematic
representation of the tegument of cestodes. Abbreviations: bl, basal lamina; er, endoplasmatic reticu-
lum; gg, glycogen granules; M, muscle; MI, microtriches; N, nucleus; pm, parenchymal mitochondria
(anaerobic mitochondria); tm, tegumental mitochondria (aerobic mitochondria); v, vesicles.

In the case of the phylum Platyhelminthes, due to their flattened morphology, gas
exchange as well as nutrient uptake can take place through the body wall because these
organisms lack a circulatory system. Naturally, the uptake of O, occurs by simple diffusion
and is carried out through this structure. At this point, it is important to note that there
is a gradient in the concentration of oxygen in the parasite, where the tegument, being
the most exposed region, presents the highest pO,, whereas the oxygen concentration
decreases when entering the internal tissues of the parasite [47]. In addition to this, there is
an important relationship with the size of the parasite, as in F. hepatica [48].

The tegument is essential for the success of these parasites and, in fact, it plays a key
role in the evolution of parasitism in these animals due to the inseparable host-parasite
bond that is generated [49]. In practice, it is a barrier that protects the parasite from the
host’s immune system [50,51] and from the hostile conditions in the digestive tract, blood,
or other organs [46]. Additionally, it serves to house the molecular systems that will serve
multiple purposes such as migration through the host’s body, antioxidant defense, repair
of damage caused by the attack of the immune system, and evasion and modulation of the
immune system response [52]. We will deal with these points at the end of this review.

3.1.2. Diversity of Mitochondria

Parallel to the appearance and enrichment of O, in the atmosphere and, consequently,
the diversification of living organisms, diverse types of mitochondria were also generated,
from mitoplasts to aerobic mitochondria [53,54].

Palade in 1953 [55] recognized that variation in the size, shape, and internal organi-
zation of mitochondria seems to reflect their physiological and biochemical differences in
different cells of an organism. It is now well known that tissues with a high demand in their
energy metabolism contain several hundred mitochondria per cell and that they have many
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densely packed cristae, whereas in tissues with a lower energy demand, mitochondria with
fewer cristae and smaller in size are present [56].

According to their metabolism, two large groups of mitochondria can be distinguished:
aerobic and anaerobic. Aerobic mitochondria in the presence of O, carry out the Krebs
cycle and oxidative phosphorylation. In contrast, anaerobic mitochondria are structurally
similar to typical mitochondria but function in the absence of O,; although their enzymatic
repertoire is not very different from that of aerobic mitochondria [9,57], because many of
these enzymes can catalyze the reverse reaction under certain conditions. Some enzymes
of the Krebs cycle participate in these two metabolic pathways, such as fumarase and
succinyl-CoA synthetase, whereas other enzymes participate in anaplerotic pathways
such as phosphoenol-pyruvate kinase (PEPK) and mitochondrial malic enzyme (mME)
(Figure 4). The above allows these two metabolisms, aerobic and anaerobic, to occur almost
simultaneously or in different regions of a parasite, with pO, ultimately determining their
prevalence [58].
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Figure 4. Aerobic and anaerobic energy metabolism in parasitic flatworms. Representation of the
electron flow in aerobic metabolism: Panel (a), while Panel (b), represents the electron flow corresponding
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to anaerobic metabolism. Abbreviations: OMM, outer mitochondria membrane; IMM, inner mito-
chondria membrane; Ac-CoA, Acetyl coenzyme A; ASCT, acetate succinate-CoA transferase; cytc,
cytochrome c; Fum, fumarate; FH, fumarate hydratase (fumarase); FRD, fumarate reductase; Glu-6-P,
glucose 6-phosphate; Lac, lactate; LDH, lactate dehydrogenase; MDH, malate dehydrogenase; ME,
mitochondrial malic enzyme; MetMal-CoA, methylmalonyl coenzyme A; Mlt, malate; PEP, phos-
phoenol pyruvate; PEPCK, phosphoenol pyruvate carboxykinase; PDH, pyruvate dehydrogenase
complex; PK, pyruvate kinase; Pyr, pyruvate; OAA, oxaloacetate; RQ, rhodoquinone; Succ, succi-
nate; Succ-CoA, succinyl-coenzime A; SDH, succinate dehydrogenase; TCA, tricarboxylic acid cycle;
UQ, ubiquinone.

Regarding the pO, to which they are exposed, structurally and metabolically different
mitochondria have been described in the same organism related to the gradient that is es-
tablished when O, diffuses from the tegument towards the cell parenchyma [59]; thus, it is
expected that the tegument presents a higher concentration of O, than the parenchyma [60].
In 1967, Lumsden [61] described the presence of a heterogeneous population of mitochon-
dria in the cestode Lacistorhynchus tenuis, where he reports that the parenchyma cells are
larger despite occurring in smaller numbers and having fewer cristae compared to mito-
chondria of the tegument. This differential distribution of the types of mitochondria in
the tissues of the cestodes was subsequently corroborated in the Taenia crassiceps metaces-
tode [62], where we determined the aerobic metabolism of the mitochondria present in the
tegument of the cysticercus and were able to observe that in addition to being very numer-
ous, they have highly developed cristae (Figure 3). The presence of aerobic mitochondria
in the tegument is not exclusive to cestodes; Takamiya observed the presence of several
types of mitochondria in the trematode Paragonimus westermani [63]. On the one hand,
in the tegument, he described numerous mitochondria with a larger number of cristae
and a greater amount of cytochrome ¢ oxidase activity (a marker of aerobic metabolism)
compared to that of the parenchyma cells, where this author reported the presence of two
types of mitochondria similar in size but one being completely anaerobic and the other one
only partially so.

3.2. Metabolic Adaptations
3.2.1. Oxygen Carriers and Storage

Due to its active metabolism and energy needs that require a high production of eggs,
a determining factor in the biology of parasitic flatworms is the availability of oxygen, both
in trematodes and in cestodes.

As a consequence of the low solubility of O, in aqueous medium [64], some animals
have developed a whole repertoire of respiratory pigments, which are metalloproteins and
whose metallic element allows them to bind to O, temporarily to transport it through the
circulatory system and to distribute it in body tissues [65]. Thus, for example, mammals
depend on myoglobin (Mb), a monomeric protein associated mainly with cardiac and
skeletal muscle, and on hemoglobin (Hb), a tetrameric protein contained in erythrocytes;
both present a coordinated iron atom in a tetrapyrrolic chemical structure [66].

Several homologues of myoglobins have been reported in vertebrates: androglobin
(Adgb), neuroglobin (Ngb), globin X (GbX), myoglobin (Mb), and cytoglobin (Cygb) [67].
However, these present an unequal distribution among the groups of flatworms. In
the case of the trematodes, F. hepatica and P. westermani, an Mb with a high affinity for
O, and a low Ky, was initially described [68], similar to that reported in the nematode
Ascaris suum [69,70]. In the case of cestodes, until 2002, Mb could be co-purified in the cys-
ticercus of T. solium, possibly associated with muscle fibers of the subtegumental area [71].
Currently, through genomic and phylogenetic analyses, the presence of globins belonging
to each of the GbX, Ngb, and Mb subfamilies was deduced in trematodes, whereas the
cestode species had an Ngb-like single protein, and in turbellarians it was not possible to
detect this subfamily, but the GbX and Mb-like proteins [72] were identified.
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It is widely accepted that myoglobins, due to their high affinity for O,, function mainly
as storage rather than for oxygen transport [73]. However, other additional functions
have begun to be proposed for this type of molecule, such as reserves of the heme group
(associated with egg production) or to serve as a ROS detoxifier [72]. For example, in
the adult trematode C. sinensis, five different types of globins (CsMb 1-5) were identified,
of which only CsMB-1 was found in the subtegumental area (parenchyma) and was the
only one to respond to stimuli by exogenous O;, whereas the other globins were located
exclusively in sexual organs and intrauterine eggs, which supports the participation of
some globins in other specialized non-respiratory tasks.

Nevertheless, a high pO; at the parasite’s site does not necessarily imply that aer-
obic metabolism is present. An example of this is observed in S. mansoni, whose adult
form lodges in the portal vein and whose metabolism has been reported to be preferably
anaerobic, although this is not exclusive [74,75]. In contrast, the exceptionally high affinity
for oxygen presented by the Hb of the fluke Ophisthorchis viverrini allows it to live in a
practically anaerobic environment, such as the bile ducts [76].

3.2.2. HIF and the Detection of Oxygen in the Environment

As mentioned above, in most mammalian tissues there is between 2% and 9% O,
(an average of 40 mm Hg). In this sense, hypoxia is usually defined as <2% O,, whereas
severe hypoxia (or anoxia) is defined as <0.02% O, [77]. Therefore, it is important to have
mechanisms that detect pO, in real time to allow the cell to respond appropriately. The
change in oxygenation is sensed by HIF (hypoxia-inducible factor), a transfer factor that
in hypoxic conditions induces the change from aerobiosis to anaerobiosis. This, in turn,
brings about a cascade of events such as the overexpression and activation of enzymes like
lactate dehydrogenase (LDH), which is necessary for lactate formation and, simultaneously,
activating pyruvate dehydrogenase kinase (PDHK) to prevent pyruvate production [58].

Apparently, the mechanism mediated by HIF and related proteins is highly conserved
in animals, making it possible to detect cnidarians and sponges even in basal groups
of metazoans [78]. In its active form, HIF is a heterodimer consisting of HIF-1ox and
HIF-13. In the case of parasitic flatwormes, it is expected that, due to their exposure to
different concentrations of O,, during their life cycles, HIF plays a relevant role. In fact,
the HIF-1« and HIF-13 proteins have already been characterized in the parasitic nematode
A. suum [79]. However, it was not until 2019 that a HIF-1ac homologue (as well as other
associated genes) could be isolated and characterized in the trematode C. sinensis (CsHIF-
1x) [80]. As expected, CsHIF-1x was highly induced in adults under hypoxic conditions
in vitro. Interestingly, CsHIF-1ox was sensitive to changes in nitrite and nitric oxide, hence,
the authors suggest that these molecules, together with O,, participate in the induction of
the response to hypoxia in this organism.

3.2.3. Aerobic Metabolism

In principle, we must recognize that glucose is the main source of energy used by
parasitic flatworms (both in adult and larval forms [81]), while glycogen formation is their
main energy conservation strategy [82-87]. In fact, in the case of glycogen, it has been
previously identified through histochemical techniques and later through transmission
electron microscopy, where many glycogen granules are observed that can serve in cestodes
as a source of energy in fasting situations as reported in T. solium tapeworms [88] and the
metacestode (traditionally also known as Cysticercus cellulosae) [89].

Therefore, under aerobic conditions, these organisms will use the traditional pathways
to obtain reducing power through the oxidation of glucose (glycolysis and the Krebs cycle)
and the subsequent production of energy coupled to oxidative phosphorylation (OXPHOS)
(Figure 4) [90]. In both trematodes [91] and cestodes [92], it has been possible to identify
the genes encoding enzymes of each of these pathways at the genome level. However,
transcriptomic analyses have shown a differential expression of these enzymes in the tissues
of the parasite, as demonstrated in the metacestode of Echinococcus granulosus in which the
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expression of enzymes from fermentative pathways associated with the germ layer and the
gluconeogenic pathway associated with both the germinal layer and the protoscolex were
detected [83]. Additionally, the expression can be influenced by experimental conditions.
Fraga et al. [93] were able to successfully detect all the metabolites associated with the
Krebs cycle in the metacestode of T. crassiceps under in vivo conditions; thus, it was inferred
that this pathway is complete in the cysticercus. In this same parasite, we characterized the
aerobic metabolism in the mitochondria of the tegument [62,94].

In the case of the metabolic pathways of lipids and proteins, there are great changes,
which may be due to the adaptation to the conditions of a parasite related to what the host
provides. In 2013, Tsai and a large team of collaborators reported the massive sequenc-
ing and comparison of four cestode genomes (E. granulosus, Echinococcus multilocularis,
Hymenolepis microstoma, and T. solium) [92]. Basically, they reported a significant reduction
in the metabolic capacity of these organisms, as well as the presence of specialized elements
in the uptake of nutrients.

3.2.4. Anaerobic Metabolism

Glycolysis can be considered a universal pathway by which many organisms can
obtain energy. Its final product, pyruvate (Pyr), can be used in other alternative pathways
known as fermentative pathways; they occur in the absence of O, and allow the NADH
generated during glycolysis to be oxidized to NAD™, a necessary substrate for, so that this
path can continue (Figure 4).

A classic adaptation of anaerobic metabolism is lactate fermentation, in which pyruvate
is reduced to lactate (Lac) by the enzyme lactate dehydrogenase (LDH) using electrons
from NADH. It is now known that this pathway is also used in parasitic helminths. Direct
evidence of its presence is the secretion of Lac into the medium, as has been reported in
cestodes such as Moniezia expansa [95,96], E. granulosus [83], and E. multilocularis [86].

In addition to Lac secretion, the secretion of other reduced compounds such as succi-
nate (Succ), acetate, and propionate (PPO) has been reported. This has been reported in
M. expansa [32], and confirmed in E. granulosus [83], T. crassiceps [84], and E. multilocularis [86],
where the main secreted product was succinate; these products are the result of a pathway
known as malate dismutation (Figure 4).

Malate dismutation is the main anaerobic pathway present in parasitic platyhelminths [43,97-99],
and has as its final products a reduced molecule and an oxidized (as occurs in the reactions
called dismutation). During this process, phosphoenolpyruvate (PEP) produced during
glycolysis is carboxylated to oxaloacetate (OAA) by PEP carboxykinase (PEPCK), producing
ATP by substrate-level phosphorylation. OAA is reduced to malate (Mlt) through the
cytosolic malate dehydrogenase (c(MDH), which has NADH produced during glycolysis
as another substrate. Subsequently, Mlt enters the mitochondria and, on the one pathway,
through fumarase (also named fumarate hydratase, FH), it produces fumarate (Fum) and,
by another, the mitochondrial malic enzyme (mME) oxidatively decarboxylates it to Pyr
that can later generate acetate (Figure 4).

The fumarate produced is a substrate for the enzyme fumarate reductase (FDR) that
reduces it to Succ; this is the main product of electron secretion in cestodes [95,96,100,101].
To not accumulate this metabolite and to maintain its redox balance, Succ is secreted into
the surrounding medium, as reported in the culture medium of T. crassiceps, as well as
in the cysticerci of T. solium removed from pig brains [84,96]. Additionally, it has been
reported that Succ can generate PPO. Recently, two alternative pathways for propionate
formation have been reported: (a) from succinyl-CoA to methylmalonyl-CoA that is de-
carboxylated to generate ATP and propionyl-CoA, which, in the presence of Succ, releases
PPO and acetylates succinate; this process appears to occur under prolonged anaerobic
conditions [102]; and (b) via Lac accumulation and its transformation to propionyl-CoA
releasing PPO and regenerating CoA [103]. This contrasts with what Ritler et al. reported,
after they could not detect propionate as a secretion product in E. multilocularis [86].
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The other malate dismutation reaction is the one that produces acetate where, as
mentioned, the pyruvate generated in the mitochondrial matrix, through the mME (and
in addition NAD(P)H is generated) [98,101] and through the pyruvate dehydrogenase
(PDH) complex, is oxidatively decarboxylated to generate acetyl-CoA and NADH. Finally,
through the enzyme acetate-succinate-CoA transferase (ASCT), CoA is transferred to
Succ, producing acetate and succinyl-CoA [104]. A search of available genomic databases
indicates the presence of ASCT genes in the flukes S. mansoni, P. westermani, C. sinensis,
and F. hepatica [105], as well as in the nematodes Ostertagia ostertagi, Anisakis simplex, and
Brugia malayi. Although the presence of the gene encoding for ASCT in cestodes has
not been reported, it is possible to suggest the presence of the enzyme (or an analogous
pathway) since the presence of acetate has been reported as an end-product of anaerobic
respiration in both T. solium [84] and E. multilocularis [86].

The NADH generated in the previous reactions transfers its electrons to the mi-
tochondrial complex I NADH-rhodoquinone oxidoreductase which, contrary to what
happens in aerobic conditions, reduces the rhodoquinone (RQ) instead of reducing the
ubiquinone (UQ). This transfer of electrons is favorable because RQ has a redox potential of
En' = —63 mV, which is lower than that of UQ (E,’ = +110 mV) [106,107]. The RQ
donates electrons to the FDR to generate succinate from fumarate [108]. The measure-
ment of FDR activity [39,109] is indicative of anaerobic metabolism [47,99], whereas the
measurement of cytochrome c oxidase activity, of SDH, as well as the sensitivity of the
electron transport chain (ETC) to different inhibitors (such as cyanide), are indicative of
aerobic metabolism [62,110]. One point to highlight is that when NADH-rhodoquinone
oxidoreductase participates, protons are translocated from the mitochondrial matrix to the
intermembrane space, which, in turn, maintains a chemiosmotic gradient and generates
ATP even in the absence of O, (Figure 4).

In anaerobic metabolism [39], FRD performs the reverse reaction of succinate dehydro-
genase (SDH) [40]. Both enzymes, SDH and FRD, are heterotetramers that share: (a) subunit
1 (Fp) that contains flavin-adenine dinucleotide (FAD); (b) subunit 2 (Ip) with three Fe-S
centers; and (c) two subunits CybL and CybS, which maintain, on the one hand, binding
to the inner mitochondrial membrane and, on the other, binding to the corresponding
quinone [111,112]. In A. suum, there are isoforms in two of the four subunits as well; Fp
and CybS are different between the aerobic larva and the anaerobic adult; no isoforms have
been reported for the Ip and CybL subunits [113].

Considering the above, we can note that anaerobiosis-specific reactions are those
catalyzed by FRD and ASCT. However, it is the presence of RQ that appears to be the only
real difference between aerobic and anaerobic energy metabolism [114], as FRD expression
has been described in cancer cells [115,116], while ASCT is an enzyme homologous to other
transferases [105,117,118].

To recapitulate, in the cytosol of muscle cells under hypoxic conditions, lactate is
produced by lactic acid fermentation. Unlike this, malate dismutation or malic fermentation
has the following relevant aspects:

It occurs in two cell compartments: cytosol and mitochondrion
It is coupled to the generation of the proton gradient produced in complex I of the ETC,
when the NADH coming from the formation of Acetyl-CoA and the one resulting
from the activity of mME are oxidized (Figure 1).

e ATP is produced in the absence of O, since the redox potential difference between
NAD*/NADH (E,,’ = —320 mV) and fumarate/succinate (Ep,’ = +30 mV) is sufficient
for its synthesis [57,63]

e  Atthe end of the pathway, several reduced compounds are obtained, including succi-
nate, acetate, and propionate [119].

However, both aerobic and anaerobic metabolisms have the following aspects
in common:

e The need for a final electron acceptor molecule
e  Maintenance of redox balance
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e  Both are carried out in the mitochondrial compartments, which allows the formation
of a proton gradient and therefore the synthesis of ATP.

Regardless of the type of energy metabolism, the redox balance is maintained. To keep
it, organisms recycle their electron transporting coenzymes; thus, the number of reactions
that produce NADH is equal to the reactions that consume it, or else, electrons are excreted
in form to water, in aerobic organisms, and through succinate mainly in anaerobes [9].

3.3. Molecular Adaptations

The parasite-host relationship is, in most cases, a reciprocal interaction, in which
the behavior of the parasite causes feedback in the host and vice versa. Because of this,
analyzing this type of feedback mechanism is essential to understand the complex con-
nections between animal behavior, ecology, and parasite evolution [120]. Up to this point,
we can reflect on the convenience of using fermentative pathways in the maintenance of
parasitic platyhelminths when aerobic respiration (consequently, settling in a place where
an abundant supply of oxygen is available) would result in a greater supply of energy and,
possibly, a higher metabolic rate. However, when dealing with parasitic forms, it is more
important to establish the parasite in a strategic ecological niche that ensures a constant
supply of substrates coming from the host (such as liver tissues in the case of flukes or the
duodenum in the case of cestodes). Consequently, by having the resources secured, the
parasites will concentrate on managing them [121].

One consequence of the foregoing is the parasite’s need to interact with its host and
be able to maintain its ecological niche by engaging in chemical communication with it.
It is not surprising then that the parasite has developed and fine-tuned mechanisms to
evade the immune response. For example, it is known that some adult schistosomes can
live from three to 10 years in humans, despite the harsh intravascular environment and
their constant exposure to the immune system [46]. In fact, it has been possible to verify a
registry of patients infected with S. mansoni for more than 30 years and the case of a patient
infected with E. granulosus for 53 years [121].

The feedback between parasitic flatworms and their hosts has been studied using
model organisms. For example, the murine experimental model of cysticercosis has made
it possible to evaluate the interaction of the host (mice) with the cysticercus of T. crassiceps
during its proliferation in the peritoneal cavity. This made it possible to describe some
of these complex interactions [122], like the importance of the genetic factors of the host
(the murine strain used) in the establishment and proliferation of the parasite. Another
interesting observation is the importance of the sex of the host as it has been observed
that cysticerci grow preferentially in female mice, regardless of the strain of T. crassiceps.
Apparently, this sexual dimorphism is mediated by hormonal factors, since estrogens favor
and androgens hinder the asexual reproduction of cysticerci [123]. Interestingly, when such
cysticerci are inoculated into male mice, a feminization phenomenon can be observed in
which testosterone levels decrease and estradiol levels increase [124]. The last section of
this review will discuss parasite-host feedback in greater detail.

3.3.1. Immune Response and Oxidative Stress in Parasitic Flatworms
Sources of Exposure to Reactive Oxygen Species

During establishment of the infection, the parasites induce a rapid immune response
in the host, although it is nonspecific [125]. In general, this involves the activation of
eosinophils, neutrophils, and macrophages, as well as the release of cytokines and the
production of antibodies (IgE) [126]. These cells can produce large amounts of ROS and
reactive nitrogen species (RNS), capable of directly destroying parasite cells. For example,
liver flukes, such as Opisthorchis viverrini, induce chronic inflammation of the hepatobiliary
system, exposing themselves to large amounts of ROS/RNS released by activated inflam-
matory cells [127]. Similarly, when an infection by the cestode Taenia hydatigena occurs in
the peritoneum, an increase in the infiltration of small peritoneal macrophages responsible
for a high production of nitric oxide (NO) can be observed, which harms the parasite and
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modulates the immune response [128]. However, the presence of immune cells induced
by parasitic flatworms may be due to their participation in other processes such as wound
repair caused by the migration of F. hepatica through the liver parenchyma [129].

The production of ROS/RNS due to the immune response has already been discussed
in detail previously [130]. In general, the precursor of all ROS is the superoxide anion
radical (O,°7), which is generated in leukocytes through the integral membrane enzyme
NADPH oxidase (NOX), and by transferring an electron from NADPH to O,. O,°~ can
undergo a spontaneous dismutation reaction generating hydrogen peroxide (H,O;) and
O,. HyO; can serve as a substrate for the enzyme myeloperoxidase (MPO) to generate the
microbicidal compound hypochlorous acid (HCIO). In the presence of transition elements
such as ferrous (Fe?*) or copper (Cu™) ions, H,O, can be reduced by the Fenton reaction,
which produces the hydroxyl anion (HO™) and the hydroxyl radical (HO®). The HO®
radical is highly reactive, so it can subtract electrons from other biomolecules, like proteins,
changing their properties and biological activities, with DNA generating mutations and
membrane lipids initiating the lipid peroxidation process. This damage can lead to altered
metabolism and eventually cell death (Figure 5).
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Figure 5. The antioxidant system of parasitic flatworms. Abbreviations: GSH reduced glutathione;
GSSG, oxidized glutathione; HyO,, hydrogen peroxide; HO®, hydroxyl radical; O,, molecular oxygen;
0,°~ superoxide anion radical; Ph-GPx, glutathione phospholipid peroxidase; Prx, peroxiredoxin;
SOD, superoxide dismutase; TGR, thioredoxin-glutathione reductase; Trx-(SH),, reduced thioredoxin;
Trx-(S),, oxidized thioredoxin.

It is important to clarify that another source of ROS is the metabolism of the parasites
themselves, possibly due to their accelerated metabolism and the use of the malate dismu-
tation pathway to obtain energy. It is in this pathway where the mitochondrial complex
I continues to work, becoming an important place of ROS generation [131]. In mitochon-
dria isolated from the tegument of T. crassiceps, a high production of HyO, was recorded,
unlike that observed in rat liver mitochondria. The high production of H,O, associated
with tegumental aerobic mitochondria has been observed with confocal microscopy in the
cysticercus of T. crassiceps [94].

An important characteristic of these ROS and RNS is that they are short-lived inter-
mediate products enzymatically synthesized by aerobic organisms and their clearance
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is regulated by enzymatic or non-enzymatic antioxidants. In this sense, there is a major
co-evolutionary arms race competition between ROS production by the host and ROS
scavenger by parasites; both closely related. For example, the production of H,O, by
hemocytes of the snail Biomphalaria glabrata when infected with S. mansoni sporocysts
varies from population to population and in those snails with a high natural resistance
against S. mansoni a higher production of HyO; is observed, being preferentially infected
by sporocysts with high levels of expression of their antioxidant systems [132].

Functioning and Localization of Enzymatic Antioxidant Systems in Parasitic Flatworms

(1) Superoxide Dismutase and Peroxidases

As mentioned before, HO® is chemically very reactive, so the first line of defense of
parasitic flatworms is to prevent its production, the controlled reduction of H,O, to H,O
being vital. The classic enzyme that carries out this reaction in aerobic organisms is catalase
(CAT), which is absent in the genomes of parasitic flatworms [92,133] but is conserved in
their free-living counterparts [134]. Hence, these parasites depend on enzymes glutathione
peroxidase (GPx) and peroxiredoxin (Prx) in addition to the superoxide dismutase (SOD)
necessary for O,°~ scavenging.

SOD is a family of metalloenzymes specialized in carrying out the dismutation of O,°~,
generating O, and HyO,. In animals, it is possible to identify two isoforms: (a) cytoplasmic
SOD dependent on one atom of copper and another of Zn (Cu/Zn SOD); (b) mitochondrial
SOD, dependent on a manganese atom (Mn SOD). Experimentally, it has been possible
to isolate the enzyme [71] or clone the gene [135] from some parasitic flatworms, such as
T. solium; thus, it was not surprising to confirm that, in genomes/transcriptomes, both
trematode [125] and cestode [92,136] genes are present in both isoforms. Regarding their
expression, their presence has been determined in all stages of the life cycle associated
mainly with the tegument of these organisms [31], although a greater expression has been
observed in the adult forms with respect to the larval [137].

GPx comprises isoenzymes that carry out the reduction of HyO, to HyO, requiring
electrons from two molecules of the tripeptide glutathione (GSH), taking it to its oxidized
disulfide form (GSSG). Although this family has many representatives in mammals [138],
in trematodes [125] and cestodes it has only been possible to identify a single gene [92]
corresponding to a selenium-dependent GPx. This GPx type turned out to be membrane
integral and it is exclusive for the reduction of lipid hydroperoxides (Ph-GPx); thus, it makes
sense that it has been located in the tegument [137] of the different stages of trematodes
S. mansoni [125] and Fasciola gigantica [139], and of the cestode E. granulosus [140]. Like
SOD, this enzyme has a differential expression that is a function of the pO, to which the
parasite is exposed, finding its highest expression in the aerobic life cycle stages and its
lowest in the anaerobic [141]. However, the overexpression of this enzyme responds to the
exposure of exogenous oxidants, as shown in C. sinensis under in vitro conditions [142].
Cai et al., suggesting that Ph-GPx activity could be more focused on egg production than
on the maintenance of the redox status [142].

Prxs are homodimeric proteins that catalyze the reduction of H,O, and alkyl hy-
droperoxides to water and alcohol, respectively. The electrons that translocate frequently
come from the 12 kDa protein thioredoxin (Trx), which is why these enzymes are also
called thioredoxin peroxidases (TPx), although some isoforms can also obtain electrons
from GSH. Despite the abundance of Prxs, their catalytic efficiency is lower than that of
CAT or GPxs by one to three orders of magnitude [143]. However, this family of enzymes
seems to be the most important in the H,O, degradation process, both in trematodes and
cestodes. In fact, in the genomes of E. granulosus, E. multilocularis, H. microstoma, and
T. solium, it has been possible to identify three different genes encoding Prx 1-3 [92], which
is consistent with the identification of three Prxs in S. mansoni [85]. Wang et al. reported
that GPx activity in echinococcal cysts is practically undetectable, suggesting the relevance
of Prxs in this parasite [144]. Using western blot analysis, it was found that in the trematode
O. viverrini, OvTPx-1 is expressed in all stages of development; even if its location is different,
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depending on the isoenzyme [127]. For example, in adult flukes of Schistosoma japonicum it
has been possible to locate Prx-1 in the tegument whereas Prx-2 has been found associated
with the parenchyma, vitelline glands, and gastric epithelium [145]. In H. diminuta, a
peroxidase-like activity was described in 1968 [146].

(2) Thioredoxin-Glutathione Reductase

To carry out peroxide hydrogen reduction, both the GPx and Prx (TPx) need to take
electrons from GSH and Trx and then generate their oxidized forms, the substrates (i.e.,
GSSG and Trx-Sp, respectively). Reductases responsible for reducing these substrates
again and helping to maintain the homeostatic redox cycle are significantly necessary.
In mammals, there are two enzymes called glutathione reductase (GR) and thioredoxin
reductase (TrxR), both are NADPH-dependent for the reduction of GSSG and Trx-Sy,
respectively [147]. However, in 2001, Gladyshev et al. identified an enzyme capable of
reducing both Trx-S; and GSSG in the mouse testis. This enzyme was called thioredoxin-
glutathione reductase (TGR) [148].

Although this enzyme has been identified in vertebrate organisms, including humans
(hTGR) [149], it is in the group of parasitic flatworms where its study has gained relevance.
Early on, it was isolated and characterized in the trematode S. mansoni (SmTGR) [150], as
well as in the cestodes E. granulosus (EgTGR) [151] and T. crassiceps (TcTGR) [152]. Later
on, it was possible to deduce its presence in other parasitic flatworms thanks to genomic
advances [92]. Unlike their vertebrate hosts and their free-living counterparts [153], these
organisms depend exclusively on this enzyme to carry out the reduction of GSSG and Trx-
Sy. Although it has been proposed that having an enzyme capable of reducing substrates
belonging to two independent redox systems represents an evolutionary advantage [148],
it is also possible to note that the dependence of parasitic flatworms on this enzyme makes
it an excellent pharmacological target [154-161].

The genomes of trematodes and cestodes [76,87,92,129,162], as well as of the monoge-
nean Gyrodactylus salaris [21], have corroborated the classic GRs and TrxRs in this group
of parasites and have revealed that the TGR is encoded by a single gene; therefore, the
cytosolic and mitochondrial forms must be generated by alternative splicing [163]. Despite
being exactly of the same sequence, the environment in which it is located (either the cytosol
or the mitochondrial matrix) affects its kinetic constants [164]. This enzyme is expressed
in all stages of the life cycle, as reported in S. mansoni [125]. We previously reported that
the in vivo inhibition of the TGR in T. crassiceps cysticerci is sufficient to compromise the
viability of the parasite by altering its redox state and glutathione metabolism [165], which
agrees with observations made when incubating schistosomula in the presence of anti TGR
iRNA [166]. Due to its importance, TGR has been crystallized [167], promoting the search
for drugs capable of inhibiting it [154-161].

(3) Glutathione-S-Transferase and Other Antioxidant Molecules

Glutathione-S-transferase (GST) is a family of highly conserved detoxifying enzymes
that participate in the metabolism of many xenobiotics, although, in mammals, it has
been found that it can participate in other relevant physiological processes such as the
synthesis of leukotrienes, prostaglandins, and steroid hormones, as well as in amino
acid catabolism and modulation of signaling processes [168]. GST can conjugate a wide
range of substrates of an electrophilic nature, like the glutathione thiolate anion (GSH), to
generate glutathionylated compounds, which are less reactive and more soluble and can be
eliminated more efficiently by the cell. The enzyme can also detoxify by non-covalently
binding to a series of hydrophobic ligands [169]. In the case of parasitic flatwormes, it
has been proposed that GSTs are essential for survival because they eliminate toxic and
xenobiotic compounds derived endogenously or exogenously (generated or administered
by the host) [170].

There are three families of GSTs with distinctive structural characteristics and different
evolutionary origins: (a) cytosolic GSTs, (b) microsomal GSTs or also called MAPEG
(Membrane associated proteins involved in eicosanoid and glutathione metabolism), and

53



Antioxidants 2022, 11, 1102

(c) kappa-class mitochondrial GSTs [171]. However, cytosolic GSTs have been the most
studied, identifying up to seven different classes in mammals: alpha, mu, pi, sigma, theta,
zeta, and omega [172]. Parkinson et al. reported the presence of two sigma-type cytosolic
GSTs in the larval form of E. granulosus; one mu class and one microsomal GST [83].
However, an in-depth analysis of the C. sinensis trematode genome suggests the presence
of 12 cytosolic GSTs distributed in the mu, sigma, zeta, and omega classes; in addition
to mitochondrial GST and microsomal GST [173]. This agrees with findings in cestode
genomes, where an important presence of 10 genes for cytosolic GSTs of the mu class have
been reported, in addition to two GST genes of the sigma class and one of the MAPEG
class [92]. Interestingly, Nguyen et al. reported the presence of a new type of cytosolic sigma
GST in the metacestode of T. solium (TsMsGST), specifically expressed in the cytosol of the
scolex tegument and susceptible to praziquantel (a drug used against neurocysticercosis,
and which does not normally interact with sigma GSTs) [170]. Finally, Iriarte et al. analyzed
the genomic information available from several flatworm representatives and discovered
the potential absence of omega-class GST in cestodes, contrary to observations in other
species of Schistosoma as the planarian Schmidtea mediterranea [174].

Regarding their location and expression in parasitic flatworms, GSTs present complex
patterns and depend on both the species and the stage of the life cycle in which they
are found. For example, Mei and Loverde reported that, regardless of the parasite stage,
when analyzing the transcript levels of different antioxidant enzymes in S. mansoni, GST
transcripts were 100-times more abundant than GPx transcripts and 10-times more than
SOD isoforms. However, when enzymes were localized by immunofluorescence in the
adult fluke, GST isoforms were restricted to a reduced subpopulation of parenchymal cells
as well as to immature germ cells in both males and females. In contrast, SOD and GPX
isoforms were localized in the tegument [137].

Another example is observed in the mRNA expression of the omega class GSTs of
C. sinensis (CsGSTo 1 and 2). It begins with a growing pattern in juveniles of two to four
weeks of age, but there is no expression in the metacercaria form and, in contrast, they
are overexpressed in eggs [175]. This was contrasted with immunodetection techniques,
locating CsGSTo in the egg, vitelline follicles, seminal receptacles, and testes. Because
the expression of CsGSTo remains at high levels, regardless of environmental stimuli, the
authors propose that the expression of these GSTs is conditioned by sexual reproduction
within the host and that the abundance of CsGSTo in the egg is a preparation for the hostile
conditions that the parasite will face when expelled from the definitive host.

Other Detoxifying Proteins That Have Been Reported in Parasitic Flatworms:

(a) Cytochrome p450. This cytochrome has monooxygenase activity, which allows it to
oxidize multiple exogenous molecules and contributes to their detoxification. Both in
the flukes of S. mansoni [176] and Opisthorchis felineus [177], as well as in the genomes
of the cestodes, only one copy of the gene has been found [92].

(b)  Phytochelatin synthase (PCS). This enzyme works together with GST in the detoxifica-
tion of xenobiotics and in the uptake of potentially harmful transition metals [178]
through the formation of glutathione biopolymers [179]. Originally reported in plants,
the presence of a functional PCS was reported in S. mansoni [180] and its presence was
later confirmed in the genomes of cestodes [92] as well as in the parasitic nematode
Ancylostoma ceylanicum [181]. Previously, we reported the presence of three unknown
thiols in an extract of low molecular weight thiols obtained from the cysticercus of
T. crassiceps [165] and whose retention patterns coincide with those found in S. mansoni
and are associated with phytochelatins of different sizes [180]. Significantly, both
phytochelatins and the PSC gene are absent in the mammalian hosts, suggesting that
it is an adaptation to parasitic life [182], although its specific function is still under
discussion [183].

(c)  Myoglobin (Mb). We have previously talked about the capacity of Mb to store O,. Other
activities that Mb presents are peroxidase/dioxygenase, having the ability to interact
with O, molecules such as NO, CO, and H,O, [184]. Ren et al. reported that a globin
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4)

from C. sinensis (CsMb) showed peroxidase activity and that it may be important for
ROS detoxification because of its overexpression after incubation with exogenous
H,O; [185]. This was later corroborated by Kim et al., who showed that incubation of
C. sinensis flukes under aerobic conditions or in the presence of nitric oxide or nitrite
is sufficient to induce the expression of the gene encoding CsMb [72]. Interestingly,
overexpression of CsMb was also observed when flukes were co-incubated with
human cholangiocytes (bile epithelial cells).

Other enzymes. Under conditions of oxidative stress, hydroxyl groups can be non-
specifically oxidized to their aldehyde form. Similarly, reactions with radicals can
lead to the formation of reactive carbonyls. As part of the characterization of the
response of E. granulosus protoscolex to oxidative stress by exogenous H,O,, Cancela
et al. reported high levels of a type of aldo-keto reductase (AKR), estradiol-17-beta
dehydrogenase, and the enzyme carbonyl reductase 1 (CBR) [31]. AKRs are NADPH-
dependent enzymes that can reduce aldehydes to alcohols [186]. On the other hand,
CBR is an enzyme necessary to detoxify reactive carbonyls [187].

Complexity of the Antioxidant Response

The different antioxidant enzymes do not work in isolation because to successfully

face oxidative challenges, all systems must work together and simultaneously to avoid, as
much as possible, the generation of highly toxic ROS such as the HOe radical. The latter
maintains the peroxidases functioning by regenerating their electron source and repairing
the damage caused during oxidative stress. In addition to this, there may be other factors
that influence the antioxidant response, such as:

Time elapsed since the establishment of the infection. Skrzycki et al. compared oxidative
stress markers and the presence of antioxidant enzymes in two populations of the adult
H. diminuta cestode, one with a short experimental infection time and another with
a well-consolidated infection [126]. They found a high activity of the enzymes SOD,
Ph-GPx, and Prx in the anterior end (close to the intestinal epithelium) comparable
to that of both tapeworms. However, in older tapeworms they found higher GST
activity and lower GSH concentration, which suggests that adults also face a constant
detoxification process. As the tapeworm size increases and occupies the ileum, oxidant
indicators increase with a progressive decrease in antioxidant enzymes (except GST);
however, at the posterior end of the parasite, where the proglottids are sexually mature,
antioxidant enzymes increase again. This suggests that the production and storage
of eggs, which occurs in the mature and gravid proglottids located at the posterior
end of tapeworms, requires the participation of antioxidant systems. In the case of old
tapeworms, a similar pattern of antioxidant enzyme activity is observed, but contrary
to expectations, oxidative stress markers always remained below the levels reached
by their young counterparts. This suggests that by consolidating the infection, old
tapeworms have managed to modulate the immune response, which leads to less
exposure to ROS. Finally, the only enzyme that does not significantly reduce its activity
is GST, which implies that the parasite is always ready to purge toxic metabolites.
Sexual dimorphism of the parasite. Oliveira et al. compared the contribution of nutri-
ents and gender of unpaired adults of S. mansoni on Op consumption pathways and
susceptibility to oxidative stress [85]. In general, they found a greater contribution of
glutamine to respiration in females, which contrasts with a greater contribution of
glucose in the case of males. The O, consumption rate was higher in males compared
to females, regardless of the respiratory substrate. In contrast, the rate of ROS produc-
tion and the expression of antioxidant enzymes was higher in females than in males.
This suggests that the physiological process of egg production is related to an increase
in endogenous ROS. Finally, females were more tolerant to exogenous oxidative stress
than males, possibly due to basal overexpression of their antioxidant systems.
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3.3.2. Parasite-Host Relationships

Parasitic platyhelminths establish a chemical dialogue with the host by taking ele-
ments from it and by sending molecules from the parasite, having a different impact in
their relationship with the host. In addition to oxygen diffusion, this class of parasites must
ensure access to the nutrients they need for their development, so the presence of a sophisti-
cated recognition and acquisition system through the use of specific transporters (similar to
those of the host) is not surprising [30,188]. However, the parasite-host relationship is not
limited to that, as the parasite can use the metabolism of the host cells to its advantage [93],

Through proteomic analysis, the presence of intact and functional host proteins has
been confirmed in the hydatid fluid of E. granulosus and in the vesicular fluid of various
species of the genus Taenia [50]. Although the ratio of parasite/host proteins is specific
to each organism, the composition of these fluids against the composition of the serum
of the respective host has been analyzed [50,189-192]. Some of the most abundant host
proteins reported are serum albumin and immunoglobulins [87,190]. In the case of the
former, the parasite can use it to maintain internal osmotic pressure, whereas the latter
could help to prevent antigen exposure of the immune system [192,193]. Surprisingly, it
has been reported that these organisms can incorporate various host antioxidant proteins
to their antioxidant repertoire, such as the SOD, Prxs, and CAT isoforms [81,87].

In parasitic flatworms, the presence of various families of transporters specialized
in the removal of metabolites and drugs has been reported. Although this representation
is not homogeneous in flatworms, its participation in detoxification processes has been
demonstrated [194-201]. In a previous experiment, we inhibited the TGR enzyme activity
of T. crassiceps cysticerci under in vitro conditions and observed the appearance of GSSG in
the culture medium, which led to the proposition that the cestode expels GSSG excess as a
mechanism to avoid the change of the redox environment inside [165]. By searching for
a transporter capable of carrying out the translocation of this oxidized species, we were
able to identify some multidrug resistance (MDR) transporters in the genome of T. solium,
which may potentially be responsible for carrying out this function [165].

4. Conclusions

Oxygen has a dual function in organisms. In aerobic organisms it works mainly as a fi-
nal electron acceptor during respiration, which results in greater energy production through
the catabolic pathways, and its presence is related to the generation of ROS resulting in the
expression of antioxidant systems involved in redox homeostasis maintenance.

Among flatworms, trematodes and cestodes have life cycles that develop in envi-
ronments with different oxygen tension, which determine the development of special
characteristics that have allowed them to adapt to varied conditions, such as:

e Anenergy metabolism that transits between aerobiosis and anaerobiosis depending
on the availability of oxygen.

e This is possible because they have an enzymatic repertoire with common metabolic
pathways involving enzymes that catalyze reversible reactions.

e In anaerobiosis, in addition to lactic fermentation, they have another fermentation
pathway known as malate dismutation that allows them to obtain a greater amount
of energy even in the absence of oxygen. Additionally, this pathway allows them to
maintain their redox balance by eliminating the electrons in molecules that are secreted
into the medium, mainly succinate, acetate, and propionate.

e  Due to the absence of a circulatory system, they developed a tegument through which
O, diffuses.

e The diffusion of oxygen generates the formation of a concentration gradient, its
presence being greater in the tegument than in the parenchyma.

e  Two populations of mitochondria, aerobic and anaerobic, have been described; the
first located mainly in the tegument.
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e  Finally, the exposure of the tegument to a higher concentration of O, implies a greater
production of ROS in it, as indirectly demonstrated by a significant presence of antiox-
idant enzymes in this region (SOD, GPx, Prx).

These overall data provide more information on the type of metabolism that is per-
formed in the parasite in relation to pO,. However, as Boyunaga comments [82], “one must
be cautious when trying to relate this O, tension where these parasites develop” with the
type of energy metabolism they carry out, since the reports in the literature can be contro-
versial. Thus, an important aspect that must be considered is the presence of both types of
metabolism, aerobic and anaerobic, in the same organism and its relation to the size of the
parasite, the stage of the life cycle, and the degree of purity of the mitochondrion (at least
two mitochondrial types in these organisms). Having pure populations of mitochondria
would make it possible to determine with greater certainty what type of energy metabolism
occurs at what time in the life cycle and in what region of the parasite.
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Abstract: Blood-feeding arthropods, particularly ticks and mosquitoes are considered the most
important vectors of arthropod-borne diseases affecting humans and animals. While feeding on
blood meals, arthropods are exposed to high levels of reactive oxygen species (ROS) since heme
and other blood components can induce oxidative stress. Different ROS have important roles in
interactions among the pathogens, vectors, and hosts. ROS influence various metabolic processes
of the arthropods and some have detrimental effects. In this review, we investigate the various
roles of ROS in these arthropods, including their innate immunity and the homeostasis of their
microbiomes, that is, how ROS are utilized to maintain the balance between the natural microbiota
and potential pathogens. We elucidate the mechanism of how ROS are utilized to fight off invading
pathogens and how the arthropod-borne pathogens use the arthropods’ antioxidant mechanism to
defend against these ROS attacks and their possible impact on their vector potentials or their ability
to acquire and transmit pathogens. In addition, we describe the possible roles of ROS in chemical
insecticide/acaricide activity and/or in the development of resistance. Overall, this underscores
the importance of the antioxidant system as a potential target for the control of arthropod and
arthropod-borne pathogens.

Keywords: ticks; mosquitoes; oxidative stress; ROS; microbiome; acaricide; insecticide resistance

1. Introduction

Every year more than 700,000 individuals die from diseases transmitted by hematophagous
arthropods, of which malaria, dengue, human African trypanosomiasis, leishmaniasis, Chagas
disease, yellow fever, Japanese encephalitis, onchocerciasis, and tick-borne encephalitis are
particularly detrimental [1]. Hematophagous arthropods such as mosquitoes, triatomine
bed bugs, sandflies, blackflies, midges, and ticks derive their nutritional requirement
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from blood feeding. While some of them are facultative blood feeders such as the female
mosquitoes that need blood to trigger oogenesis; others, such as ticks, are obligate blood
feeders that solely depend on blood meals from their hosts for their propagations, molting,
development, and survival [2-7]. Most of them ingest huge amounts of blood in a single
meal ranging from three to ten times their body weight to up to several hundred times
their unfed body weight [8,9]. Due to this unique feeding behavior, these arthropods have
become efficient bridging agents between vector-borne pathogens and their hosts. There-
fore, the control of these vectors could also lead to the control of these diseases. Among
blood-feeding arthropods, mosquitoes and ticks are recognized as the most important
vectors of pathogens affecting animals or humans. Of the arthropod-borne diseases, only
the mosquito-borne pathogens cause high morbidity and mortality globally and the col-
lective global burden of mosquito-borne diseases is not less than that of AIDS. Malaria, a
mosquito-borne protozoan disease, alone attributes to 45 million disability-adjusted life
years (DALYs) per year and is considered one of the “big three” along with AIDS and
tuberculosis [10]. On the other hand, ticks are only second to mosquitoes in terms of their
potential to transmit a wide array of devastating pathogens, posing a global threat to both
human and animal health. Therefore, the control of these vectors is of public health and
veterinary concern [11].

Blood is an excellent source of nutrients for hematophagous arthropods; however, its
components including heme, iron, amino acids, and even water could be deleterious for the
attacking vectors themselves. Heme and free iron lead to the formation of reactive oxygen
species (ROS), resulting in oxidative stress. Previous works of literature have already
shed some light into the mechanisms of how vectors are engaged in the neutralization
of oxidative stresses for their survival [8,12-14]. In this review, we describe the roles of
ROS in mosquitoes and ticks, particularly in vector competency and the development of
insecticide/acaricide resistance.

2. ROS Generation and Oxidative Stress in Arthropods

ROS are free radicals that are highly unstable and reactive and contain one or more
unpaired electrons. They are naturally produced in all cells and organisms and are crucial in
several metabolic processes including cell signaling, cellular proliferation, and transcription
regulation [15,16]. A tight balance between ROS production and its neutralization supports
healthy life and vector potentials and ameliorates the effects of insecticides/acaricides.
However, an imbalance between ROS production and antioxidant activities results in
cellular damage, a phenomenon known as oxidative stress, which is highly detrimental to
the life of any organism, including hematophagous vectors.

2.1. Blood Meal and the Fate of Heme within Arthropods

Blood is an excellent source of nutrients, rich in proteins; it also contains the necessary
carbohydrates, salts, and lipids that can supply the needs of the arthropod as well as its
embryo development [17-20]. Hemoglobin and albumin, the most abundant proteins in
the blood, make up almost 80% of the total proteins of blood and are greatly utilized by
hematophagous arthropods and blood-dwelling parasites [21]. When hemoglobin is broken
down during hematophagy, it results in the liberation of large amounts of heme. Heme
itself is capable of promoting the production of ROS [14,22]. In vivo study demonstrates
that most of the heme ingested is not absorbed but readily excreted in the feces through
several mechanisms. In hemipterans, the lipid membranes in the gut epithelium catalyze
the formation of crystalline heme aggregates known as hemozoin. In the mosquitoes, the
heme is trapped in the peritrophic matrix of the gut. Ticks, on the other hand, digest blood
intracellularly [23-26], wherein the liberated heme is trapped in hemosomes, specialized
organelles in tick-gut cells designated to trap the liberated heme [8,22]. Although the
gut of hematophagous arthropods efficiently tends to thwart the absorption of heme,
a significant amount of heme is retained within and is capable of inducing oxidative
damage at the cellular level and causes lipid peroxidation [12,14]. A mechanism to degrade
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heme and reduce its toxic effects is also present within vectors. Although seemingly
beneficial, it can cause another problem by releasing highly reactive free Fe**, which may
trigger the Fenton reaction, ultimately resulting in accelerated ROS production, and thus,
eventually exacerbating oxidative stress [12]. However, this phenomenon is not observed
in ticks since they lack the heme oxygenase gene [27]. In sandflies and Aedes aegypti,
hemoglobin digestion intermediates also induce oxidative stress upon contact with the gut
epithelium [16,28]. Iron is also acquired from the serum from the hosts’ ferritin, transferrin,
and other iron-binding proteins found in the host blood [13].

Hard ticks are pool feeders, and they attach for a long period that can range for
3-12 days depending on the species and developmental stage of life cycle. Interestingly, the
attachment period may extend up to 60 days when they attach to a reptile host [3,5,6,29-31].
During feeding, ROS are also generated from the hosts” eosinophils, neutrophils, and
macrophages through the lesion brought about by blood feeding [5,30,32,33]. In blood-
feeding arthropods such as mosquitoes and ticks, the control of oxidative stress from heme
and iron toxicity, which includes postprandial downregulation of ROS production in insect
cells, matrix peritrophins, heme catabolism, and iron chaperones and shuttling, has already
been thoroughly discussed in previous works [12,17,22].

2.2. Other Biological Sources of ROS

A variety of cellular developmental and metabolic activities and other biological
events can lead to the generation of ROS (Table 1). Increased malondialdehyde (MDA)
concentrations, an indicator of oxidative stress, were also observed during embryonic
development as well as larval maturation of the ticks such as Rhipicephalus microplus
and Haemaphysalis longicornis [34,35]. In mosquitoes, an increase in metabolic activities,
including oogenesis, also results in the generation of ROS and these ROS accumulate over
time and can affect the fecundity of mosquitoes [36]. Since mosquitoes are flying insects,
ROS generation is further accelerated by the increased mitochondrial activity of the flight
muscles [37]. Although it is not proven in blood-feeding arthropods, studies in insect
models such as Drosophila indicate that a high production of ROS in the insect nervous
system results in the ROS-mediated decline of neuron survival [16].

Table 1. Biological sources of ROS aside from blood meals.

Biological Activity Reference

Activity for reproduction and growth

Oogenesis [36]

Embryonic development [34,35]

Hatching and molting [38]

Larval development [34]
Normal homeostasis

Flight activity [37]

Nervous system activity [16]

Cellular activity [38]
Pathogen infection

Microbial killing by ROS [39]

Melanocytic encapsulation [40]

Immune signaling [41,42]
Arthropod microbiome

Enterobacter production [43]
Arthropod control

Metabolism of acaricide/insecticide [16]

Insecticide resistance [44]

Phytochemical control [45]
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3. Vector Competency and Oxidative Stress

Vector competence (also termed vector potential) refers to the ability of arthropods
to transmit pathogens, which is greatly influenced by the genetic and/or other intrinsic
factors of arthropod vectors [46]. Additionally, it is also governed by the factors exerted by
hosts themselves during pathogen inoculation, development, and propagation in particular
hosts. During an infection, ROS have pivotal roles in the triangular relationship among
vectors, pathogens, and hosts and may influence the triad either positively or negatively.
A pluripotent molecule isolated from the salivary glands of H. longicornis, called longis-
tatin [47], plays a central role in the feeding and development of ticks [3,4,9,48] and has
been elegantly shown to ameliorate cellular ROS production in human endothelial cells [5],
making it a key molecule in the survival of hard ticks. On the other hand, the acquisition of
pathogens into a vector also induces modification of the normal ROS production resulting
in oxidative stress to arthropod cells, which ultimately is being utilized by hematophagous
arthropods to eliminate invading pathogens. Therefore, vector competence largely depends
on a smart balance of the ROS that ensures the entrance, survival, and proliferation of
pathogens into a vector. At the same time, maintenance of an optimum level of ROS is
essential for the assurance of survival of the arthropods themselves to allow the feeding
behavior that eventually ensures pathogen transmission [32,49-51].

3.1. ROS and Arthropod’s Innate Immunity

To ensure their own survival and existence, arthropods use ROS to eliminate invading
pathogens as well as to mount a better immune response during infection (Figure 1A) [52-54].
Anopheles gambiae, for example, can survive better at higher levels of systemic ROS when
challenged with Micrococcus and Escherichia. Furthermore, the supplementation of antiox-
idants in the diet results in significantly higher mortality during bacterial infection [55],
indicating that ROS and oxidative stress play a critical role in the arthropods’ survival
during the acquisition and transmission of infections. On the other hand, a Plasmodium
refractory strain of Ano. gambine was observed to be in a chronic state of oxidative stress,
while the same parasite would survive if antioxidants were provided in the diet [8,40].
The same effects of oxidative stress are observed in the Rh. microplus (BME26) cell line.
During infection with Rickettsia ricketsii or exposure to heat-killed microorganisms, up-
regulation of genes encoding for ROS production was observed, while antioxidant genes
were downregulated [56]. Oxidative burst by macrophages efficiently eliminates pathogens
basically by ROS, which are either toxic to the pathogen or work together with hydrolases,
reactive nitrogen species, and the NADPH oxidase system (NOX). Supporting the above
notion, bacterial infections have been shown to increase ROS in the ticks” hemocytes [39].
ROS play a role to block pathogen transmission by melanotic encapsulation, where in-
vading pathogens are encapsulated to help the prevention of transmission. Melanotic
encapsulation of Plasmodium has been shown in Ano. gambiae. The melanocytic capsule of
the refractory strains of Ano. gambiae constructed around Plasmodium can block parasite
development in the mosquitoes” midgut and the strain was observed to have higher levels
of ROS [40]. On the other hand, in mosquitoes, ROS also act as a signaling molecule for
the mitogen-activated protein kinase (MAPK)-dependent cascade and phosphatidylinos-
itol 3-kinase (PI3K)/Akt-dependent pathway, which has been shown to regulate innate
immunity and affects the physiology and development of the malarial parasite [41,42].
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Figure 1. Schematic diagram of the life cycle of the pathogen (A) after infection of the arthropod
versus the arthropod-borne pathogen’s (B) life cycle and its interaction with ROS. Created with
Biorender.com (accessed on 10 May 2022).

3.2. ROS after the Establishment of Infection in Hosts

While ROS are an important component of defense by the host against the pathogen,
ROS are also generated during the establishment of a pathogen within a host and continue
to be produced throughout the progression of the disease, for example, flaviviruses are
known to induce the production of ROS, which are linked to apoptosis and are, thus,
involved in the killing of infected cells together with the pathogen and eventually support
the survival of the remaining non-infected cells. Through the production of ROS, infected
individuals battle against pathogens to eliminate invading microbes in the early stage of
invasion to prevent the progression of damage to the adjacent cells caused by the pathogens
themselves and by the triggered inflammatory insults as well (Figure 1A) [57,58]. Therefore,
this cellular response could affect the vectorial capacity of the arthropods. However,
the coevolution of the arthropods with the pathogens carried by them has led to their
coadaptation with each other’s immune responses (Figure 1B). Pathogens have devised
various protective shields to evade host responses to ensure their transmission, colonization,
and survival in a hostile environment within vertebrate hosts, until either the recovery or
the death of the host [49,50,59].

During dengue virus (DENV) infection, apoptosis is the usual outcome [60]. Apoptosis
is usually brought about by the production of viral proteins, which disrupts the function of
the endoplasmic reticulum (ER), resulting in the accumulation of misfolded and unfolded
proteins. The presence of these misfolded and unfolded proteins activates the unfolded
protein response (UPR). Even with the UPR, the mitigation of the effect of ER stress may
not be addressed within a specific time and will still result in apoptosis [61,62]. However,
in a mosquito cell line, it was found that mosquito cells were neither severely damaged nor
subjected to apoptosis, rather the infection persisted in this setting, and ROS were detected.
Interestingly, a p53 paralogue was upregulated during infection. The p53 is a transcription
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factor that selectively transcribes the catalase gene, which alleviates ROS accumulation
within the cells, therefore reducing the rate of apoptosis (Figure 1B). In experiments that
reduced the expression of the p53 gene, ROS accumulated in the infected cells [60]. In
Ae. aegypti, knockdown of the catalase gene also resulted in reduced oviposition and
lifespan with H,O, challenge and reduced virus titer in the midgut upon infection with
DENYV [63]. Aside from the catalase activity, glutathione S-transferase (GST) activity was
also higher in DENV-infected cells. GST suppression resulted in an earlier release of
superoxide ions and higher cell mortality. Interestingly, this upregulation was not observed
in mammalian cells infected with the same virus, indicating that this phenomenon may be
limited to only mosquito cells [64]. Besides GST activity, an additive anti-apoptotic activity
was observed due to the upregulation of the inhibitor of apoptosis (IAP) [61]. ROS and
oxidative stress are also believed to be controlled by the proper refolding of misfolded
proteins, and this is usually achieved through the production of the X-box binding protein
1 (XBP1), which is presumed to be a critical transcription factor for various chaperones,
including the BiP/GRP 78 mRNA [62]. In contrast, West Nile virus, another flavivirus,
also induces ROS production. However, the exact mechanism of this ROS production
is still unknown. Mosquito cells infected with this virus-induced upregulation of Nrf2-
and NRF1-mediated antioxidant genes, eventually result in elevated reduced glutathione
(GSH) levels. This ultimately increased the oxidative capacity of the cells to withstand the
oxidative stress elicited by the virus infection [65].

In contrast, transfection with the nonstructural protein 1 of the flavivirus, e.g., tick-
borne encephalitis virus, induces oxidative stress in HEK293T cells and activates the
antioxidant defense of these cells [66]. Moreover, in tick cells, the knockdown of the an-
tioxidant GST molecule with subsequent infection of the Langat virus, another member of
Flaviviridae, resulted in increased mortality, decreased proliferation, and decreased viral
titer [67]. Furthermore, infection of LGTV in tick cells indicates a possible correction of the
protein folding as seen by the upregulation of chaperone proteins, specifically heat shock
proteins (HSPs) 90 and 70 [68,69]. These HSPs help in the refolding of misfolded proteins
or are related to the degradation of terminally misfolded proteins to prevent protein aggre-
gation, thereby creating an anti-apoptotic environment within cellular niches [58,70]. This
corrective response was also observed in Anaplasma phagocytophilum infection in ticks and
tick cells, wherein HSP20, HSP70, and HSP90 expressions have been upregulated [58,71,72].
Metabolomics also indicates that terminally misfolded proteins tend to prevent ER stress
and apoptosis. Accordingly, HSP70 knockdown decreases Ana. phagocytophilum titer in
ticks [71].

Furthermore, Ana. marginale infection upregulated genes closely related to the gen-
eration of antioxidants. Simultaneous knockdown of catalase, glutathione peroxidase,
and thioredoxin together with oxidative resistance 1 gene favored the colonization of Ana.
marginale in BME26 cells, strongly supporting that the oxidant response is involved in the
control of infection and the maintenance of cell survival [56]. Additionally, mitochondrial
ROS production also increases in response to Ana. phagocytophilum to control the parasite.
Conversely, to maintain the parasite’s fitness and maintain the infection, other alternative
ROS production and apoptosis pathways are also inhibited [73].

Another group of molecules that are also upregulated during infection are seleno-
proteins. They are a group of proteins that both catalyze and regulate several redox
reactions [38]. It has been proposed that pathogens can induce the production of seleno-
proteins that not only allow their proliferation and transmission but also play a key role
in pathogen acquisition. In Borrelia burgdorferi infection, Salp25D, a tick selenoprotein, is
utilized against the oxidative stress from the inflammatory process at the biting site [32].
Knockdown of selenoprotein M reduces the titer of Ana. marginale and inhibits the develop-
ment of the infective stage of Ana. marginale [74]. Selenoprotein P (SelP) is upregulated in
the salivary glands of the Ri. parkeri-infected ticks to ameliorate oxidative stress during
feeding. Furthermore, the knockdown of SelP genes also reduced the transovarial trans-
mission of pathogens [52]. In addition to the direct control of ROS through antioxidant
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enzymes, the generation of ROS is also controlled by regulating free cations such as iron,
which augments ROS productions. Ferritins that sequester free iron are upregulated in
Dermacentor variabilis during Escherichia coli infection [13]. Bacterial iron-binding proteins
could also sequester iron in the blood meal, which is expressed in the infective stage of Ana.
phagocytophilum [75].

3.3. ROS and Arthropod Microbiome

In this review, microbiome refers to the overall genome of microorganisms in a certain
niche, which has been shown to shape the phenome [76,77]. Therefore, attaining a balance
between the natural microbiota and potential pathogens is very crucial. One way to main-
tain this balance is through the dual oxidase (Duox)-dependent ROS generation system [16].
Duox is a protein that mainly functions in the generation of ROS; however, the Duox-ROS
pathway remains inactive unless proliferation occurs and bacteria come in contact with the
mucosal barrier. In this manner, ROS produced from the Duox pathways attack invading
pathogens through the mucosal barrier, particularly by HyO,, These attacks can disrupt
the tyrosine phosphorylation network of invading pathogens and, thereby, reduce their
fitness. Enterobacteria dominate in the midgut by maintaining gut homeostasis [78-80],
and these bacterial species are adapted to survive within blood-feeding arthropods (e.g.,
ticks) as they are resistant to ROS killing. Since enterobacterial species are ROS-generating
bacteria, during blood feeding, the gut environment would favor the growth of these
bacterial species, overcoming the possible proliferation of Plasmodium and other pathogenic
organisms [43,81-83]. Challenge with pathogens, therefore, accelerates the expansion of
bacterial populations during blood feeding and they escape the constraints of the Duox
system. One way for the natural microbiota to escape the Duox system is by avoiding
contact with the gut epithelium. To achieve this, bacteria are encaged in a blood bolus
during blood feeding. The formation of a dityrosine network (DTN) on the luminal surface
of the gut epithelium also makes it difficult for the soluble immune mediators to penetrate
the blood bolus; thus, the microbiota avoids activation of the immune responses [84]. The
protective effects of this DTN are not only beneficial for the microbiota but also for the
Plasmodium parasite [85]. The same DTN is also found in ticks and has been proved to
maintain B. burgdorferi infection.

Furthermore, in ticks, some pathogenic organisms have already adapted to this strat-
egy by altering their transcription mechanism and ameliorating the antioxidant mecha-
nisms, including selenoproteins, to maintain the favorable levels of ROS that allow for
their survival and growth. The knockdown of the SelP gene increases oxidative stress,
thus, decreasing Ri. parkeri loads and increasing levels of Francisella-like symbionts such as
Candidatus Midichloria mitochondrii and other bacteria [43,52].

4. ROS and Chemical Control of Arthropods

The metabolism of xenobiotics including acaricides and insecticides also leads to
the generation of ROS [16]. Enzymes involved in the detoxification of these acaricides
are also known as antioxidants, including glutathione S-transferase, cytochrome P450
monooxygenases, and some esterases. Higher expression or activities of these enzymes are
involved with some resistant strains in both mosquitoes and ticks [44,86,87]. Permethrin-
resistant strains of Ano. gambiae were shown to have higher ROS production rates and
the increased ROS production in turn resulted in increased GST and catalase gene expres-
sion [44]. The same observations were reported in DDT-resistant Ano. arabiensis and Ano.
funestus, wherein increased catalase and glutathione peroxidase activity was observed,
indicating that resistant strains of mosquitoes need a higher capacity for coping with
oxidative stress [88]. During every single blood meal, a transient decrease of oxidative
stress was observed in mosquitoes. Increased expression and activity of antioxidant en-
zymes after multiple bouts of blood feeding is essential to maintain the homeostasis of
DDT- and permethrin-resistant phenotypes of mosquitoes [88]. Disruption of the oxidative
stress, e.g., elevated oxidative stress or reduced capability of minimizing oxidative stress,
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increases the susceptibility of DDT-resistant Ano. gambiae to DDT [89]. Additionally, some
phytochemicals extracted from plants can augment ROS production. When Culex quinque-
fasciatus is exposed to the extracts of the medicinal plant, Stachytarpheta jamaicensis, it can
lead to the generation of a high amount of ROS, resulting in the death of their larvae [45].
Plant extracts can decrease the levels of antioxidative enzymes in mosquitoes, for example,
phytochemicals reduce the levels of carboxylesterases and superoxide dismutases in Ae.
aegypti larvae (Figure 2) [90,91]. In the ticks, a negative correlation between GST enzyme
expression and different phytochemical concentrations was observed, indicating the ability
of these phytochemicals to induce oxidative stress in ticks [92].

Anti-oxidants

Carboxylesterase : ;
Superoxide dismutases - ‘ BeRativa-oxygenspecies
Glutathione S-transferases

| Oxidative stress and death |

Figure 2. Schematic diagram on the activity of the phytochemicals and its possible mode of activity
to cause mortality. Created with Biorender.com (accessed on 10 May 2022).

5. Conclusions

Mosquitoes and ticks are considered to be the most important vectors in the trans-
mission of human and animal disease-causing pathogens. The vast array of pathogens
includes viruses, bacteria, protozoa, and nematodes. Pathogens” acquisition and trans-
mission largely depend on the ability of the pathogens to evade not only the arthropod’s
immune response but also their physiology. ROS are an integral part of the cellular physiol-
ogy of any organism. In hematophagous arthropods, high amounts of ROS are produced by
heme released during the digestion of blood meals. Moreover, several biological activities
such as embryonic and larval development and flight activity augment ROS production.
ROS have dual functions and are essential mediators of varieties of biological functions,
including immune responses, cell signaling, and maintenance of the natural microbiome.
ROS are also crucial in maintaining the natural microbiota in ticks. On the other hand, high
amounts of ROS could result in redox imbalance, causing lipid peroxidation and DNA
damage, and eventually death. ROS have pivotal roles in the effectiveness of mosquito
resistance to insecticides. As pathogens have co-evolved with the arthropods that transmit
them, the pathogens have devised ways to adapt to the physiological responses of the
arthropods, even making use of their antioxidant response to evade ROS attacks of the host.

For the reasons mentioned above, it is important to consider the antioxidants or the
antioxidant system as a potential target group in the development of drugs, vaccines,
or other biological and chemical means to control the arthropods and their associated
pathogens. In addition to the control aspects, this novel approach would address the
vectorial capacity of these arthropods as well as their resistance to insecticides/acaricides.
The use of phytochemicals has been a step in the right direction, but further understanding
of the mechanism on how these phytochemicals work may be necessary to enable mass
production globally.
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Abstract: In the late phase of Trypanosoma cruzi infection, parasite persistence and an exaggerated
immune response accompanied by oxidative stress play a crucial role in the genesis of Chronic
Chagasic Cardiomyopathy (CCC). Current treatments (Benznidazole (BNZ) and Nifurtimox) can
effect only the elimination of the parasite, but are ineffective for late stage treatment and for preventing
heart damage and disease progression. In vivo trypanocidal and cardioprotective activity has been
reported for Lippia alba essential oils (EOs), ascribed to their two major terpenes, limonene and
caryophyllene oxide. To investigate the role of antioxidant and immunomodulatory mechanisms
behind these properties, chronic-T. cruzi-infected rats were treated with oral synergistic mixtures of
the aforementioned EOs. For this purpose, the EOs were optimized through limonene-enrichment
fractioning and by the addition of exogenous caryophyllene oxide (LIMOX) and used alone or in
combined therapy with subtherapeutic doses of BNZ (LIMOXBNZ). Clinical, toxicity, inflammatory,
oxidative, and parasitological (QPCR) parameters were assessed in cardiac tissue. These therapies
demonstrated meaningful antioxidant and immunomodulatory activity on markers involved in
CCC pathogenesis (IFN-y, TNF-c, IL-4, IL-10, and iNOS), which could explain their significant
trypanocidal properties and their noteworthy role in preventing, and even reversing, the progression
of cardiac damage in chronic Chagas disease.

Keywords: chronic Chagas disease; Trypanosoma cruzi; antioxidant; immunomodulation; immunohis-
tochemistry; essential oils; Lippia alba; limonene; caryophyllene oxide

1. Introduction

Chagas disease is a parasitosis caused by Trypanosoma cruzi that affects approximately
10 million people worldwide, of whom around 30% will eventually develop organomegaly
of the digestive tract or heart [1]. Dilated cardiomyopathy, or Chagas heart disease (CHD),
is the most relevant manifestation of this infection during its chronic phase [1], making it
the most prevalent cardiac infection in the world, and causing a significant public health
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problem in Latin American countries where it is endemic [2]. Because of the silent course of
this parasitosis and the late appearance of its symptoms (usually 8-10 years after acquiring
the parasite, and without any other pathognomonic signs), CHD can be confused with
other etiologies, delaying timely diagnosis [3]. These factors combined have contributed to
CHD being presently considered a neglected and high-cost disease, with an average cost of
care for chronic cases estimated at USD $44,955 per person [4].

Progression of the disease is characterized by the persistence of the parasite in smooth
muscle, and is associated with an exacerbated immune response and a permanent oxida-
tive environment. Research indicates that these conditions together contribute to tissue,
neurological, and microvasculature injury; with a consequent deterioration of contractile
capacity and dilation of muscle tissue; which in turn can culminate in an eventual loss
of the organ’s physiological function and even result in death [5]. Current treatments
available for therapeutic intervention against this infection are based on the use of two
nitro-heterocyclic compounds: nitrofuran Nifurtimox (NFX) and nitroimidazole Benznida-
zole (BNZ). These compounds, well-established for more than 50 years as the conventional
therapy against T. cruzi infection, have been found to exhibit limited trypanocidal activity
(between 50-80% in the acute phase, and 8-20% in the chronic) [6], with high toxicity due
to non-selective oxidative damage.

In general terms, patients assigned therapies based on these drugs demonstrate low
treatment adherence due to the presence of multiple adverse side effects (mainly severe
anorexia, digestive intolerance, and neurological disorders), as well as long treatment times;
all characteristics of therapeutic regimens with high rates of treatment abandonment [7].
In response, regulatory entities such as the US Food and Drug Administration (FDA) have
not approved the use of NFX in human therapy, thus limiting the available prophylactic
and therapeutic options to BNZ, alone, for all clinical phases of Chagas disease.

Recent studies have reported interesting in vitro trypanocidal, antioxidant, and im-
munomodulatory activity for fractions derived from Lippia alba (mill.) N.E. Brown essential
oils (EOs) rich in terpenes such as limonene, citral, and caryophyllene oxide [8,9]. In addi-
tion, trypanocidal and cardioprotective qualities have also been ascribed to these oils in
animals with chronic T. cruzi infection [10]. The aim of the present work is to assess, in
an animal model of chronic Chagas disease, potential immunomodulatory and antioxi-
dant properties as possible mechanisms for the trypanocidal and cardioprotective activity
observed for these compounds. In order to accomplish this, synergistic mixtures were
generated by combining a limonene-rich fraction of L. alba EOs with added exogenous
caryophyllene oxide (LIMOX); or by the interaction of this LIMOX with subtherapeutic
doses of BNZ (LIMOXBNZ). These experimental therapies were used in a daily, oral scheme
of 31 doses on a murine model (Wistar rats) infected with chronic T. cruzi, in which CCC
had been induced.

The effect of the treatments was determined through evaluation of the clinical progres-
sion of heart disease (biochemical and morphological parameters), the trypanocidal efficacy
(qPCR), and by immunohistochemical analysis of the cytokine profiles relevant to the im-
mune response against the parasite (TNF-«, IFN-y, IL-10, and IL-4). Likewise, a marker
of oxidative stress (iNOS) was also measured. The phytotherapeutics studied showed
promising data for a therapy that could be used as an adjuvant to current treatments (BNZ).
Such a novel therapy would be based on standardized production technologies, with Good
Agricultural Practices and environmentally sustainable EOs extracted from L. alba, a wild
shrub from the Colombian Andean Region.

2. Materials and Methods
2.1. Plant Material

Plants belonging to the specie L. alba, carvone chemotype, were harvested at the
National Research Center for the Agroindustrialization of Tropical Aromatic and Medic-
inal Plant Species (CENIVAM) (Universidad Industrial de Santander (UIS)), located in
Bucaramanga, Colombia, at an altitude of 960 m above sea level. For the cultivation
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of plant specimens, environmental conditions and specific collection times previously
standardized [8] were taken into account. A plant collection permit was obtained from
the Colombian Ministry of the Environment and Sustainable Development under Reso-
lution 1761 of November 2019. The L. alba identification voucher was deposited at the
Colombian National Herbarium (Universidad Nacional de Colombia) under Herbarium
Code COL480750.

2.2. Extraction of Essential Oils and Their Fractions

Essential oils were obtained via steam distillation in a 0.4 m? stainless steel col-
umn using fresh and mature L. alba leaves, and were separated by decantation. Subse-
quently, they were dried with anhydrous sodium sulfate and stored at 4 °C in amber
flasks. The EOs were fractionated by reduced pressure distillation in a B/R Instruments
(Easton, MD, USA) 800 high-efficiency microdistillation device, and enriched in the bioac-
tive terpene (limonene). The F1 fraction rich in limonene was collected at a temperature
of 67 °C and pressure of 12 Torr during distillation of the carvone-chemotype EOs, then
stored in amber glass at 4 °C for later analysis.

2.3. GC-MS Analysis

For chromatographic and spectrometric characterization, a GC7890 Gas Chromato-
graph (Agilent Technologies, AT, Palo Alto, CA, USA) was used, which has an MSD 5975C
mass selective detector (AT, Palo Alto, CA, USA); an electron impact ionizer (EL 70 eV) with
an aras/splitless injector (1:30 aras radius); and an MS-ChemStation G1701-DA Data Sys-
tem, including a WILEY, NIST, and QUADLIB 2007 spectral library. The columns used were
DB-5MS fused silica capillary (J&W Scientific, Folsom, CA, USA) and DB-WAX (J&W Scien-
tific, Folsom, CA, USA). The data obtained were reconstructed by automatic scanning, and
the relative concentration of each compound was obtained by means of an AT 7890 Gas
Chromatograph coupled to a flame detection system (FID, 250 °C). Identification was
based upon chromatographic criteria (most importantly retention time and linear retention
indices and the use of standard compounds) and spectrometric criteria (interpretation of
the mass spectrum compared with standard compounds and databases) [11].

2.4. Animal Model

The animal model chosen was 30 male Wistar rats (Rattus novergicus) aged 38 =+ 2 days
old and with a mean weight of 65 £ 10 g, provided by the Universidad Industrial de
Santander (UIS) Health Faculty’s Bioterium in Bucaramanga, Colombia. A period of eight
days of acclimatization to their new environment in the animal testing laboratory at the
University of Santander (UDES) was required before their usage in research. In the lab,
they were housed with two animals per cage (of dimensions 24 x 37 X 24 cm), in an
individually ventilated (IVC) Easy Flow cage system, with a bed of patula pine shavings,
food (commercial rodent diet, Lab-Diet®) and sterilized water ad libitum. Variables such as
humidity, temperature (21 4 22 °C), ammonia and CO; concentrations, and standardized
dark/light cycles (lights on at 06:00 and off at 18:00) were controlled. For the experiments,
animals were randomly assigned using the standard function = RAND in Microsoft Excel
into six groups of six animals each. Three of these groups were controls: negative (not
infected, not treated); hLIMOX-Control (not infected, treated with higher doses of LIMOX
(EOs enriched in limonene and with added caryophyllene oxide)); and positive (infected,
not treated). The three other groups were experimental: LIMOX (infected, treated with
LIMOX); LIMOXBNZ (infected, treated with LIMOX + BNZ); and BNZ (infected, treated
with BNZ). The positive control and experimental groups (LIMOX, LIMOXBNZ, and BNZ)
were made up of animals infected with T. cruzi. The therapeutic schemes were admin-
istrated as described in Table 1 via daily, oral doses for 31 days continuously following
the onset of the chronic disease phase as established through echocardiography and para-
sitemia absence. All experiments were carried out according to the NIH Guide for the Care
and Use of Laboratory Animals to minimize animal pain and distress. The protocol used
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was approved by the Bioethics Committee of the Universidad Industrial de Santander and
the Ethics Committee of the Universidad de Santander (Agreement Number 010-VII of
15 and 16 May 2017).

Table 1. Therapeutic schemes administrated in Trypanosoma cruzi-infected Wistar rats.

Vehicle Lippia alba Carvone- .
Inoculum . . Caryophyllene Benznidazole
Group (Tryp) (Sunflower Oil) Chemotype EO: Limonene- Oxide (mg/Kg/day) (mg/Kg/day)
M q.s.p Enriched Fraction (mg/Kg/day) glday glday
Negative - 100 uL - - -
hLIMOX-Control - 100 uL 170 70 -
Positive 2.5 x 10° 100 pL - - -
LIMOX 2.5 x 10° 100 pL 68.9 70
LIMOXBNZ 2.5 x 10° 100 pL 68.9 70 7.9
Benznidazole 2.5 x 10° - - - 100

Tryp: metacyclic trypomastigote of Trypanosoma cruzi clone 338CI2 Tcl; EO: Essential oil; g. s. p: quantity sufficient provided.

2.5. Experimental Animal Model of Chronic Chagas Disease

Animals from the positive control and experimental groups were infected using an
inoculum prepared as described in the literature [10]. Briefly, 2.5 x 10° metacyclic trypo-
mastigotes of T. cruzi clone 338CI2 (isolated from a confirmed CCC patient), characterized
as Discrete Typing Unit (DTU) Tcl, were obtained from TAU3AAG media, resuspended
in a final volume of 100 uL of phosphate buffer saline-glucose (PBS-G), and injected into
the intraperitoneal cavity [10]. After infection, the rats” behavior and clinical parameters
(weight, ocular perimeter, position of the vibrissae, physical condition, stool moisture, and
parasitemia) were monitored every three days. Parasitemia was evaluated by observing
parasites in peripheral blood obtained through puncture of the ventral coccygeal vein
with a 27-gauge needle. The blood was collected in a microhematocrit tube and observed
between a microscope slide and coverslip under a light optical microscope at one hundred
microscopic fields (100 x magnification objective) as described by Brener [12].

To determine the development and progression of CCC, the rats’ heart silhouettes
were evaluated via Two-Dimensional Ultrasound, measuring the Maximum Length (ML)
and Maximum Diameter (MD) along the long axis of the heart with a convex transducer
and a DP20 (Mindray, Madrid, Spain) ultrasound machine. This analysis was performed
at three specific points during the experiment: (i) one day prior to infection to establish
baseline measurements; (ii) between 60 and 70 days after infection (d.a.i) to determine the
onset of the chronic phase of the infection (presence of cardiomegaly) and to define the start
date for therapy; and (iii) at the end of the treatments to evaluate the effect of the therapies
applied. Animals in the experimental groups (LIMOX, LIMOXBNZ, and BNZ) received
doses of the assigned treatments (Table 1) in a daily, oral scheme for 31 consecutive days,
and at a specific hour (7:00 a.m.).

The test subjects were euthanized one day after the end of treatment (99 d.a.i) using
an anesthetic mixture of ketamine at 90 mg/kg and xylazine at 7.5 mg/kg intraperitoneally,
providing hypnosis, analgesia, and muscle relaxation (the anesthetic triad). Once reflexes
such as patellar, palpebral, and corneal had ceased, an additional anesthetic dose was
applied for the induction of euthanasia by anesthetic overdose. Before any further pro-
cedures were effected, death was verified by establishing the absence of vital signs and
reflexes (corneal, eyelash, and rhythmic breathing). Blood was then collected by cardiac
puncture to measure biomarkers of liver (ALT and AST) and kidney (BUN and creatinine)
function and to conduct a hemogram. Transaminases, BUN, and creatinine assays were
carried out from serum samples using commercial Ccromatest kits purchased from Linear
Chemicals S.L.U. (Montgat, Spain), in accordance with the manufacturer’s instructions;
and measurements were made using a URIT-8030 Automated Chemistry Analyzer. EDTA
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whole blood samples were used for hematological analysis. Total blood cell counts were
performed using established URIT-3000Vet hematology equipment. Blood cell morphology
and differential leukocyte counts were made on slides stained with Wright.

During the animals” necropsies, photographic and weight records were collected from
solid organs (spleen, liver, heart, and kidney), which were sectioned for subsequent im-
munohistochemical (heart tissue) and histopathological (kidney, liver, and spleen) analysis.
These sections were placed into tubes containing 10% neutral formalin stabilized for 72 h,
and then embedded in paraffin blocks. A fragment of cardiac tissue from the apical region
of the left ventricle was collected in RN Alater™ storage reagent (Sigma-Aldrich, St. Louis,
MO, USA), for parasitemia determination by real-time polymerase chain reaction (qPCR).
The remainder of the heart tissue was then divided by cross sectional cuts, with each half
being randomly assigned for histologic or immunohistochemical analysis. To guarantee
data blindness, all procedures (control of parasitemia, echocardiography, euthanasia, and
sampling) were performed by independent veterinary personal unaware of which group
the animal had been assigned to. The microscopic study was also performed blind by
an expert pathologist. The animal remains were properly handled in accordance with
the safety and environmental responsibility protocols established by the Universidad de
Santander, and disposed of by incineration in accordance with the same.

2.6. Immunohistochemistry

The hearts were completely immersed into five tissue volumes of stabilized 10% neu-
tral formalin solution, which was refreshed after 24 h. After one week, the tissues were
placed into cassettes for embedding. The dehydration, clearing, and impregnation pro-
cesses were carried out in a Leica TP1020 tissue processor (Leica Biosystems, Nussloch,
Germany), loading the stations with 10% formaldehyde (2 h), 70% isopropyl alcohol (2 h),
80% isopropyl alcohol (2 h), 90% isopropyl alcohol (2 h), three absolute isopropyl alcohol
solutions (2 h each), three xylene solutions (1 h and 30 s for the first solution and 1 h for the
others), and two of liquid paraffin (2 h each). For the paraffin embedding of the tissues, a
HistoCore Arcadia modular embedding system (Leica Biosystems, Nussloch, Germany)
was used. Each block was first put on ice and cut into 4 um thick sections on a HistoCore
MULTICUT microtome with high-profile blades (Leica Biosystems, Nussloch, Germany),
then placed in a flotation bath with a temperature of 45 °C to deparaffinize the tissue and
prepare fragments for deposition onto positively charged slides (Thermo Fisher Scientific
4951PLUS, Cleveland, OH, USA). First, antigen recovery was accomplished by heating
at 58 °C for 1 h and 30 min. For tissue deparaffinization, the slides were immersed in
3 xylol solutions (at 5-min intervals), in a 50% isopropanol solution (15 immersions), and
in tap water (15 immersions). Plates were immersed in a 6% HO; solution for 5 min
to block endogenous peroxidases, and cleansed. Antigen recovery was carried out by
immersing the slides twice into a solution of ethylenediaminetetraacetic acid (EDTA), first
at 95 °C for 30 min, then at room temperature for 20 min. Each slide was then dipped in
a Coplin staining jar containing TBS-T for 10 min, and gently dried with a cotton fiber
towel. The tissue area was delimited with a hydrophobic marker (Macrosearch Liquid
Repellent). The slides were completely covered with “Ultra V Block” reagent (Ultravision
Quanto Detection System HRP DAB kit, Thermo Fisher Scientific, Cleveland, OH, USA)
for 5 min, cleared with TBS-T, and dried to remove excess moisture before proceeding
with the application of antibodies. For the immunohistochemical technique, 100 pL of
the desired antibody was applied to each slide for 1 h at room temperature, and then
washed with TBS-T. The antibodies were diluted with Antibody Diluent Ventana® (Roche)
as follows: 1:1000 for Anti TNF-« (Abcam Reference ab6671, rabbit polyclonal to TNF-w);
1:250 for Anti IFN-y (Abcam Reference ab216642, rabbit polyclonal to IFN-y); 1:200 for
Anti-Nitric Oxide Inducible Synthase iNOS (Abcam Reference ab15323, rabbit polyclonal
to iNOS); 1:1000 for Anti IL-4 (Abcam Reference ab9811, rabbit polyclonal to IL-4); and
1:250 for IL-10 (Abcam Reference ab217941, and rabbit polyclonal to IL-10). To amplify the
primary antibody reaction, a Primary Antibody Amplifier Quanto reagent (Ultravision
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Quanto Detection System HRP DAB kit, Thermo Fisher Scientific, Cleveland, OH, USA)
was applied, followed by incubation for 10 min and rinsing with TBS-T. For revealing, HRP
Polymer Quanto reagent (Ultravision Quanto Detection System HRP DAB kit, Thermo
Fisher Scientific, Cleveland, OH, USA) and diaminobenzidine (DAB) (provided in the kit)
was applied, following the manufacturer’s instructions. Finally, the slides were stained with
hematoxylin-eosin. The process was completed with the adhesion of a 24 mm x 60 mm
coverslip on each treated specimen. Brain, tonsils, and hearts from rats infected with
T. cruzi were used in a standardized immunohistochemistry technique. An individual slide
was used for each antibody to avoid possible contamination or cross-reaction.

For reading, the slides were scanned on a Ventana DP 200 whole-slide scanner (Roche
Diagnostics, Rotkreuz, Switzerland), with the immunoreactivity calculation performed
using free QuPath v. 0.2.3 software for digital pathological image analysis [13]. For this
purpose, a project and a pixel classifier (px) were created with the following parameters:
(i) Moderate resolution (2.00 um/px); (ii) channel DAB; (iii) Gaussian prefilter; (iv) smooth-
ing sigma 1; and (v) Threshold 0.25 (threshold value, positive results > 0.25), defining the
region of interest (ROI) as all cardiac tissue present on the slide. The results were expressed
as a global percentage of immunoreactivity of the studied antibody.

2.7. DNA Extraction and Real Time PCR

Parasite loads in heart tissue were quantified post mortem by qPCR. For this procedure,
parasite DNA was extracted using a commercial genomic DNA extraction kit (Invitrogen
Life Technologies—Thermo Scientific, Waltham, MA, USA), in accordance with the man-
ufacturer’s instructions. The obtained elute was quantified via Nanodrop 2000 (Thermo
Scientific), and the purity and integrity of the DNA was verified in a 1.2% agarose gel.
For parasite quantification in tissue by qPCR, the DNA extracted from cardiac tissue
was amplified following the method described by Molina-Berrios [14], for identification
of T. cruzi satellite DNA (GenBank accession number MH884804.1), employing Cruzi I:
5'-AST CGG CTG ATC GTT TTC GA-3' and Cruzi II: 5 AAT TCC TCC AAG CAG CGG
ATA-3/, as forward and reverse primers, respectively; and Cruzi IIl: (FAMCAC ACA CTG
GAC ACC AAMGBNFQ, as aTagMan probe (5'Fluorescent label 6-FAM and 3" Quencher
MGB) acquired from Applied Biosystems (Applied Biosystems, Beverly, MA, USA). Cycle
reactions were carried out in a Step One Plus™ 3 (Applied Biosystems, Beverly, MA, USA)
under the following conditions: one initial cycle of denaturation at 2 min and 50 °C and
10 min at 95 °C, followed by 35 cycles of denaturalization (15 s at 95 °C), and annealing
and extension (60 s at 50 °C).The borderline Ct (Cycle threshold) of positivity was defined
by preparing a standard curve via serial dilutions of 1:10, starting from a pure culture of
T. cruzi (strain Sylvio-X10/4 Tcl), and taking DNA points at 0.1; 1.0; 10; 100; and 1000 para-
sites. All the experiments were carried out in duplicate and performed at least three times
independently.

2.8. Statistical Analysis

The clinical, hematological, and biochemical parameter data obtained were analyzed
using GraphPad Prism software (San Diego, CA, USA). In this process, a descriptive analysis
of the variables was carried out, estimating the frequency and dispersion measures for the
quantitative variables, and proportions for qualitative variables. The results were expressed
as means =+ standard error of the mean (S.E.M.). The normality of the continuous variables
was evaluated using the Shapiro-Wilk test. The normality of the continuous variables
was evaluated using the Shapiro-Wilk test. For comparison between infected groups
(positive control and experimental groups) and negative control, the one-way ANOVA
test was employed, followed by Dunnett’s test; taking statistically significant differences
to be p < 0.05. This statistical approach was applied for analysis of hematological (except
polymorphonuclear (PMN) count cells), and biochemical results. For comparison between
groups, the two-way ANOVA test was performed, with a post hoc analysis using Tukey,
and taking significant differences to be p < 0.05. The results of the relative weight organ,
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ultrasound, and immunohistochemical assays were analyzed with a two-way ANOVA test,
and a post hoc analysis using Tukey, taking significant differences to be p < 0.05.

3. Results
3.1. Chemical Compositions of L. alba Fractions

In the present study, EOs obtained by the steam distillation technique from fresh and
mature carvone-chemotype L. alba leaves were fractionated under reduced pressure for
enrichment in the bioactive terpene limonene. The relative composition of the EOs and
their fractions, and the linear retention indices obtained by gas-coupled mass spectrometry,
are presented in Table 2. In this work, the 90%-limonene fraction (F1) isolated from
carvone-chemotype L. alba EOs was chosen as the base compound for the formulation of
the two studied phytotherapies, LIMOX and LIMOXBNZ, as described in Table 2.

Table 2. Main compounds present in the essential oils and their fractions obtained from Lippia alba
(carvone chemotype). Taken and adapted with permission from Quimbaya et al. [10].

Linear Retention Indices Relative Areas GC, % (Media, n = 3)
Compound Column Carvone Chemotype
DB-5 DB-WAX EO F1 F2 F3

[106 °C] [115°C] [120°C]

6-Methyl-5-hepten-2-

one 986 1340 0.1 0.1 - -
p-Cymene 1024 1274 0.1 0.5 1.1 -
Limonene 1030 1202 30.6 90.5 0.7 0.1
Terpinolene 1086 1284 0.3 0.9 1.5 -
trans-Dihydrocarvone 1202 1626 0.2 0.1 1.0 2.5
Carvone 1242 1736 51.2 1.5 69.9 86.6
Geranial 1270 1728 0.1 - - -
Piperitone 1342 1912 1.5 0.2 2.2 2.3
ax-Copaene 1376 1492 0.4 0.1 29 3.1
-Elemene 1390 1592 0.5 0.3 2.6 29
Car;f;lsi_yﬁliene 1420 1600 03 . 02 0.4
a-Humulene 1454 1670 0.4 - - 0.1
Germacrene D 1482 1712 0.3 - 0.1 0.2
Bicyclogermacrene 1496 1738 7.5 0.9 6.3 7.2
-Bisabolene 1508 1730 04 - - -
Caryophyllene oxide 1582 1990 0.2 - 0.1 -

DB-5: Gas chromatography (60 m) column; DB-WAX: Gas chromatography (60 m) column; EO: Essential oils;
F: fraction; GC: Gas chromatography. Data are representative of three independent experiments and the mean of
three relative GC areas was reported for each compound.

3.2. Induction of Experimental Chronic T. cruzi Infection in Wistar Rats

Successful induction of infection was verified by the presence of circulating parasites
as observed by microscopic analysis, between 8 d.a.i. and 40 d.a.i. The levels of parasitemia
between the groups of infected animals did not exhibit significant differences during the
follow-up period (p < 0.05). Likewise, the onset and end of parasitemia demonstrated
similar behavior between groups. The establishment of CCC was corroborated at 67 d.a.i.
by the presence of echocardiographic characteristics of dilated cardiomyopathy (during
the second ultrasound analysis) in infected animals. These cardiac imaging results were
compared with the baseline established for the animals prior to infection (first ultrasound
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Cardiac ultrasound maximum length
Start and end of treatment

analysis). Thus, this period (67 d.a.i,) was defined as the onset of chronic disease, and
therefore as the start date for administration of the oral treatment schemes.

3.3. Cardioprotective Activity

Following the completion of the treatment regimens (at 98 d.a.i.), cardiac effects were
evaluated by echocardiography, recording the changes in the cardiac silhouette (maximum
length or ML and maximum diameter or MD) at the third ultrasound analysis. Over this
time interval, the results obtained showed no significant variations in either parameter
for animals belonging to the negative control group. In contrast, animals infected and left
untreated (positive control) and those infected and treated with BNZ (reference group)
exhibited a significant increase in MD (p = 0.0156 and p = 0.0050, respectively). In fact, the
animals assigned to these two groups were the only ones which demonstrated effects upon
clinical parameters; exhibiting decay, dehydration, piloerection, and brown discharge in
the conjunctiva (a stress indicator). In contrast, a reversion of both cardiac measures (ML
and MD) to values similar to those found in uninfected subjects (negative control, p > 0.05)
were evidenced in those infected animals which received the LIMOX and LIMOXBNZ
therapies (with statistically significant differences when compared to the positive control,
p < 0.05) (Figure 1).
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Figure 1. Echocardiography of Wistar rats infected with Trypanosoma cruzi. (a) Cardiac ultrasound maximum length

start and end of treatment; (b) Cardiac ultrasound maximum diameter start and end of treatment; (c) Cardiac silhouette

measurements via ultrasound (maximum length or ML and maximum diameter or MD) at the first (I), second (II), and third
(IIT) echocardiography: (I) one day prior to infection; (II) at the start date of the therapies; and (III) at the end date of the
treatments; p # compared with negative control measure from ultrasound IT; p & compared with negative control measure

from ultrasound III; * statistically significant difference at p < 0.05; Negative: untreated and uninfected animals; Positive:

untreated and infected animals; LIMOX: infected animals treated with a mixture of an essential oil fraction of L. alba carvone
chemotype enriched in limonene (68.9 mg/kg/day) and with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day);
LIMOXBNZ: infected animals treated with LIMOX plus benznidazole (7.9 mg/kg/day); BNZ: infected animals treated
with benznidazole (100 mg/kg/day). Data are representative of six independent experiments and values are expressed in
mean + SEM.
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Post mortem macroscopic and microscopic (histopathology) heart observations are
presented in Table 3 and Figure 2. The successful induction of the experimental cardiomy-
opathy model was confirmed by bulging and dilated forms, especially in the left ventricles,
of the hearts in the positive control group (observed in 100% of the animals). Consis-
tently, in these animals, histopathology evidenced: multiple foci of inflammatory infiltrate
with cell diversity (predominantly lymphocytes, plasma cells, and histiocytes); damage
to the myocardial tissue, the atria-ventricle junction sites, and the neurons of the cardiac
plexus [10,15].

HEART 40X 40X 40X

NEGATIVE

POSITIVE

LIMOX

LIMOXBNZ

T

1l l||||| IIII|I

BNZ

Il IIIIIIIII IIIIII

Figure 2. Macro and microscopic findings in the hearts of Wistar rats infected with Trypanosoma
cruzi. Histological images taken using a 40x objective on Hematoxylin and Eosin stained tissue
sections. Negative: untreated, uninfected animals; Positive: untreated, infected animals; LIMOX:
infected animals treated with an essential oil fraction of Lippia alba carvone chemotype enriched in
limonene (68.9 mg/kg/day) and with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day);
LIMOXBNZ: infected animals treated with LIMOX and benznidazole (7.9 mg/kg/day); BNZ: infected
animals treated with benznidazole (100 mg/kg/day). (A—C): Normal heart tissue. (D). Large focal in-
flammatory infiltrate in myocardium with lymphocytes, histiocytes, and plasma cells. (E). Aggregate
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of cardiac plexus neurons, surrounded by lymphocytic infiltrate. (F). Multifocal infiltrate with
minimal angiogenesis and loose, elongated, and sinusoidal fibers with fibrotic process. (G). Small
histiocytic inflammatory infiltrate. (H). Apparent reparative process. (I). Lymphocytic inflammatory
infiltrate with minimal fibrosis. (J). Loose and elongated fibers, with histiocytic lymphocyte inflam-
matory infiltrate. (K). Mild lymphohistiocytic infiltrate. (L). Diffuse linear inflammatory infiltrate,
with minimal fibrosis. (M) Focal of inflammatory infiltrate in plasma lymphocytoid, loose and
elongated fibers. (N). Foci of lymphocytic inflammatory infiltrate; loose, elongated fibers. (O). Focal
of inflammatory infiltrate of lymphocytes and plasma cells; dilated, loose, and elongated fibers with
a sinuous appearance; with fibrosis. Figures are representative of six independent experiments.

Table 3. Macroscopic and microscopic findings in the hearts of Wistar rats after receiving treatments.

P t Control Groups Experimental Groups
arameter  Negative  hLIMOX-Control Positive LIMOX LIMOXBNZ BNZ
Color Normal Normal Normal Normal Normal Normal
Size Normal Normal Cardiomegaly Cardiomegaly Cardiomegaly Cardiomegaly
RW
g/Kg 400 £ 86 400 £ 30 402 £ 58 385 £ 30 410 £ 32 375 £ 34
(X 4+ SEM)
Multiple foci of . Major Card.lac
- Heart tissue . damage with
inflammatory . . Heart tissue . . .
. . with minimal . . multiple fibrosis,
infiltrate with . with mild L
. inflammatory . cardiac fiber
Histopathology Normal Normal cellular . inflammatory
. . foci and . . damage, and
diversity and S foci and mild
L sporadic mild . . moderate to
cardiac tissue . - fibrosis
fibrosis abundant

damage . .
& inflammatory foci

RW: Relative weight; SEM: standard error of the mean; X. mean; Negative: untreated, uninfected animals; hLIMOX-Control: not infected
animals treated with higher doses of an essential oil fraction of Lippia alba carvone chemotype enriched in limonene (170 mg/kg/day) and
with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day); Positive: untreated, infected animals; LIMOX: infected animals treated
with an essential oil fraction of L. alba carvone chemotype enriched in limonene (68.9 mg/kg/day) and with added caryophyllene oxide
(Sigma-Aldrich) (70 mg/kg/day); LIMOXBNZ: infected animals treated with LIMOX and benznidazole (7.9 mg/kg/day); BNZ: infected
animals treated with benznidazole (100 mg/kg/day). Data are representative of six independent experiments and values are expressed in

mean + SEM.

In infected animals submitted to the array of treatments, the best performance in
terms of protection against cardiac damage induced by the T. cruzi infection was observed
in LIMOX treated animals, followed by LIMOXBNZ (Table 3 and Figure 2). In contrast,
among the experimental groups, major effects upon the heart structure were apparent
in the BNZ group, whose animals presented macroscopic and microscopic features very
similar to infected and untreated rats (positive control).

3.4. Immunomodulation

Immunohistochemical analysis revealed a very distinct cytokine profile between unin-
fected (negative control) and infected animals (positive and experimental groups), as well
as between untreated rats and those subjected to some types of therapy (Figure 3). In this
regard, animals without T. cruzi infection exhibited the lowest levels of pro-inflammatory
cytokines (IFN-y and TNF-«), and the pro-oxidant marker, iNOS. On the other hand, as
a result of infection, a significant increase of TNF-x was observed in infected and un-
treated rats with a concomitant reduction of the anti-inflammatory IL-10. With respect to
treatments, LIMOX and BNZ stimulated a significant increase in IFN-y immunoreactivity,
compared to the negative control; with LIMOX as the only therapy able to reduce TNF-«
levels in a significant manner (compared to positive control). Interestingly, the highest
levels of the anti-inflammatory cytokine IL-4 were exhibited by the infected animals treated
with LIMOX, at a significant difference with respect to the other groups (negative control,
LIMOXBNZ, and BNZ). Correspondingly, this treatment was the only therapy able to
reestablish the IL-10 levels to those found in uninfected animals. Finally, the iNOS analysis
revealed a notable reduction of this oxidant marker (similar to the uninfected model) given
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by the experimental treatments (LIMOX, LIMOXBNZ, and BNZ), in comparison with the
infected and untreated animals (Figure 3).
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Figure 3. Immunohistochemical analysis of cardiac tissue (a) Percentages of immunoreactivity
obtained on cross sectional cuts of heart tissue by specific antibodies for Interferon gamma (IFN-vy),
Tumor Necrosis Factor alpha (TNF-«), Interleukin (IL)-4, IL-10, and inducible Nitric Oxide Synthase
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(iNOS); (b,c) Comparison of immunoreactivity percentages within groups. Negative: untreated and
uninfected animals; Positive: untreated and infected animals; LIMOX: infected animals treated with
an essential oil fraction of L. alba carvone chemotype enriched in limonene (68.9 mg/kg/day) with
added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day); LIMOXBNZ: infected animals treated
with LIMOX and benznidazole (7.9 mg/kg/day); BNZ: infected animals treated with benznidazole
(100 mg/kg/day). All p values were calculated by comparison within groups. * p < 0.05. Data are
representative of six independent experiments and values are expressed in mean + SEM.

3.5. Trypanocidal Effect

T. cruzi DNA quantification (qQPCR) analysis demonstrated that animals from the
negative and positive control groups exhibited 0% (Ct > 32) and 100% positivity (Ct < 32),
respectively; while the applied therapies demonstrated a range of trypanocidal effectivity
ranging from 66% (LIMOXBNZ) to 83% (LIMOX and BNZ) (Table 4).

Table 4. Quantification of parasite DNA by real-time PCR of heart tissue from Wistar rats infected
with Trypanosoma cruzi and treated with 31 continuous once-daily oral doses.

Control Groups Experimental Groups
Animal Negative Positive LIMOX LIMOXBNZ BNZ
(Ct (Ct (Ct (Ct (CH
1 34.833 29.855 % 38.161 33.000 38.540
2 37.341 27.391* 29.294 * 37.937 38.598
3 38.096 26.325* 38.545 30.839 * 32.581
4 33.399 25.425*% 37.726 38.579 31.197 %
5 35.845 27.240 % 36.843 30.323 * 33.536
6 34.347 23.875*% 35.895 33.124 38.785
Positivity (%) 0 100 17 33 17

Negative: untreated, uninfected animals; Positive: untreated, infected animals; LIMOX: infected animals
treated with an essential oil fraction of Lippia alba carvone chemotype (enriched in limonene) (68.9 mg/kg/day)
with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day); LIMOXBNZ: infected animals treated with
LIMOX plus benznidazole (7.9 mg/kg/day); BNZ: infected animals treated with benznidazole (100 mg/kg/day).
* Positive result with Ct value > 32. Data are representative of three independent experiments performed in
duplicate and values are expressed as means.

3.6. Toxicity

The toxicity of each treatment was assessed by histopathological analysis of the kidney,
liver, and spleen. No abnormalities were observed in the macro and microscopic analyses
of the organs obtained from negative control animals, as well as from not infected rats
treated with higher doses of LIMOX (hLIMOX-Control). In contrast, large mononuclear-
type inflammatory infiltrates were present in the livers of infected and untreated animals
(positive control) (Figure 4). Minimal evidence of inflammation in this organ was also
discovered in infected rats treated with phytotherapeutical regimens (Table 5). Correspond-
ingly, this finding was accompanied by significantly increased AST levels (compared with
the negative control), however, heightened levels of this transaminase were also observed
in animals treated with BNZ (Figures 5 and 6).
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KIDNEY

Figure 4. Organ toxicity assessment. Histological images taken using a 40 x objective on Hematoxylin and Eosin stained
tissue sections. Negative control: untreated, uninfected animals; hLIMOX-Control: not infected animals treated with higher
doses of an essential oil fraction of Lippia alba carvone chemotype enriched in limonene (170 mg/kg/day) and with added
caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day); Positive control: untreated, infected animals; LIMOX: infected animals
treated with a mixture of an essential oil fraction of Lippia alba carvone chemotype (enriched in limonene) (68.9 mg/kg/day)
and with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day); LIMOXBNZ: infected animals treated with LIMOX
plus benznidazole (7.9 mg/kg/day); BNZ: infected animals treated with benznidazole (100 mg/kg/day). Figures are

representative of six independent experiments.
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Table 5. Macroscopic and microscopic findings in organs of Wistar rats after receiving treatments.

Control Groups

Experimental Groups

Organ/ ~
Parameter Negative hé(l)ll\‘l/il(‘)o)l( Positive LIMOX LIMOXBNZ BNZ
Liver
Color Normal Normal Normal Normal Normal Normal
. Hepatomegaly =~ Hepatomegaly Hepatomegaly
S
Size Normal Normal (1/6) 2/6) 2/6) Normal
RW ¢/K
(X igS/EI\?) 3.510 £+ 198 3.500 = 200 3.443 £ 210 3.327 £ 263 3.447 + 159 3.303 £ 114
o gl veim o Mimimal
Lymphocytic | Perip ortal‘ the lobule. Blood lymphocytic
ymphocytic mononuclear
. mononuclear returns from the .
Histopathology Normal Normal e mononuclear . infiltrate
infiltrate A superior vena
infiltrate around the
(4/6) cava: volume and
(1/6) portal
pressure overload (1/6)
(1/6)
Spleen
Color Normal Normal Normal Normal Normal Normal
. Splenomegaly Splenomegaly Splenomegaly Hyposplenism
*
Size Normal Normal (3/6) (3/6) (1/6) (3/6)
RW ¢ /K
(X :I:gS/EI\i) 266 =+ 20 260 + 30 303 + 19 301 £ 47 300 £ 36 253 + 25
p* 0.872 0.910 0.035 0.043 0.053 1
Histopathol Normal Normal Normal Normal Hemosiderophages Hemosiderophages
stopathology orma orma orma orma Observed (1/6)  Observed (1/6)
Kidney
Pale brown
Color Normal Normal Normal Normal Normal (1/6)
Size * Normal Normal Normal Normal Normal Normal
RW ¢/K
X igS/E 1\/%) 681 = 60 700 = 100 683 = 50 668 + 28 717 + 32 675 + 71
Histopathology Normal Normal Normal Normal Normal Normal

RW: Relative weight; SEM: standard error of the mean; X. mean; Negative: untreated, uninfected animals; hLIMOX-Control: not infected
animals treated with higher doses of an essential oil fraction of Lippia alba carvone chemotype enriched in limonene (170 mg/kg/day) and
with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day); Positive: untreated, infected animals; LIMOX: infected animals treated
with an essential oil fraction of Lippia alba carvone chemotype enriched in limonene (68.9 mg/kg/day) and with added caryophyllene oxide
(Sigma-Aldrich) (70 mg/kg/day); LIMOXBNZ: infected animals treated with LIMOX and benznidazole (7.9 mg/kg/day); BNZ: infected
animals treated with benznidazole (100 mg/kg/day). Data are representative of six independent experiments and values are expressed in
mean £ SEM. * Size defined as ratio between maximum diameter and maximum length.

Additionally, splenomegaly was evident in 16.6% of the animals in the LIMOXBNZ-
treated experimental group and in 50% of the animals belonging to the LIMOX-treated and
positive control groups (Figure 4). In contrast, a significant reduction in the relative weight
of this organ was evident in animals subjected to BNZ treatment (Figure 4 and Table 5). In
addition, therapies which included that same compound (i.e., BNZ or LIMOXBNZ) induced
the presence of hemosiderophages in the spleens of some of the treated animals (16.6%)
(Figure 3). In a similar manner, kidney toxicity was apparent in 16.6% of the rats treated
with BNZ, presenting as a pale brown color in the macroscopic analysis (Figure 3), but
without altering the histopathological or biochemical parameters in the organ. With respect
to BUN, a statistically significant elevation in this marker was observed in the LIMOX
group compared to the reference treatment (BNZ) (p = 0.0048), but with no difference in
creatinine values (Figure 5).
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Figure 5. Toxicity of the tested therapies in the liver and spleen. ALT: Alanine aminotransferase; AST:
Aspartate aminotransferase; BUN: Blood urea nitrogen. * p < 0.005 compared to the Benznidazole
group. Negative control: untreated, uninfected animals; hLIMOX-Control: not infected animals
treated with higher doses of an essential oil fraction of Lippia alba carvone chemotype enriched in
limonene (170 mg/kg/day) and with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day);
Positive control: untreated, infected animals; LIMOX: infected animals treated with a mixture of an
essential oil fraction of Lippia alba carvone chemotype (enriched in limonene) (68.9 mg/kg/day) and
with added caryophyllene oxide (Sigma-Aldrich) (70 mg/kg/day); LIMOXBNZ: infected animals
treated with LIMOX plus benznidazole (7.9 mg/kg/day); BNZ: infected animals treated with ben-
znidazole (100 mg/kg/day). * p < 0.05. Data are representative of six independent experiments and
values are expressed in mean + SEM.

With respect to hemogram parameters, thrombocytosis was associated with the
LIMOX and LIMOXBNZ therapies, and was statistically significant in relation to the
other treatments (p = 0.018 and p = 0.017, respectively). Regarding the leukocyte count, all
infected groups presented a tendency (not statistically significant) towards higher counts
than uninfected animals. In addition, the presence of atypical lymphocytes could be ob-
served in the rats treated with BNZ, with a significant difference in relation to the other
groups. The remaining hematological parameters did not exhibit significant alterations
(Figure 6). An evaluation of the phytotherapies’ toxicity shows that high doses of LIMOX
(2.5 times the therapeutic dose) applied to not infected animals (hLIMOX-Control) caused
minor signs of toxicity, particularly a change in the color of the kidney (exhibiting a pale
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brown shade in the macroscopic analysis), in 16.6% of the treated rats. Likewise, a statisti-
cally significant peripheral blood neutrophilic leukocytosis was also observed in this same
group of animals.
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Figure 6. Hematological findings in Wistar rats infected with Trypanosoma cruzi. Hcto: Hematocrit; HGB: Hemoglobin;
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Negative: untreated, uninfected animals; hLIMOX-Control: not infected animals, treated with higher doses of an essential
oil fraction of Lippia alba carvone chemotype enriched in limonene (170 mg/kg/day) and with added caryophyllene oxide
(Sigma-Aldrich) (70 mg/kg/day); Positive: untreated, infected animals; LIMOX: infected animals treated with an essential
oil fraction of Lippia alba carvone chemotype (enriched in limonene) (68.9 mg/kg/day) with added caryophyllene oxide
(Sigma-Aldrich) (70 mg/kg/day); LIMOXBNZ: infected animals treated with LIMOX plus benznidazole (7.9 mg/kg/day);
BNZ: infected animals treated with benznidazole (100 mg/kg/day). * p < 0.05 compared to the negative control group;
** p < 0.05 compared to the BNZ group; *** p < 0.005 compared to the negative control group **** p < 0.0001 compared to the
negative control group. Data are representative of six independent experiments and values are expressed in mean + SEM.

4. Discussion

Chagas heart disease (CHD) is characterized by dilated cardiomyopathy that affects
the atria, ventricles, conduction system, and autonomic nervous system (ANS) [16]. In
the pathogenesis of CHD, various mechanisms are implicated such as: the persistence of
the parasite; denervation; both microvascular and endothelial dysfunction; a persistent
and exacerbated immune response (via the imbalance between pro-inflammatory and
anti-inflammatory cytokines) or even autoimmunity [17]; as well as the induction of a
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permanent oxidative stress caused by both reactive nitrogen species (RNS) and reactive
oxygen species (ROS), which in turn directly affects the structure and function of the
respiratory chain of cardiac tissue [18]. All of these factors combine to prevent the correct
remodeling of heart tissue (functional tissue is replaced by non-functional fibrotic tissue),
ultimately leading to heart failure, for which the only treatment option is transplantation [3].

Hence, it is urgent that new therapeutic alternatives be found to eliminate the parasite,
control inflammation, and ameliorate cardiac damage, as well as minimizing the harmful
side effects in human treatment posed by the current therapeutic options. In this sense,
phytoderivatives obtained from aromatic plants represent a highly diverse platform for the
discovery of bioactive compounds. In our group, promising in vitro trypanocidal activity
was reported for the major terpenes of L. alba EOs [8], limonene and caryophyllene oxide;
with limonene being the most effective compound against all parasite forms (ICsg of 9.0,
28.7, and 41.8 ug/mL for amastigotes, trypomastigotes, and epimastigotes, respectively) [8].
This activity was also exhibited in in vivo models applied to Wistar rats with chronic
T. cruzi infection, which were treated with synergistic fractions of these EOs enriched in
limonene and caryophyllene oxide [10]. Recently, in vitro immunomodulatory properties
on macrophages infected with T. cruzi were also ascribed to these phytoderivatives [9].

In order to clarify the potential role of certain relevant anti- and pro-inflammatory
cytokines and oxidative markers in the trypanocidal and cardioprotective activities ob-
served for L. alba EO, the present study assessed the behavior of these markers in an in vivo
model of T. cruzi chronic infection induced in Wistar rats. In infected and untreated animals
(positive control), CHD was verified by the appearance of a statistically significant enlarge-
ment of cardiac silhouette parameters (MD and ML) at 67 d.a.i (p < 0.05, compared to the
uninfected group). Histological findings observed in the animals belonging to the positive
control group confirmed the success of CCC induction; findings such as: damage to cardiac
tissue, mainly in the form of loose, elongated, and sinusoidal fibers in the myocardium;
the presence of multifocal and diffuse mixed inflammatory infiltrates (predominantly
of the lymphohistiocytic type); and foci of lymphohistiocytic infiltrate in cardiac plexus
neurons [3,19]. At that time, continuous once-daily oral treatments with the three studied
schemes (LIMOX, LIMOXBNZ, and BNZ), were administrated for 31 days.

The results showed that the treatment comprised of a mixture of limonene-enriched
fraction of L. alba EOs and caryophyllene oxide (LIMOX) demonstrated the best per-
formance in restoring the normal shape of the heart compared to the other therapies
trialed (LIMOXBNZ and BNZ). As such, the heart dimensions of animals belonging to the
LIMOX group exhibited the most reduced ML and MD measurements among infected
animals, even to the point of regression to values similar to those of the uninfected control
(negative). Not unexpectedly, positive control group rats (infected and untreated) pre-
sented the most notable bulging and dilated shape, followed closely those of the BNZ and
LIMOXBNZ groups.

Histologically, animals treated with LIMOX evidenced very few inflammatory foci
and minimal fibrosis in the heart tissue, with similar characteristics to those of the negative
control, in the whole-slide scanning analysis. These results could be attributable to the try-
panocidal and cardioprotective effects previously ascribed to limonene and caryophyllene
oxide [8,10]. In contrast, somewhat more inflammatory foci were discovered in the tissues
of the animals treated with LIMOXBNZ, in whom the signs of fibrosis were also more
evident. These adverse effects could be due to the subtherapeutical BNZ doses present in
the mixture, which may promote a pro-inflammatory response [10,15]. In a similar manner,
animals treated with the conventional intervention (BNZ) exhibited multiple inflammatory
foci in the heart, with greater cell variety (particularly lymphocytes, histiocytes, plasma
cells, and monocytes), a greater area of fibrous tissue, larger cardiomyocytes, and necrosis.

In order to assess, in a histological context, the cardiac immune response modulated by
chronic T. cruzi infection and by the therapies trialed, the present study applied an immuno-
histochemical technique targeting a variety of antigens relevant to CCC pathogenesis using
Qupath software; an open-source whole-slide image analysis tool [13]. The results showed
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that the highest percentages of immunoreactivity for TNF-a and iNOS were present in
the infected and untreated animals of the positive control group; as were significantly
increased levels of IFN-y. These findings were accompanied by the impairment of the
anti-inflammatory IL-4. In this regard, IFN-y regulates over a thousand genes by acti-
vating Janus tyrosine kinase (JAK) and phosphorylation of the transducer, and serving
as an activator of the transcription 1 (STAT-1) pathway. This latter induces the transcrip-
tion of TNF-g, interferon-inducible factor 1 (IRF1), and iNOS, among other inflammatory
cytokines and chemokines [20]. Likewise, in the context of Chagas disease, IFN-y acts
synergistically with TNF-« through the activation of the nuclear transcription factor NF-kB
for the positive regulation of iNOS expression; producing high levels of nitric oxide and
RNS [21]. This phenomenon represents the activation of general trypanocidal mechanisms,
such as the production of reactive species, through the induction of mitochondrial ROS and
NADP oxidases [20,22]. These reactive species promote the production of the peroxynitrite
anion, a strong oxidant mechanism that arises as a strategy for the elimination of the
parasite; causing morphological disruption, severe alterations in its metabolism, calcium
homeostasis, and trypanothione depletion [23,24].

Coherently, in this study, the most trypanocidal therapies LIMOX and BNZ (with
83% of parasitological cure in cardiac tissue assessed by qPCR), were accompanied by the
highest IFN-y immunoreactivity. In this regard, it was hypothesized that in T. cruzi infection,
the elevated levels of this cytokine could be a double-edged sword; since despite its
recognized role in parasite tissue clearance and as an antifibrotic agent [25], an excess of IFN-
y production could cause serious damage to cardiac tissue [25]. Nevertheless, an apparent
regulatory mechanism was observed in animals subjected to LIMOX therapy (though not in
the case of BNZ), represented by an increase in IL-4 production accompanied by restoration
of IL-10 levels and lower percentages of TNF-o (compared to the other experimental groups,
p < 0.05) and iNOS (whose levels did not exhibit statistically significant differences from
the negative control, p > 0.05).

These differences in the tissue profile of pro- and anti-inflammatory mediators could
explain the significant macroscopic and microscopic differences observed in the cardiac
architecture between the LIMOX and BNZ groups; in which only animals treated with the
terpene mixture presented regression in diameter measurements of the heart silhouette
and significant reduction in inflammatory infiltrates or foci with fibrosis. In this context, it
is known that TNF-« can induce collagen synthesis and fibrosis, thus contributing to the
loss of cardiomyocyte contractility and its replacement by fibrotic tissue [25]. In addition,
the same substance can be involved in the development of heart failure through apoptosis
and induction of iNOS, with the consequent production of nitric oxide, which exerts a very
strong inotropic effect [25]. These findings have been consistently documented in patients
who expired from CCC [26]. Likewise, the expression of IL-10 and IL-4 has been linked to
the improvement of cardiac function, as determined by the values of the left ventricular
ejection fraction and the ventricular diastolic diameter [26]; factors which constitute a
possible immunomodulatory tolerance mechanism which could potentially prevent cardiac
damage. In this respect, IL-10 is considered a very important regulatory cytokine, and its
production is associated with a better prognosis in chronic CHD, suggesting a protective
effect for the Th1 response [26-29].

It is worth mentioning that these compensatory mechanisms represented by the
stimulation of IL-4 and IL-10 secretion were not observed in the combined therapy of
LIMOX and BNZ (LIMOXBNZ), in which both IFN-y and TNF-« were slightly increased
without a significant anti-inflammatory response. These findings suggest that BNZ, even
in subtherapeutical doses, causes an antagonist effect on the Th1 response triggered by
LIMOX therapy. These results align with those of Quintero et al. [9] who reported that
therapies composed of BNZ, alone or in combination with L. alba fractions (rich in limonene
and citral/caryophyllene oxide), impaired IL-4 secretion by T. cruzi-infected macrophages.

In the same work, Quintero et al. [9] showed that the synergistic combination of
L. alba fractions rich in limonene and citral/caryophyllene oxide produced a significant
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reduction of the pro-inflammatory cytokines (IFN-y, IL-2, and TNF-«x), with a concomitant
increase of the anti-inflammatory cytokines (IL-4 and IL-10), in the extracellular media
of the infected macrophages [9]. Although both studies (the aforementioned as well as
the current work) show evidence of an immunomodulatory effect (reduction of all pro-
inflammatory cytokines with significant elevation of IL-4) by fractions derived from L. alba
EOs enriched in limonene and caryophyllene oxide, a significant disagreement exists with
respect to the behavior of IFN-y [9]. In this context, the elevated IFN-y levels observed
only in the present in vivo study could be explained by additional compensatory cellular
mechanisms converging in the global response of the innate immune system, which can be
uniquely perceived in a context of cardiac tissue [25].

Regarding the toxicity of the therapies trialed, slight hepatomegaly accompanied
by mild to moderate microscopic signs of periportal inflammation were reported in a
percentage (16.6%) of animals belonging to the groups treated with both studied phy-
totherapies (LIMOX and LIMOXBNZ). These morphological features were correlated with
elevated levels of AST transaminase (p < 0.05) in these same rats. On the other hand, kidney
function assessed by biochemical, morphological, and histopathological analysis did not
exhibit any significant alterations among control and experimental groups. Nevertheless,
a statistically significant elevation of BUN levels was found in infected rats treated with
LIMOX when compared to the reference treatment (BNZ) (p < 0.005). In addition, 16% of
the animals treated with BNZ presented a macroscopic alteration in the color of the kidney
(pale brown).

With reference to an effect on spleen architecture, differential responses were observed
among therapies. Specifically, splenomegaly was present in the positive control animals
and in those treated with both LIMOX and LIMOXBNZ, while BNZ caused a reduction in
the size of this organ. This hyposplenism could be correlated with the deleterious effect on
adequate balancing of the defense response, as observed herein, in animals treated with
the reference therapy [30].

In hemogram analysis, a significant thrombocytosis (p < 0.005) was reported for both
the LIMOX and LIMOXBNZ therapies. Interestingly, platelet counts in peripheral blood
have been inversely associated with disease severity in patients with CCC [31]. In this
regard, platelets play an important role in immune response, including protective functions
via the release of chemokines that attract and activate leukocytes and, at the same time,
platelet surface molecules such as P-selectin and GPIIB/Illa (Glycoprotein IIb/Illa) [31].
Likewise, atypical lymphocytes were observed in the peripheral blood smear analysis of all
infected animals (experimental groups and positive control) with the highest percentage
of these reactive cells in BNZ-treated rats (10.8% for BNZ vs. 3.8% for positive control
and 2% for LIMOXBNZ and LIMOX). These cells are produced after a strong process of
antigenic stimulation and stress, being classified as a nonspecific response to stimulus
or as precursors of memory T and B cells [31]. However, a low percentage of these cells
can normally be found in peripheral blood (2-6%) [32], thus the abnormally elevated
percentages observed in BNZ therapy could be a reflex to its toxicity.

5. Conclusions

This research contributes to clarifying, in a chronic CHD model in Wistar rats, im-
munomodulation as a possible trypanocidal and cardioprotective mechanism of LIMOX, a
therapy based on a synergistic mixture composed of caryophyllene oxide and a limonene-
enriched fraction derived from L. alba EO. This therapy showed clear benefits in controlling
parasite load, apparently through a mechanism related to the enhancement of the non-
specific immune response mediated by high levels of IFN-y. Remarkably, LIMOX also
demonstrated high performance in controlling the progression of cardiac involvement
in vivo, and even reversing the progression of dilated cardiomyopathy to levels similar to
those found in uninfected animals. Correspondingly, a significant reduction in the severity
of inflammatory foci and tissue damage was also confirmed by histopathological analysis,
as well as greater tissue remodeling function. The cardioprotective effect observed via
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LIMOX treatment was correlated with a protective mechanism derived from an increase in
levels of the anti-inflammatory interleukin, IL-4, with a concomitant decrease of TNF-o
and a reestablishment of IL-10. Thus, LIMOX becomes an interesting compound for the
development of a holistic alternative therapy for the treatment of the chronic phase of
Chagas disease.
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Abstract: Amebiasis is an intestinal disease transmitted by the protist parasite, Entamoeba histolytica.
Lactobacillus acidophilus is a common inhabitant of healthy human gut and a probiotic that has
antimicrobial properties against a number of pathogenic bacteria, fungi, and parasites. The aim of
this study was to investigate the amebicide activity of L. acidophilus and its mechanisms. For this
purpose, E. histolytica and L. acidophilus were co-incubated and the parasite’s viability was determined
by eosin dye exclusion. The level of ozidized proteins (OXs) in the parasite was determined by resin-
assisted capture RAC (OX-RAC). Incubation with L. acidophilus for two hours reduced the viability of
E. histolytica trophozoites by 50%. As a result of the interaction with catalase, an enzyme that degrades
hydrogen peroxide (H,O,) to water and oxygen, this amebicide activity is lost, indicating that it is
mediated by HyO, produced by L. acidophilus. Redox proteomics shows that L. acidophilus triggers
the oxidation of many essential amebic enzymes such as pyruvate: ferredoxin oxidoreductase, the
lectin Gal/GalNAc, and cysteine proteases (CPs). Further, trophozoites of E. histolytica incubated
with L. acidophilus show reduced binding to mammalian cells. These results support L. acidophilus as
a prophylactic candidate against amebiasis.

Keywords: Entamoeba histolytica; Lactobacillus acidophilus; probiotic; redoxomics; cysteine proteases

1. Introduction

Amebiasis is an enormous global medical problem because of poor sanitary condi-
tions and unsafe hygiene practices existing in many parts of the world. According to
the World Health Organization, 50 million people in India, Southeast Asia, Africa, and
Latin America suffer from amebic dysentery and amebiasis causes the death of at least
100,000 individuals each year. The main mode of transmission for amebiasis is the ingestion
of food or water that is contaminated with feces containing E. histolytica cysts. After the cyst
form has been swallowed by the host, excystation occurs in the intestinal lumen, followed
by colonization of the large intestine by the trophozoites where they continue to divide
and encyst. Eventually, both trophozoites and cysts are excreted in stools. Only 10% of
the infected individuals will develop acute intestinal and extra-intestinal diseases. One
possible explanation for this observation is the difference in the gut microbiota between
individuals who may significantly influence the host’s immune response in amebiasis
and E. histolytica’s virulence [1]. Over the last few decades, it has become evident that
E. histolytica’s pathogenicity is directly linked to the parasite’s interaction with the gut
microbiota [2], as the parasites are reported to feed on bacteria and cellular debris found in
the large intestine [1]. However, such feeding is very selective, where only those bacteria
with the appropriate recognition molecules are ingested by the parasite [3]. Amebiasis
is characterized by acute inflammation of the intestine with release of pro-inflammatory

99



Antioxidants 2022, 11, 814

cytokines, reactive oxygen species (ROS), and reactive nitrogen species (RNS) from acti-
vated cells of the host’s immune system. ROS and RNS are the major cytotoxic effectors
for killing E. histolytica and cause oxidation and nitrosylation of amebic proteins, trigger
stress responses, and inhibit glycolysis and the activity of some virulence factors [4-7].
Cellular means of subverting the toxicity of oxidative stress (OS) are important for the
success of infectious diseases. No vaccine against amebiasis currently exists; the drug of
choice for treating amebiasis is metronidazole, which may cause severe side effects such
as nausea, vomiting, headaches, a metallic or bitter taste in the mouth, and more serious
effects such as anorexia, ataxia, and skin rashes/itching [8,9]. Additionally, some clinical
strains of E. histolytica are less sensitive to metronidazole, suggesting the emergence of
metronidazole-resistant strains [10,11].

Probiotics are live organisms which, when administered in adequate amounts, confer
a health benefit to the host [12,13]. Probiotics and commensal bacteria have been suggested
to have some influence on the outcome of protozoan infections [14-16]. As an alternative
bio-therapeutic for amebiasis, there are a number of studies which have been conducted,
interestingly most of these studies are aimed at the efficiency of the probiotic at inhibiting
adhesion of the protozoa to the intestinal mucosal surface [17,18]. Recently we have shown
that Lactobacillus acidophilus is detrimental to E. histolytica [19]. This detrimental effect is as-
sociated with the transcription by the parasite of genes encoding major signaling molecules,
such as kinases, regulators of small GTPases and oxidoreductases and genes encoding
proteins necessary for ribosome structure. It has been suggested that the probiotic effect
of certain bacteria (such as L. acidophilus) is mediated by the ability to produce HyO, [20]
via an NADH-dependent flavin reductase [21] and to maintain a normal, homeostatic mi-
crobiota [21]. In this study, we demonstrated that HyO, produced by L. acidophilus caused
the death of the parasite by oxidizing important amebic proteins. To our knowledge, this
work provides the first comprehensive analysis of OXs in a protozoan parasite exposed to
L. acidophilus.

2. Materials and Methods
2.1. E. histolytica and L. acidophilus Culture

E. histolytica trophozoites, the HM-1:IMSS strain (a gift from Samudrala Gourinath,
Jawaharlal Nehru University, New Delhi, India), were grown and harvested according to a
previously reported protocol [22].

L. acidophilus ATCC4356 strain was cultivated in De Man, Rogosa and Sharpe (MRS)
media (Sigma-Aldrich, Jerusalem, Israel) overnight at 37 °C with agitation (200 rpm) on a
New Brunswick Innova 4300 Incubator Shaker (Marshall Scientific, Hampton, NH, USA).
Heat-killed L. acidophilus was cultivated in MRS media (Sigma-Aldrich, Jerusalem, Israel)
overnight at 37 °C with agitation, followed by autoclaving at 121 °C and 1.05 kg/cm? for
15 min.

2.2. Reagents

Catalase from bovine liver (C9322) was purchased from Sigma-Aldrich (Jerusalem, Israel).

2.3. Ferrous Oxidation-Xylenol Orange (FOX) Assay

The amount of HyO, produced by L. acidophilus was determined by the FOX assay
according to a previously reported protocol [23].

2.4. Viability of E. histolytica Trophozoites

Trophozoites (~1 x 10°/mL) were incubated with L. acidophilus (~1 x 10°/mL) in
serum-free Diamond’s TYI S-33 medium for 120 min at 37 °C with agitation (200 rpm) in
a thermoshaker (ALS-MS-100, Hangzhou Allsheng Instrument, Hangzhou, China). The
viability of trophozoites was determined by the eosin dye exclusion method [6].

100



Antioxidants 2022, 11, 814

2.5. Detection of Oxidized Proteins (OXs) by Resin-Assisted Capture RAC (OX-RAC)

The detection of OXs by OX-RAC was performed on three biological replicates using a
previously described protocol [6]. Captured proteins were eluted with 30-pL elution buffer
containing 10 mM HEPES, 0.1 mM EDTA, 0.01 mM neocuproine, 0.1% sodium dodecyl
sulfate (SDS), and 100 mM 2-mercaptoethanol for 20 min at room temperature. Proteins
in a 10-uL aliquot of each eluent were resolved on a 12.5% SDS—polyacrylamide gel
electrophoresis (PAGE) gel. Each gel was then stained with silver (Pierce Silver Stain), and
each gel slice was independently analyzed by MS. A protein was considered to be oxidized
when its relative amount in the DTT-treated lysates was significantly more than that in the
DTT-untreated lysates (p < 0.05 according to the results of an unpaired ¢-test).

2.6. In-Gel Proteolysis and MS Analysis

The proteins in the gel were reduced with 2.8mM DTT (60 °C for 30 min), modified
with 8.8 mM iodoacetamide in 100 mM ammonium bicarbonate (in the dark and at room
temperature for 30 min) and digested in 10% acetonitrile and 10 mM ammonium bicarbon-
ate with modified trypsin (Promega, Beit Haemek, Israel) overnight at 37 °C. A second
trypsin digestion was carried out for another 4 h at 37 °C.

The tryptic peptides were desalted using C18 tips (Home-made, 3M) dried and re-
suspended in 0.1% formic acid.

The peptides were resolved by reverse-phase chromatography on 0.075 x 180-mm
fused silica capillaries (JW) packed with Reprosil reversed phase material (Dr Maisch
GmbH, Ammerbuch, Germany). The peptides were eluted with linear 60 min gradient
of 5 to 28% 15 min gradient of 28 to 95% and 25 min at 95% acetonitrile with 0.1% formic
acid in water at flow rates of 0.15 uL/min. MS was performed by Q Exactive HF mass
spectrometer (Thermo Fisher Scientific represented by BARGAL analytical instruments,
Shoham, Israel) in a positive mode using a repetitively full MS scan followed by collision
induces dissociation (HCD) of the 18 most dominant ions selected from the first MS scan.
The mass spectrometry data were analyzed using the MaxQuant software 1.5.2.8, The
Max Plank Institute of Biochemistry, Munich, Germany [24] vs. Entamoeba histolytica
and Lactobacillus acidophilus proteomes from the Uniprot database with 1% FDR (false
discovery rate). The data were quantified by label free analysis using the same software.
Statistical analysis of the identification and quantization results was done using Perseus
1.6.7.0 software, The Max Plank Institute of Biochemistry, Munich, Germany [25]. A t-test
between the groups with or without DTT was carried out, with the Benjamini-Hochberg
correction for multiple testing. Proteins were considered as significantly changed if their
p-value < 0.05, g-value < 0.05, and the fold change between the groups > 1.

2.7. Classification of OXs According to Their Protein Class and Statistical Overrepresentation Test

The OXs were classified according to PANTHER Protein Class using the PANTHER
Classification System software (http:/ /www.pantherdb.org/, accessed on 28 July 2021) [26].
This classification of proteins derived from PANTHER/X molecular function ontology
includes commonly used classes of protein families, many of which are not covered by GO
molecular function.

Regarding the statistical overrepresentation test, the online system compares a list of
genes of interest (in this work, genes encoding for OXs in E. histolytica trophozoites exposed
to L. acidophilus) to a reference list (E. histolytica in database). The p-value calculation in the
overrepresentation test is calculated automatically based on the number of genes expected
in the test list for a particular PANTHER category, based on the reference list.

2.8. Measurement of Cysteine Proteases (CPs) Activity

CPs activity was monitored by cleavage of the synthetic substrate benzyloxycarbonyl-
l-arginyl-l-arginine-p-nitroanilide (z-Arg-Arg-pNA) (Bachem, Torrance, CA, USA) using
a previously described protocol [27] except that DTT was not systematically added to
the reaction buffer. Briefly, z-Arg-Arg-pNA was incubated for 0-10 min at 37 °C with
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E. histolytica lysate (40 ug) (prepared in phosphate buffer saline (PBS) nonidet P-40 (1%)
(Sigma-Aldrich, Jerusalem, Israel) in 990 uL CP buffer (0.1 M KH2PO4, 2 mM EDTA,
pH 7.0). Cleavage of Z-Arg-Arg-pNA substrate were detected at 405 nm in a Novaspec
plus spectrophotometer (Sigma-Aldrich, Israel).

2.9. Adhesion Assay

The adhesion of E. histolytica trophozoites to HeLa cells (a kind gift from T. Kleinberger,
Faculty of Medicine, Technion) was measured using a previously described protocol [28].
E. histolytica trophozoites (2 x 10°) were incubated with live L. acidophilus (2 x 108), with
heat-killed L. acidophilus (DN) (2 x 108), with paraformaldehyde-fixed L. acidophilus (PLA)
(2 x 108) and with/without catalase (50 pg/mL) for 1 h at 37 °C and then transferred to
paraformaldehyde-fixed HeLa cells monolayers for an additional hour of incubation at
37 °C. Trophozoites unattached to HeLa cell monolayers were washed once with phosphate
buffer saline (PBS) buffer and the trophozoites attached to the HeLa cell monolayer were
eluted with 500 pL of a solution of cold galactose (1%) in PBS and counted.

3. Results and Discussion
3.1. L. acidophilus Amebicide Activity Depends on the Formation of HyO;

L. acidophilus is commonly found in the gastrointestinal tract of healthy humans. It
is widely used as a food preservative and as a probiotic. L. acidophilus antimicrobial activ-
ity is caused by the production of antimicrobial peptides, including lactacins B, organic
acid production such as lactic acids and H,O, (recently reviewed in [29]), and immune
induction [30]. Whereas the antibacterial and antifungal activity [31,32] of L. acidophilus has
been well illustrated, the antiparasitic properties of L. acidophilus have been less studied.
Studies with mouse models of the diseases caused by Giardia lamblia [33], Toxocara canis [34],
Trichinella spiralis [35], and Cryptosporidium parvum [36] reveal that a combination of probi-
otics and other probiotic strains is beneficial in the treatment and prevention of these para-
sites. In a recent study, we demonstrated that L. acidophilus is detrimental to E. histolytica
but the amebicide mechanism was unknown [19]. In this study, we investigated whether
H,O, generated by L. acidophilus is directly responsible for the amebicide activity. We
first measured the ability of L. acidophilus to produce HyO, by the FOX assay. We found
that overnight culture of L. acidophilus cultivated in MRS media with agitation produces
0.14 £ 0.3 mM H,O;. A viability assay was performed on E. histolytica trophozoites incu-
bated either with L. acidophilus or with heat-killed L. acidophilus, which served as negative
control. The viability of E. histolytica trophozoites was not affected when the parasite was
incubated with L. acidophilus for 60 min (Figure 1). However, the viability of E. histolytica
trophozoites was significantly decreased by 50% when the parasite was incubated with
L. acidophilus for 120 min. In contrast, the viability of E. histolytica trophozoites incubated
with heat-killed L. acidophilus for 120 min was not impaired (Figure 1). Next, we wanted
to establish if the amebicidal activity of L. acidophilus was dependent on the formation of
H,0,. We incubated E. histolytica and L. acidophilus in presence of catalase, an enzyme that
catalyzes the decomposition of HyO, to HyO and O, [37]. We observed that the amebicidal
activity of L. acidophilus was strongly reduced when catalase was added during the incuba-
tion of L. acidophilus with the parasite (Figure 1). Based on this finding, it strongly suggests
that HyO, produced by L. acidophilus is the primary cause of parasite death.
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Figure 1. Viability assay of E. histolytica trophozoites. Note: E. histolytica trophozoites (WT) were
incubated with live L. acidophilus (LA) or with heat-killed L. acidophilus (DN), with/without catalase
(Cat) (50 ug/mL) for 60 and 120 min at 37 °C. The data represent two independent experiments
performed in triplicate. *** p value < 0.001 by an unpaired Student’s t-test.

3.2. Resin-Assisted Capture (RAC) of Oxidized Proteins (OX) Coupled to Mass Spectrometry
(OX-RAC) Analysis of E. histolytica Trophozoites Exposed to L. acidophilus

In order to explore the amebicidal properties of L. acidophilus, we used OX-RAC to
measure the levels of oxidized proteins (OXs) in E. histolytica trophozoites exposed to
L. acidophilus. In absence of DTT treatment, OXs are not expected to bind to the thiopropyl
resin [38]. We observed that the level of OXs in E. histolytica trophozoites exposed to heat-
killed L. acidophilus culture is very low (Figure 2A). These results indicate that heat-killed
culture of L. acidophilus do not trigger the formation of OXs in E. histolytica trophozoites.
In contrast, a strong level of OXs was detected in E. histolytica trophozoites exposed to
live L. acidophilus culture (Figure 2A). The addition of catalase during the interaction of
E. histolytica trophozoites with L. acidophilus strongly inhibits the formation of OXs in the
parasite, which confirms that the formation of OXs in the parasite is mediated by H,O,
produced by L. acidophilus (Figure 2B). These results indicate that the formation of OXs is
triggered by Hy,O, produced by L. acidophilus.

B. L.a

1 0.15 1

Figure 2. Detection of OXs by resin-assisted capture (OX-RAC) analysis of E. histolytica. Note:
E. histolytica trophozoites were incubated with live L. acidophilus (L.a) or with heat-killed L. acidophilus
(DN L.a) (A), with/without catalase (Cat.) (50 pg/mL) (B) for 2 h at 37 °C. Total protein lysate was
prepared by lysing the trophozoites with 1% Igepal in PBS. The oxidized proteins in the cell lysates
were subjected to RAC in the presence of 10 mM DTT (+DTT) or the absence of DTT (—DTT). The
protein was resolved on a 12% SDS-PAGE and stained with silver stain.
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The intensity of the protein bands were quantified by densitometry using Image ]
software [39]. The intensity of the OX-protein bands obtained in the presence of DTT in
E. histolytica trophozoites incubated with live L. acidophilus was arbitrarily set to 1. It is
important to note that the data presented in Figure 2A,B were obtained at two different
times, and that the silver staining development time was different in each case.

Using MS, we identified 997 OXs in E. histolytica trophozoites incubated with
L. acidophilus (Table S1), which were classified using PANTHER. The most abundant OX
families belong to metabolite interconversion enzyme (PC00262), such as protein argi-
nine N-methyltransferase (EHI_158560), the galactose-specific adhesin 170kD subunit
(EHI_042370), and thioredoxin (EHI_004490) (Figure 3A). E. histolytica lacks glutathione,
so it relies mainly on thiol for its defense against OS [40]. Thioredoxin (TRX)/thioredoxin
reductase (TRXR) also contributes to redox signaling in E. histolytica trophozoites as well
as oxidative stress responses [41]. This ubiquitous mechanism of defense is present in
many parasites, including Schistosoma mansoni, Plasmodium falciparum, Giardia lamblia, and
Trichomonas vaginalis [41]. TRXs are small redox proteins of around 12 kD, which act as
radical scavengers. In their active site, two cysteine residues are involved in the antioxidant
system. The oxidation of these cysteine residues produces disulfide bonds, which will be
reduced by TRXR. The presence of TRXs as OXs in E. histolytica exposed to L. acidophilus
strongly suggests that the parasite is actively responding to H,O; released by the bacteria.

The other abundant OX family belongs to the protein modifying enzyme (PC00260)
such as cysteine proteinase CP5 (EHI_168240), serine/threonine-protein phosphatase
(EHI_031240), or E3 ubiquitin-protein ligase (EHI_050540) and the protein-binding ac-
tivity modulator (PC00095) such as AIG1 family protein (EHI_176700), inhibitors of serine
proteinase domain-containing protein (SERPIN) (EHI_119330), and the Rho family GTPase
(EHI_070730) (Figure 3A).

SERPINSs control a broad range of biological processes, including pathogen evasion of
the host defense system. Cathepsin G, a pro-inflammatory enzyme released by activated
neutrophils, is inhibited by serpins [42]. E. histolytica expresses a SERPIN that interacts
with human neutrophil cathepsin G [43]. In this work, we showed that ERSERPIN is one
of the OXs present in E. histolytica exposed to L. acidophilus. Studies have suggested that
SERPINs are redox-regulated by oxidation of cysteine residues in the reactive site loop
of these enzymes or its vicinity [44—46]. The presence of carbamidomethylated cysteine
residues in the vicinity of the reactive site loop of EnSERPIN (Table S2) [43] suggests that
EhSERPIN is also redox-regulated. The effect of oxidation on EhSERPIN activity has yet to
be determined.

A functional motility is critical to the survival of E. histolytica in order to both dis-
lodge and phagocytose host cells as well as transport virulence factors intracellularly [47].
Rho GTPases play a critical role in the regulation of motility and phagocytic activity of
E. histolytica [48]. There are several Rho GTPases present in the parasite, and we identi-
fied six of them (EHI_126310, EHI_013260, EHI_197840, EHI_029020, EHI_129750, and
EHI_070730) as OXs. EhRhol (EHI_029020) regulates phagocytosis by regulating actin
polymerization [49]. Numerous studies have shown that ROS regulate Rho GTPases activ-
ity [50]. Many Rho family GTPases contain a cysteine-containing motif (GXXXXGK][S/T]C)
at their N-terminal, which is located directly adjacent to the phosphoryl-binding loop. Oxi-
dation of the cysteine residue in this motif affects the nucleotide binding properties of these
Rho GTPases [50]. According to the MS analysis of OXs (Table S2), this cysteine residue
in the active site is not carbamidomethylated. Instead, we found that cysteine residues
located at the C-terminal of these Rho GTPases are carbamidomethylated (Table S2). An
ubiquitination region is present in the C-terminal region of many Rho GTPases that may
regulate their stability [51]. In light of this information, it is tempting to speculate that
the stability of these Rho GTPases is redox-dependent. An example of such regulation
occurring in human endothelial cells is described here [52].
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Figure 3. Protein analysis through evolutionary relationships (PANTHER) analysis of OXs in
E. histolytica incubated with L. acidophilus. Note: (A) PANTHER sequence classification of the
OXs identified in E. histolytica trophozoites co-incubated with L. acidophilus. (B) PANTHER statistical
overrepresentation test of the OXs identified in E. histolytica trophozoites incubated with L. acidophilus.

Of the OXs in E. histolytica trophozoites incubated with L. acidophilus (Table S2), oxi-
doreductase (PC00176) and dehydrogenase (PC00092), such as glyceraldehyde-3-phosphate
dehydrogenase (EHI_008200), NAD(FAD)-dependent dehydrogenase (EHI_099700), and
pyruvate: ferredoxin oxidoreductase (EHI_051060), are significantly enriched according
to the PANTHER statistical overrepresentation test (Figure 3B). Pyruvate: ferredoxin oxi-
doreductase (EHI_051060) is a Fe-S enzyme that catalyzes the oxidative decarboxylation of
pyruvate [53]. This protein has also been identified as an OX in trophozoites exposed to
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H,O, [6], metronidazole, or auranofin [54]. In an oxidatively stressed parasite, pyruvate:
ferredoxin oxidoreductase becomes strongly inhibited, resulting in an accumulation of
pyruvate, which limits ATP production and causes parasite death [55]. Several cysteine
residues present within the [4Fe—4S] clusters of close to them are carbamidomethylated
suggesting that they are oxidized (Table S2). Destabilization of the Fe-S clusters integrity
via oxidation of these cysteine residues in the parasite exposed to L. acidophilus will more
certainly inactivate the enzyme and consequently contribute to the parasite death.

Other OXs, which are significantly enriched according to the PANTHER statistical
overrepresentation test, include vesicle coat protein (PC00235), such as GOLD domain-
containing protein (EHI_023070), beta2-COP (EHI_088220) and coatomer subunit gamma
(EHI_040700) and protease (PC00190), such as EhCP-al (EHI_074180) and EhCP-a4 (EHI_
050570) (Figure 3B).

3.3. E. histolytica CP Activity Is Impaired by L. acidophilus

In order to gain information on the consequence of L. acidophilus-mediated-oxidation
on the activity of proteins that were identified in the OX-RAC analysis, we decided to focus
here on the CPs. When trophozoites are incubated with live L. acidophilus, CPs activity is
strongly inhibited (Figure 4). However, this activity is not inhibited when trophozoites are
incubated with L. acidophilus in the presence of catalase (Figure 4). The addition of DTT
in lysates of trophozoites incubated with live L. acidophilus partially restored CP activity.
Based on these results, it could be assumed that the L. acidophilus-mediated-oxidation of
CPs’ catalytic cysteine residues inhibits CPs, while their reduction by DTT restores the
activity. Indeed, the fact that adding catalase to trophozoites incubated with L. acidophilus
prevents the inhibition of CPs confirms that HyO, produced by L. acidophilus inhibits
the CPs.

” .
0%

WT + DN WT + DN+ Cat WT + LA WT + LA +cat

CP activity (%)

B Without DTT m With DTT

Figure 4. CPs activity of E. histolytica trophozoites. Note: E. histolytica trophozoites were incubated
with heat-killed L. acidophilus (DN) or with live L. acidophilus (LA), and with/without catalase
(50 pg/mL) for 2 h at 37 °C. Total protein was prepared and CPs activity was measured. One unit of
CP activity was defined as the number of micromoles of substrate digested per minute per milligram
of protein. CP activity performed without DTT of E. histolytica trophozoites incubated with heat-killed
L. acidophilus (WT + DN) was obtained as 100% and it corresponds to 0.31 units. The data represent
two independent experiments performed in triplicate. * p-value < 0.05 by an unpaired Student’s -test.
*** p-value < 0.001 by an unpaired Student’s t-test.
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CPs are essential for the growth of E. histolytica trophozoites and their inhibition by in-
hibitors of the CPS, such as E64d, causes their death [56]. In this study, we found that many
CPs, including EhCP-al (EHI_074180), EnCP-a4 (EHI_050570), EhCP-a5 (EHI_168240), and
EhCP8 (EHI_010850), are oxidized, and that E. histolytica CPs activity are inhibited when
the parasite is incubated with L. acidophilus. Some of these OXs CPs, such as EhCP-A1 and
EhCP-AS5, are highly expressed in E. histolytica [57] and are involved in rosette formation,
hemolysis, and erythrocyte digestion [58]. The expression of EHI_010850 (EhCP-8) is up-
regulated when the parasite is incubated in the presence of hemoglobin, which suggests
CP-8 is involved in iron uptake by the parasite [59]. The mechanisms that lead to oxidants
inhibiting CPs have recently been examined [60]. For example, inhibition of papain by
H,O; results from the formation of sulfenic acid, which reacts with adjacent free thiol
to form mixed disulfides. In addition, HyO, inhibits cathepsin B by targeting the active
site residue (Cys25) to form either sulfenic acid or sulfonic acid around 70% of the time.
E. histolytica CPs contain four active-site residues, namely Gln, Cys, His, and Asn, the cys-
teine residue at the active site being present in all E. histolytica CPs [61]. According to the MS
analysis of OXs (Table S2), this cysteine residue in the active site is carbamidomethylated,
which strongly suggests that it was oxidized. By itself, this observation would explain why
E. histolytica’s CP activity is inhibited by H,O, produced by L. acidophilus. As opposed to
E. histolytica, where HyO, produced by L. acidophilus appears to inhibit CPs activity directly,
in Plasmodium parasites, HyO,-mediated inhibition of CPs is dependent on the presence of
free hemin, which can be released by quinoline drugs [62].

3.4. Adhesion of E. histolytica Trophozoites to HeLa Cells Is Impaired by L. acidophilus

E. histolytica trophozoites’ ability to bind to mammalian cells is the initial step in the
amebic infectious process [63]. In our experiment, trophozoites incubated with L. acidophilus
exhibit reduced binding to HeLa cells compared to trophozoites incubated with heat-killed
L. acidophilus or with paraformaldehyde-fixed L. acidophilus. However, the binding activity
to HeLa cells of trophozoites incubated with L. acidophilus in the presence of catalase is
comparable to the binding activity of heat-killed L. acidophilus or with paraformaldehyde-
tixed L. acidophilus (Figure 5). These data strongly suggest that the production of H,O; by
L. acidophilus inhibits E. histolytica’s binding to HeLa cells rather than a competition between
L. acidophilus and HeLa cells. The lectin Gal/GalNAc plays an essential role in parasite
attachment to mammalian cells, including HeLa cells [64-66]. We previously demonstrated
that oxidation of the carbohydrate-recognizing cysteine-rich domain (CRD) of Gal/GalNAc
lectin renders it inactive [6]. We observed in this study that 170kDa Gal/GalNAc is
one of the OXs produced in the parasite exposed to L. acidophilus. According to the MS
analysis of OXs (Table S52), many cysteine residues are carbamidomethylated in the CRD
of Gal/GalNAc lectin, which strongly suggests that they were oxidized leading to an
impairment of the parasite’s ability to bind mammalian cells (this work and [6]).
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Figure 5. Binding activity assay of E. histolytica trophozoites. Note: E. histolytica trophozoites were
incubated with live L. acidophilus (LA), with heat-killed L. acidophilus (DN), with paraformaldehyde-
fixed L. acidophilus (PLA), and with/without catalase (50 pg/mL) for 1 h at 37 °C and then transferred
to paraformaldehyde-fixed HeLa cell monolayers. Trophozoites attached to HeLa cells monolayers
were counted. The number of trophozoites incubated with heat-killed L. acidophilus (WT + DN) that
were bound to HeLa cells monolayer (around 75% of the original population) was obtained as 100%.
The data represent two independent experiments performed in duplicate. **** p-value < 0.0001 by an
unpaired Student’s t-test.

4. Conclusions

The results for this study show that the production of HyO, by L. acidophilus causes
oxidation of vital proteins in E. histolytica and ultimately results in parasite death. The
present study emphasizes L. acidophilus’ potential as a probiotic against amebiasis. However,
in vivo trials are necessary to determine whether this probiotic has health benefits on
humans when it is used alone or in combination with metronidazole.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox11050814/s1. Table S1: List of all OXs that were enriched by RAC in three independent
experiments in E. histolytica trophozoites incubated with L. acidophilus. Table S2: List carbamidomethyl
(C) sites in OXs. Table S3: Description of the parameters that are given in Tables S1 and S2.
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Abstract: The antioxidant superoxide dismutase (SOD) catalyses the dismutation of superoxide, a
dangerous oxygen free radical, into hydrogen peroxide and molecular oxygen. Superoxide generation
during the oxidative burst of the innate immune system is considered a key component of the host
defence against invading pathogens. We demonstrate the presence and differential expression of
two SODs in Fasciola hepatica, a leaderless cytosolic (FhSOD1) and an extracellular (FhSOD3) form
containing a secretory signal peptide, suggesting that the parasites exploit these enzymes in distinct
ways to counteract reactive oxygen species (ROS) produced by cellular metabolism and immune
defences. Both enzymes are highly expressed by the infective newly excysted juvenile (NEJ) stages and
are found in abundance in their excretory—secretory products (ES), but only FASOD1 is present in adult
ES, suggesting that the antioxidants have different functions and pathways of secretion, and are under
separate temporal expression control during the migration, growth, and development of the parasite.
Functionally, the recombinant FhSOD1 and FhSOD3 exhibit similar activity against superoxide to
their mammalian counterparts. Confocal immuno-localisation studies demonstrated the presence of
FhSOD1 and FhSOD3 on the NE]J tegument and parenchyma, supporting our suggestion that these
enzymes are secreted during host invasion to protect the parasites from the harmful oxidative bursts
produced by the activated innate immune response. By producing superoxide enzymatically in vitro,
we were able to demonstrate robust killing of F. hepatica NEJ within 24 h post-excystment, and that
the lethal effect of ROS was nullified with the addition of SOD and catalase (the antioxidant enzyme
responsible for the dismutation of hydrogen peroxide, a by-product of the SOD reaction). This study
further elucidates the mechanism by which F. hepatica protects against ROS derived from cellular
metabolism and how the parasite could mitigate damage caused by the host’s immune response to
benefit its survival.

Keywords: antioxidants; excretory—secretory products; helminth; immune defence; oxidative burst;
ruminants; trematode; parasite; worm

1. Introduction

Fasciolosis, a zoonotic disease of humans and livestock, is caused by infection with
the digenean trematodes, Fasciola hepatica and Fasciola gigantica. The economic impact
of fasciolosis on livestock production is expected to exceed USD 3 billion/year [1]. The
parasite also infects an estimated 17 million people globally, and 180 million people live in
endemic regions where they are at risk of infection [2].

Infection occurs when the mammalian host ingests encysted parasites, metacercariae,
carried on plant material or water. The metacercariae excyst in the host’s intestine and
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the newly excysted juveniles (NEJ) penetrate the intestinal wall and migrate through the
abdominal cavity to the liver. Upon reaching the liver, the immature parasites spend
8-12 weeks burrowing through the parenchymal tissue, where they rapidly increase in
size and mature. After taking up residence in the bile ducts and gall bladder, the parasites
complete their development into egg-laying adults [3]. During this period of migration
and growth, the infected host mounts an acute proliferative cellular and humoral immune
response to block the parasites and mitigate damage and haemorrhaging caused by their
migration. This acute response is characterised by marked eosinophilia, along with the
infiltration of macrophages and lymphocytes to the parasite tracks, resulting in the local
production of damaging reactive oxygen species (ROS) [4].

Genomic, transcriptomic, and proteomic analyses of several life stages of F. hepatica
(infective metacercariae, NE] at 1, 3, and 24 h post-excystment, immature juvenile flukes
from 21 days post-infection, and mature adults) have identified many developmentally
regulated proteins, thereby shedding light on the complex interactions these parasites have
with their hosts throughout the infection process [5-7]. The major proteins secreted during
these early infection stages include cathepsin-like proteases, protease inhibitors, and a
slew of antioxidant enzymes, including superoxide dismutase (FhSOD), peroxiredoxin
(FhPrx), thioredoxin (FhTrx), glutathione peroxidase (FhGPx), and glutathione-S-transferase
(FhGST) [8]. Together, these proteins are assumed to help tissue invasion, macromolecule
digestion, and defend against the onslaught of host-generated ROS [7].

SODs are a class of metalloenzyme antioxidants that, in pathogens, play a role in
defence against exogenous ROS produced by the host by catalysing the two-step dispropor-
tionation of superoxide anions (O,°*") into hydrogen peroxide (HyO,) [9]. Three isoforms
of SOD have been described in helminths (worms) and their mammalian hosts based on
their localisation and metal co-factors: (1) a cytosolic Cu/Zn SOD, (2) a mitochondrial
Mn-SOD, and (3) an extracellular Cu/Zn SOD characterised by the presence of a hydropho-
bic N-terminal signal peptide [10-14]. To date, only a cytosolic form of Cu/Zn SOD has
been described in F. hepatica and F. gigantica [15-17]. However, our interrogation of the
existing Fasciola spp. genomes revealed the presence of multiple SOD sequences in these
parasites, including the cytosolic form, a mitochondrial form, and a novel extracellular
SOD possessing a characteristic N-terminal signal peptide sequence. This extracellular
SOD is observed at greater protein abundance in the secretome of F. hepatica NE] relative
to that of the mature adults, suggesting that it acts as a specialised enzyme protecting the
invading parasites against the oxygen-mediated killing mechanisms of their hosts.

Here, we characterised the role of SODs in the defence of F. hepatica against ROS via
the production of functional recombinant cytosolic (rFhSOD1) and extracellular (rFhSOD3)
forms excreted /secreted by the parasite during early invasion. We show that these antioxi-
dants are highly homologous to their mammalian host counterparts, which accounts for
their lack of immunogenicity in infected sheep. Specific anti-rFhSOD1 and anti-rFhSOD3
antibodies were produced and used in immuno-localisation experiments to identify the site
of enzyme production and secretion in F. hepatica NE] and adults. Finally, we developed an
in vitro biological assay that enzymatically produces ROS and demonstrates the suscepti-
bility of NE] to both superoxide and hydrogen peroxide. This killing of NEJ was obviated
via the addition of SOD and catalase, revealing the power of this cascade in defence against
ROS during invasion.

2. Materials and Methods
2.1. Identification and Phylogenetic Analysis of F. hepatica Superoxide Dismutases

The F. hepatica SOD gene sequences were identified by BLAST analysis using the
previously reported F. hepatica SOD sequence (Kim et al., 2000 [16]; AF071229) against
the F. hepatica genome (WormBase ParaSite Version WBPS16 (WS279): PRJEB6687 and PR-
JEB25283; Cwiklinski et al., 2015 [5]; FASOD1: BN1106_s3189B000243; maker-scaffold10x_61_
pilon-snap-gene-0.36, FhRSOD2: snap_masked-scaffold10x_1664_pilon-processed-gene-0.2,
FhSOD3: BN1106_s4478B000037; maker-scaffold10x_713_pilon-snap-gene-0.105). Annota-
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tion of the resulting sequences was confirmed using in silico tools (Uniprot, Gene Ontology
(GO), and InterProScan).

Homologous trematode SOD DNA sequences were identified and retrieved using
BLAST analysis of publicly available genome databases at WormBase Parasite (http://
parasite.wormbase.org/index.html Version WBPS16 (WS280), accessed on 7 April 2021).
Genomic DNA sequences were imported, manually inspected, translated, and aligned
in CLC Main Workbench 21.0.3 (Table S1). Identification of N-terminal signal peptide
sequences was carried out using the SignalP and TMHMM plugin (Version 21.0) in CLC
Main Workbench (Version 21.0.3). Previously characterised mammalian SOD sequences
(Ovis aries, Bos taurus, Bos indicus, and Homo sapiens) were downloaded from GenBank
(National Center for Biotechnology Information, NCBI) (Table S1). Ambiguous regions
(i.e., containing gaps and/or poorly aligned) were removed from the resultant amino acid
alignment of all mammalian and trematode sequences with Gblocks (v0.91b) using the
following parameters: minimum length of a block after gap cleaning: 10; positions with
a gap in less than 50% of the sequences were selected in the final alignment if they were
within an appropriate block; all segments with contiguous non-conserved positions longer
than 8 were rejected; minimum number of sequences for a flank position: 85% [18,19].
The resultant sequence alignment spanned 107 amino acids (Gly 67-Gly173, relative to
FhSOD1), containing 43 amino acid sequences, which was submitted for Smart Model
Selection (SMS) using PhyML 3.0 (Figure S1) [20]. Evolutionary history was inferred using
the maximum likelihood method and the Whelan and Goldman (WAG + G+I) model,
with 1000 bootstrap support in MEGA11 [21,22]. Initial tree(s) for the heuristic search
were obtained automatically by applying Neighbor-Join and BioN]J algorithms to a matrix
of pairwise distances estimated using the JTT model, and then selecting the topology
with superior log likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 1.3434)). The rate
variation model allowed for some sites to be evolutionarily invariable ([+]I], 11.21% sites).
Amino acid sequence similarity and identity was determined using UniProt ClustalO [23].

2.2. Transcriptomic and Proteomic Expression Analysis of FiSOD1 and Fh'SOD3

Stage-specific F. hepatica transcriptome datasets, previously described by Cwiklin-
ski et al. (2015; PRJEB6904) [5] were interrogated to determine the differential transcription
of the FiSOD1 and FhSOD3 genes, represented as the number of transcripts per million
(TPM). E. hepatica proteomic datasets were interrogated to determine the FhSOD1 and
FhSOD3 protein abundance, represented by the exponentially modified protein abundance
index (emPAI) within the somatic proteome and the secreted protein fraction (secretome/ES
proteins), using Scaffold (version Scaffold_5.1.2, Proteome Software, Portland, OR, USA).
Analysis of the somatic proteome was carried out for the metacercariae, NEJ (3, 24, and 48 h
post-excystment) and immature life cycle stages using the data reported by Cwiklinski et al.
(2018, 2021) [6,7]. Secretome analysis was carried out on the 24 h NEJ, immature, and adult
liver fluke secreted proteins using the data reported by Cwiklinski et al. (2018, 2021) [6,7]
and Murphy et al. (2020).

2.3. Preparation of Excretory/Secretory (E/S) Products and Somatic Extracts from Adult F. hepatica

Adult liver flukes were collected from the livers of sheep during post-mortem abattoir
surveillance in Roscommon, Ireland, as previously described [24]. The parasites were
washed with sterile 1x PBS before culturing in RPMI medium (containing 0.1% glucose,
100 U penicillin and 100 mg/mL streptomycin) at a ratio of 1 worm/2 mL at 37 °C and
5% CO,. After 2 h, culture media (containing the E/S) was collected and centrifuged at
300x g for 10 min and then 700 g for 30 min to eliminate large debris. The supernatant
was subsequently concentrated using a spin column protein concentrator with a molecular
weight cut-off of 3 kDa (Amicon ultra, Merck Millipore, Burlington, MA, USA), aliquoted
and frozen at —80 °C prior to use.
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Adult somatic proteins were extracted from a frozen adult fluke via homogenisation in
100 uL DPBS followed by centrifugation at 300x g for 15 min and then 800 ¢ for a further
15 min. The protein concentration in the resultant supernatant of the somatic extract and
E/S was measured using the Bradford Protein Assay (Bio-Rad).

2.4. Expression and Purification of Functional Recombinant FiSOD1 and FhSOD3 in
Escherichia coli

The cytoplasmic (FhSOD1) and extracellular (FA1SOD3, with the signal peptide se-
quence removed) sequences were codon optimised for expression in Escherichia coli and
individually cloned into pET-28a(+) vectors with a C-terminal His-tag (GenScript, Piscat-
away, NJ, USA). The vectors were electro-transformed into kanamycin-resistant ClearColi
BL21 (DE3) (ThermoFisher Scientific, Waltham, MA, USA) cells, with transformants selected
on LB-Miller + kanamycin (50 ug/mL) agar plates after growth overnight at 37 °C.

Recombinant cells harbouring FrSOD1 and FASOD3 were grown in LB-Miller broth
at 37 °C and 180 rpm with 50 pg/mL kanamycin until the OD600 was between 0.7 and
0.8. Isopropyl-f3-d-thiogalactopyranoside (IPTG; ThermoFisher Scientific) was added to
the culture medium at 0.5 mM to induce protein expression, and cultures were incubated
at 21 °C for a further 21 h. A 1 mL aliquot of each culture was removed at Ty and Tp; to
monitor protein production. Following centrifugation at 10,000 x g for 10 min at 4 °C, the
recovered bacteria were resuspended in sterile ST buffer (10 mM Tris, 150 mM NaCl, pH
8.0) and stored at —20 °C overnight. Cell pellets were thawed on ice then treated with
10 mg/mL lysozyme for 30 min. After incubation, 750 puL 10% Sodium lauroyl sarcosinate
(sarcosyl) was added to the pellets prior to sonication at 70% amplitude with six cycles of
10 s burst/10 s rest on ice.

To recover soluble protein, the supernatant was collected after centrifugation at
15,000 g for 30 min at 4 °C, diluted to a final volume of 50 mL in lysis buffer (sodium phos-
phate buffer, pH 8, 10 mM imidazole) and purified using the Profinia Affinity Chromatog-
raphy Protein Purification System (Bio-Rad, Hercules, CA, USA) with the corresponding
mini profinity IMAC and mini Bio-Gel P—6 desalting cartridges (Bio-Rad). Proteins were
eluted into 4 mL of 1x PBS, aliquoted, and stored at —70 °C until use. Protein concentration
and purity were verified immediately after purification using the Bradford Protein Assay
(Bio-Rad) and by 4-20% SDS-PAGE gels (Bio-Rad) stained with Biosafe Coomassie (Bio-
Rad), respectively. To further confirm the expression and purification of the recombinant
proteins, Western blots were performed using a monoclonal mouse anti-polyhistidine
antibody (1:10,000) (Sigma-Aldrich, St. Louis, MO, USA) as a primary antibody, followed
by incubation with a secondary antibody alkaline phosphatase conjugated goat to mouse-
anti-IgG diluted 1:5000 (Sigma-Aldrich). The gels and Western blots were visualised using
a G:BOX Chemi XRQ imager (Syngene, Bengaluru, India).

The tertiary states of the recombinant FhSOD1 and FhSOD3 proteins were resolved by
size-exclusion chromatography (gel filtration) performed on a high performance Superdex
75 10/300 GL (Tricorn) column, with a flow rate of 400 uL/min and eluted into 1x PBS.
Three proteins of different molecular sizes were resolved in the column as standards,
namely conalbumin (76 kDa), carbonic anhydrase (29 kDa), and aprotinin (6.5 kDa) (GE
Healthcare). Upon determination of the retention parameters, rTFhSOD1 and rFhSOD3
were added to the column, with 200 uL aliquots of each purification fraction collected and
stored at 4 °C for enzyme activity (see below). The 3D structure of the corresponding native
FhSOD1 (D915_003308) and FhSOD3 (D915_009739) amino acid sequences was predicted
by the AlphaFold Protein Structure Database [25,26].

2.5. Analysis of rFhSOD1 and yrFhSOD3 Enzyme Activity

The enzymatic activity of the recombinant FhSODs was measured via the adaptation
of an existing xanthine oxidase (XOD)-based SOD assay, whereby O,°" is enzymatically
produced because of the conversion of xanthine to HyO, and uric acid, which in turn
transforms nitroblue tetrazolium (NBT) to NBT-diformazan dye [27]. To determine the
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activity of our recombinant enzymes under physiological conditions compatible with
the parasite, our assay was conducted at 37 °C in 200 pL assay buffer (1 x PBS; Sigma-
Aldrich, 0.1 mM Hypoxanthine; Sigma-Aldrich, 0.1 mM DTPA; Sigma-Aldrich, 2.5 uL/mL
tetrazolium salt; Cayman Chemical, Ann Arbor, MI, USA). All other enzymes (native XOD
from bovine milk; Roche, used at a final concentration of 8.0 x 1073 U/mL), including the
standard curve (native bovine erythrocyte SOD, BS; Sigma-Aldrich), were diluted in PBS
prior to use. Recombinant proteins and the standard curve (BS) were serially diluted 1:1
in PBS (rFhSOD1 and rFhSOD3: 10-0.3125 ug/mL; BS: 100-3.125 pug/mL, corresponding
to 4-0.125 U/mL) and run in duplicate at a final assay volume of 250 uL. The assay was
read continuously for 30 min at 450 nm using a microplate reader (PolarStar Omega
Spectrophotometer; BMG LabTech, Ortenburg, Germany) immediately after the addition of
XOD.

2.6. Immune Recognition of FhnSOD1 and FASOD3 in Sera from F. hepatica Experimentally
Infected Sheep

Sera were collected from F. hepatica experimentally infected sheep and assayed as
previously described by Lopez Corrales et al. (2020). The infections were carried out by
Agri-Food and Biosciences Institute (AFBI; Belfast, UK) under license from the Department
of Health, Social Services and Public by the Animal (Scientific Procedures) Act 1986 (License
No. PPL 2771; PPL 2801). FhSOD1 and FhSOD3 total IgG antibodies were analysed by
ELISA and Western blot according to standard methods. Briefly, for the ELISA, flat-bottom
96-well microtitre plates (Nunc MaxiSorp, Biolegend, San Diego, CA, USA) were coated
with rFhSOD1, rFhSOD3, or recombinant F. hepatica cathepsin L1 (rFhCL1) (5 ng/mL in
0.05 M carbonate buffer, pH 9.6) and incubated overnight at 4 °C [28]. After incubation
in blocking buffer (2% bovine serum albumin in PBS-0.05% Tween-20 (v/v), PBST, pH
7.4) and washing three times in PBST, sheep sera collected from 10 animals at 0, 3, 7, 11,
15, and 23 weeks post-infection (WPI) was diluted 1:100 in serum dilution buffer (PBS,
0.5% Tween 80, 0.5 M NaCl), added to the antigen-coated wells in triplicate, and allowed
to incubate for 1 h at 37 °C. After washing five times, 100 uL/well of HRP-conjugated
donkey anti-sheep IgG (ThermoFisher Scientific) diluted 1:50,000 in blocking buffer was
added, and the plates were incubated for 1 h at 37 °C. Following five washes, 100 pL/well
of3,3' 5,5 -Tetramethylbenzidine (TMB; Sigma-Aldrich) was added, and the plates were
incubated at room temperature (RT) for 4.5 min. The reaction was stopped by the addition
of 100 nL/well of 1 M sulphuric acid. The optical density was determined at a wavelength
of 450 nm (OD450) in a PolarStar Omega spectrophotometer (BMG LabTech, Ortenburg,
Germany).

Western blot analysis was performed using standard methods [29]. Briefly, rTFhSOD1
and rFhSOD3 (1 pg/lane) was resolved by electrophoresis in 4-20% precast SDS-PAGE
gels and electro-transferred onto nitrocellulose membranes prior to incubation in blocking
buffer (5% milk in PBST, pH 7.4) for 1 h at RT. rFhCL1 was used as a positive control at
7 WPL. After washing five times with PBST, the membranes were probed with pooled sera
from experimentally infected sheep at 0, 7, and 20 WPI diluted 1:1000 in blocking buffer
(2.5% milk in PBST, pH 7.4) for 1 h at RT. After washing five times in PBST, the membranes
were incubated with the secondary antibody alkaline phosphatase conjugated donkey-anti-
sheep IgG at a 1:10,000 dilution for 1 h at RT. Following a final wash, the immune-reactive
bands were visualised using the substrate SigmaFast BCIP/NBT (Sigma-Aldrich).

2.7. Production of Specific Antibodies against rFhSOD1 and rFhSOD3

Non-homologous sequences at the N-terminal of FhSOD1 (VMSGSSGVQGTVKFVQE-
SET) and FhSOD3 (NASYSGQIFVNADGNLLTVR) were identified and protein-specific
peptides (pFhSOD1 and pFhSOD3) were synthetically produced coupled with ovalbu-
min and used to immunise rabbits to generate FnRSOD1 and FhSOD3-specific antibodies
(Anti-pFhSOD1 and Anti-pFhSOD3) (Eurogentec, Seraing, Belgium). In addition, poly-
clonal antibodies against the purified recombinant rFhSOD1 and rFhSOD3 proteins (Anti-
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rFhSOD1 and Anti-rFhSOD3) were produced in rabbits (Eurogentec). Anti-rFhSOD1 and
anti-rFhSOD3 antibodies were adsorbed against recombinant rFhSOD3 and rFhSOD1,
respectively, prior to use to ensure specificity. The reactivity of the anti-pFhSOD1 and pFh-
SOD3 antibodies and anti-rFhSOD1 and rFhSOD3 polyclonal antibodies was determined
by Western blot analysis against 0.05 nug/lane rFhSOD1 and rFhSOD3. Native bovine
erythrocyte SOD (BS; 0.05 ng/lane) was used as a negative control. Immuno-detection was
conducted as described above, with the following exceptions: membranes were probed with
rabbit pre-immune sera, anti-pFhSOD]1, anti-pFhSOD3, anti-rFhSOD1 or anti-rFhSOD3
raised in rabbits at a 1:10,000 dilution for 1 h at RT. After washing, the membranes were
further probed with the secondary antibody, alkaline phosphatase conjugated goat-anti-
rabbit IgG, at a 1:5000 dilution for 1 h at RT. Following final washes, the immune-reactive
bands were visualised using the substrate SigmaFast BCIP/NBT (Sigma-Aldrich).

2.8. Immuno-Detection of Native FiSOD1 and FhSOD3 in NE]J, Adult Parasites and
Their Extracts

Localisation of FhSOD1 and FhSOD3 in NEJ was conducted as follows: F. hepatica
metacercariae (Italian isolate; Ridgeway Research, St. Briavels, UK) were excysted and
cultured in RPMI 1640 medium containing 2 mM L-glutamine, 30 mM HEPES, 0.1% (w/v)
glucose, 2.5 pg/mL gentamycin, and 10% foetal calf serum (ThermoFisher Scientific) for
24 h, as previously described [29]. NE] were then fixed with 4% paraformaldehyde (PFA)
in 0.1 M PBS (Sigma-Aldrich) pH 7.4, for 1 h at RT. After three washes in antibody diluent
(PBS containing 0.1% (v/v) Triton X-100, 0.1% (w/v) bovine serum albumin and 0.1%
(w/v) sodium azide; AbD buffer), the NE]J were incubated in rabbit pre-immune sera,
anti-rFhSOD1, anti-rFhSOD3, or anti-rFhCL3 polyclonal antibodies (used as a non-related
positive control) diluted 1:500 in AbD buffer overnight at 4 °C. After three washes in
ADbD, the NE] were incubated in a 1:200 dilution of the secondary antibody, fluorescein
isothiocyanate (FITC)-labelled goat-anti-rabbit IgG (Sigma-Aldrich) overnight at 4 °C in
the dark. To counter-stain muscle tissue, the samples were incubated in AbD containing
phalloidin-tetramethylrhodamine isothiocyanate (TRITC) (200 pg/mL) overnight in the
dark at 4 °C. The NE]J were then whole-mounted onto slides using 10% glycerol solution
containing 0.1 M propyl gallate and visualised under an Olympus Fluoview 3000 laser
scanning confocal microscope using a PL APO CS 6 x 0 oil objective lens. Olympus type F
immersion oil was used in viewing and all images were taken at room temperature.

Localisation of FhSOD1 and FhSOD3 in adult F. hepatica was conducted on parasites
collected from the livers of infected sheep during post-mortem surveillance in Roscommon,
Ireland. After collection, the parasites were washed in 1 x PBS and fixed in 4% PFA for 4 h
at RT. After 4 h, the PFA was removed, replaced with 1 x PBS followed by an incubation
for 1 h at RT. This washing process was repeated twice before dehydration in ascending
ethanol and subsequent infiltration with JB-4 resin (Sigma-Aldrich EM0100). Serial 0.5 pM
sections were mounted onto slides and probed with rabbit pre-immune sera, anti-rFhSOD1,
anti-rFhSOD3, or anti-rFhCL1 polyclonal antibodies (used as a non-related positive control)
diluted 1:1000 in PBST for 5 h at RT in a humid container. The sections were washed three
times in PBST before addition of a 1:1000 dilution of the secondary antibody, FITC-labelled
goat-anti-rabbit IgG (Sigma-Aldrich) in PBST, after which they were placed in a humid
container and allowed to incubate overnight in the dark at 4 °C. The slides were once
again washed three times in PBST and dried, and cover slips were mounted using 10%
glycerol solution containing 0.1 M propyl gallate. The sections were visualised under a
Leica DM2500 LED optical fluorescent microscope (Leica Microsystems, Wetzlar, Germany).

Adult F. hepatica E/S and somatic extract (10 pg/lane) were resolved by gel elec-
trophoresis in 4-20% SDS-PAGE gels and electro-transferred onto nitrocellulose membranes
prior to incubation in blocking buffer for 1 h at RT. The membranes were probed overnight
at 4 °C with rabbit pre-immune sera, anti-rFhSOD1, or anti-rFhSOD3 at a 1:1000 dilution.
After washing, the membranes were further probed with the secondary antibody alkaline
phosphatase conjugated goat-anti-rabbit IgG at a 1:10,000 dilution for 1 h at RT. Following
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final washes, the immune-reactive bands were visualised using the substrate SigmaFast
BCIP/NBT (Sigma-Aldrich).

2.9. Killing of F. hepatica NE] with Superoxide and Protection with SOD and Catalase

To determine the susceptibility of F. hepatica NE] to superoxide in vitro, the SOD activ-
ity assay described in Section 2.5 was repurposed to examine the effect of enzymatically
generated superoxide on live NEJ. In this application, assay conditions and enzyme con-
centrations, except for catalase (CAT, recombinant from Serratia; Abcam, Cambridge, UK)
and BS, were as described above in Section 2.5. Tetrazolium salt was omitted from the
assay buffer (AB) to avoid any potential toxicity to the NEJ. F. hepatica metacercariae were
excysted as described above, washed in 1 x PBS and incubated as described below.

At total of 10 NEJ per replicate were incubated in (i) PBS; (ii) AB with XOD; (iii) AB
with XOD and BS (0.16 U/mL); (iv) AB with XOD and CAT (43 U/mL); (v) AB with XOD,
BS and CAT (43 U/mL); (vi) AB with XOD and CAT (4.3 U/mL); and (vii) AB with XOD,
BS and CAT (4.3 U/mL). NEJ were incubated at 37 °C and 5% CO, immediately after
addition of XOD. After 24 h incubation, the number of dead NE] (characterised by a lack of
movement, including the absence of gut activity or a complete breakdown of the tegument
and internal structure, after a one-minute observation) were counted. All treatments were
conducted in duplicate over several days, giving a total of six biological replicates per
treatment. To test the capacity of our recombinant enzymes to counteract the impacts
of ROS on NE]J, we repeated the assay with the inclusion of rFhSOD1 and rFhSOD3 at
concentrations of equal enzyme activity to BS, with and without the addition of catalase.

2.10. Statistical Analysis

Data were collected, stored, and analysed in Microsoft Excel version 16, Microsoft,
Corporation, Redmond, WA, USA and GraphPad Prism version 5, GraphPad, San Diego,
CA, USA. Differences between treatment groups were assessed by one-way ANOVA and
Tukey’s post hoc test with 95% confidence intervals.

3. Results
3.1. The F. hepatica Genome Contains Developmentally Regulated Cytosolic and
Extracellular SODs

Analysis of the F. hepatica genome identified three superoxide dismutase genes, corre-
sponding to the three types of SOD molecules identified within helminth parasites. Here,
we report the two SODs that are known to be secreted by F. hepatica and, therefore, act at the
host-parasite interface; a cytosolic SOD referred to herein as FhSOD1; and an extracellular
SOD identified according to the presence of an N-terminal signal peptide sequence referred
to herein as FhSOD3 (Figure 1). FASOD1 corresponds to the previously reported cytosolic
SOD [15,16].
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Figure 1. Comparative analysis of F. hepatica and F. gigantica SOD1 and SOD3 amino acid sequences.
Metal binding sites are highlighted in grey and predicted signal peptides in blue. The arginine residue
responsible for guiding the superoxide anion into the active site is indicated in green and the cysteine
residues involved in disulphide bond formation are shown in red. Gaps are indicated by dashes.
Amino acid conservation is shown below the alignment.
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The two SOD genes display different transcriptional profiles across the developmental
parasitic stages found within the mammalian host (Figure 2A). FhSOD1 is constitutively
expressed at low levels across all the life cycle stages analysed. In contrast, FhSOD3 displays
a markedly higher level of transcription by the infective stage metacercariae and the NEJ,
which then drops to comparable levels to FnSOD1 expression within the immature and
adult flukes.
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Figure 2. Expression profile of FnRSOD1 and FhSOD3 throughout the F. hepatica life cycle within the
mammalian host. (A) Graphical representation of the stage-specific transcription of the FhRSOD1 and
FhSOD3 genes displayed as transcripts per million (TPM) extrapolated from the transcriptome study
of the metacercariae (Met), newly excysted juveniles at 1, 3, and 24 h post-excystment (NEJ 1 h, NEJ
3 h, NEJ 24 h), immature and adult liver flukes by Cwiklinski et al. [5]. (B) Graphical representation
of the FhSOD1 and FhSOD3 proteins secreted within the ES protein fraction by the NEJ, immature,
and adult parasites, represented by the exponentially modified protein abundance index (emPAI).
The adult secretome data are displayed as the EV-depleted fraction (Adult_ES), and the microvesicle
(Adult_15K) and exosome (Adult_120K) sub-fractions of the EV component recovered following
centrifugation at 15,000 x g and 120,000 g, respectively. (C) Graphical representation of the FhSOD1
and FhSOD3 protein abundance within the somatic proteome of the metacercariae (Met); newly
excysted juvenile (NE]) 3, 24, and 48 h post-excystment (NE]J 3 h; NEJ 24 h; NEJ 48 h); and immature
liver flukes. The proteomic data for the NE]J, immature, and adult parasites are extrapolated from
Cwiklinski et al. [6], Cwiklinski et al. [7], and Murphy et al. [30], respectively.

Despite the relatively lower level of gene transcription, proteomic analysis revealed
that FhSOD1 is more abundantly secreted than its extracellular counterpart, FhSOD3,
predominantly by the NE] and adult parasite stages (Figure 2B). Analysis of the adult
secretome revealed that, in addition to being secreted within the protein soluble fraction,
FhSODL1 is also found within extracellular vesicles (EVs), specifically the microvesicles that
are known to be released by the gastrodermal cells of the gut. This is consistent with other
F. hepatica proteins that lack a signal peptide sequence for classical secretion, highlighting
that the parasite uses non-classical routes of secretion to release multiple molecules that
interact with its host [31]. FnRSOD3 is abundantly secreted by the NE] parasites consistent
with its gene transcription profile, with low levels secreted by immature flukes and no
protein detected within the adult stages (Figure 2B). The somatic proteome profile for both
FhSOD proteins is also consistent with that observed at the gene level, with comparable
levels of FhSOD1 being detected across all the life cycle stages analysed, in comparison to
FhSOD3, which displays a higher protein abundance within the metacercariae and NEJ
24 h post-excystment (Figure 2C).

3.2. Cytosolic and Extracellular SODs Are Distinct Yet Highly Conserved in Trematodes

Interrogation of available Platyhelminth genomes revealed a number of homologous
SOD1 and SOD3 genes (SOD1: n = 14; SOD3: n = 19) from parasitic flatworms of class
Trematoda and free-living flatworms of class Turbellaria. Phylogenetic analysis separates
the SOD1 and SOD3 sequences into two distinct clades (Figure S2). The F. hepatica SOD1 and
SOD3 sequences cluster with homologous sequences from F. gigantica and Echinostoma
caproni, as is expected in these closely related parasite species. The majority of the SOD
genes are present within their respective genomes as single copy genes, with the exception
of Paragonimus westermani, which appears to contain two SOD1 sequences, while several
Schistosoma spp. appear to contain two SOD3 sequences that cluster into distinct sub-clades
(Figure S2). The SOD1 sequence from the free-living flatworm Schmidtea mediterranea does
not cluster with its parasitic counterparts within the SOD1 clade.
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All the SOD1 sequences analysed were comparable with that observed for the F. hepat-
ica and F. gigantica SOD1 sequences, in that they all lacked an N-terminal signal peptide for
classical secretion in line with the predicted cytosolic function of these proteins (data not
shown). The majority of the Platyhelminth SOD3 sequences contain a signal peptide imply-
ing a common extracellular role for these proteins. Three Platyhelminth SOD3 sequences
were missing the signal peptide sequence in the current respective genome assemblies
(E. caproni SOD3, T. regenti SOD3, S. rodhaini SOD3; Table S1), with further investigation
required to confirm their annotation.

Alignment of FhSOD1 with FhSOD3 revealed 34.64% sequence identity and 63.28%
sequence similarity (ClustalO/uniprot) (Table S2). Comparison with the predicted F. gigan-
tica SOD1 and SOD3 amino acid sequences shows a high level of conservation between
the two species, with 98.70 and 100.00% identity and similarity, respectively, between the
SOD1 sequences, and 96.61 and 99.44% identity and similarity, respectively, between the
SOD3 sequences (Table S2). FRSOD1 has an average sequence identity of 69.81% to other
Platyhelminth SOD1 sequences, and an average sequence identity of 59.42% with the four se-
lected mammalian (O. aries, B. taurus, B. indicus, and H. sapiens) SOD1 sequences (Table S2).
The trematode SOD1 sequences showed an average similarity of 90.20%, whereas the SOD3
sequences were more diverse, with an average similarity of 68.40% (Table S2). Collectively,
this information suggests that FhSOD1 is more closely related to the human cytosolic
enzyme than its own extracellular enzyme. Alignment against the respective O. aries, B.
taurus, B. indicus, and H. sapiens SOD1 and SOD3 sequences shows 100% conservation of
predicted copper and zinc metal binding sites (His69, His71, His86, His94, His103, Asp106,
His143) (Figure S1; residue numbering relative to FhSOD3) [11,14,16].

3.3. Recombinant FhSOD1 and FhSOD3 Are Highly Active

To investigate the role of F. hepatica SODs in parasite metabolism and host defence,
we exploited E. coli to recombinantly express both FhRSOD1 and FhSOD3 antioxidant
proteins. SDS-PAGE and Western blot analysis using monoclonal anti-histidine antibodies
revealed soluble rFhSOD1 and rFhSOD3 purified at ~16 and ~17 kDa, respectively, which
are predicted to have a conserved secondary structure consisting of a 3-sheet made up of
eight antiparallel 3-strands typical of SODs (Figures S3 and S4). rFhSOD1 and rFhSOD3
had similar activity against superoxide (~400 U/mg each, as defined by the standard
curve), where one unit of enzyme activity is defined as the amount of protein required
to exhibit 50% dismutation of superoxide under physiological conditions (150 mM salt,
pH 7.4, 37 °C), albeit they were ~10 times less active than the positive control (Figure S3).
Size exclusion (gel filtration) chromatography revealed distinct peaks corresponding to
molecular weights of ~36 kDa (rFhSOD1), ~31 kDa (rFhSOD3), and ~76 kDa (rFhSOD3),
indicative of homodimers and a mix of homodimers and homotetramers for rFhSOD1 and
rFhSOD3, respectively (Figure 3). Analysis of the individual fractions collected from each
peak demonstrate that both the dimeric (rfFhSOD1 and rFhSOD3) and tetrameric (rFhSOD3)
forms of the recombinant proteins are enzymatically active (Figure 3).
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Figure 3. Structural organisation and enzymatic activity of rFhSOD1 and rFhSOD3. Size exclusion
chromatography of (A) FhSOD1 and (B) FhSOD3. The corresponding enzyme activity of each
elution fraction is expressed as the percentage inhibition of formazan dye formation. (C) The
predicted molecular sizes of each recombinant protein calculated against the molecular weight
markers. Markers are indicated by dotted lines—M1; conalbumin, M2; carbonic anhydrase, M3;
aprotinin.

3.4. Detection of Native F. hepatica SOD

Western blot analysis of adult parasite E/S and somatic extract using polyclonal
antibodies raised in rabbits to the recombinant FhSODs revealed detectable FhSOD1 in
both extracts at the expected size (Figure 4). In agreement with transcriptome and proteome
data from adult parasites, native FhSOD3 was not detected in either fraction by polyclonal
antibodies against rFhRSOD3. These results are consistent with the immuno-detection of the
proteins in adult parasite sections, where FRSOD1 was distributed throughout the muscle,
tegument, and parenchyma, while limited FhSOD3 was visible in the tegument (Figure 5).
The anti-pFhSOD1 and pFhSOD3 antibodies demonstrated protein-specific binding against
rFhSOD1 and rFhSOD3 by Western blot analysis but did not reveal detectable fluorescence
when applied to fixed parasite specimens, suggesting recognition of a linear epitope in NE]
(Figure S5).
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Figure 4. Immune detection of native F. hepatica SODs in adult parasite E/S and somatic extracts. (A)
Native (10 ug/well) F. hepatica adult worm E/S and somatic extracts were resolved in a 4-20% SDS-
PAGE gel and stained with Biosafe Coomassie. Lane 1: adult E/S; lane 2: adult somatic extract. (B-D)
Western blot analysis of native Fh'SOD1 and FhSOD3. Lane 1: adult E/S; lane 2: adult somatic extract.
Immuno blots were probed with (B) rabbit pre-immune sera (negative control), (C) anti-rFhSOD1
polyclonal antibodies raised in rabbit, and (D) anti-rFhSOD3 polyclonal antibodies raised in rabbit.
M molecular weight in kDa (Precision Plus Protein Dual, Bio-Rad).

A

Figure 5. Inmuno-localisation of native FnSOD1 and FhSOD3 in F. hepatica adult sections. Sections
were probed with (A) anti-rFhCL1 polyclonal antibodies (non-related positive control), (B) rabbit
pre-immune sera (negative control), (C) anti-rFhSOD1 polyclonal antibodies, and (D) anti-rFhSOD3
polyclonal antibodies raised in rabbit. Immuno-localisation of native F. hepatica proteins is represented
by green fluorescence (FITC staining) and indicated with white arrows. G; gut, P; parenchyma, T;
tegument, VS; ventral sucker, scale bars 50 uM.

Whole mount immuno-localisation of NEJ 3 h post-excystment using anti-rFhSOD1
and anti-rFhSOD3 antibodies revealed the presence of FhSOD1 and FhSOD3 on the outer
surface, gut and tegument as indicated by diffuse fluorescence (Figure 6). This is in
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contrast to NE] stained with anti-rFhCL3 polyclonal antibodies, which locates the FhCL3
cysteine peptidase solely within the bifurcated gut (Figure 6). Despite a potential cross-
reaction between the two FhSOD polyclonal antibodies, these results are consistent with
the transcriptome and proteome analyses of the juvenile parasites, which show abundant
expression by the metacercariae and 1, 3, and 24 h post-excystment NE] (Figure 2A,C).

Figure 6. Immuno-localisation of native FhSOD1 and FhSOD3 in newly excysted juveniles (NEJ).
Whole-mount F. hepatica NEJ 3 h post-excystment were probed with (A) rabbit pre-immune sera
(negative control), (B) anti-rFhCL3 polyclonal antibodies (non-related positive control), (C) anti-
rFhSOD1 polyclonal antibodies, and (D) anti-rFhSOD3 polyclonal antibodies. Immuno-localisation
of native F. hepatica proteins is represented by green fluorescence (FITC staining). All samples were
counter-stained with phalloidin-TRITC to stain muscle tissue (red fluorescence). OS; oral sucker, VS;
ventral sucker, scale bars; 25 uM.

3.5. Homology with Host SOD Facilitates Immune Evasion

Western blot analysis of rFhSOD1 and rFhSOD3 probed with pooled sera from exper-
imentally infected sheep demonstrated that these proteins are not immunogenic during
F. hepatica infection (Figure 7A-D). These results were confirmed by analysis of individual
sheep sera collected at 0, 3, 7, 11, 15, and 23 WPI by ELISA against rTFhSOD1 and rFhSOD3,
using the immunogenic cathepsin peptidase, rFhCL1, as a positive control (Figure 7E).
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Figure 7. Antibody responses to recombinant FnSOD1 and FhSOD3 in experimentally infected sheep.
(A-C) Recombinant (1 ug/well) FRSOD1 and FhSOD3 were transferred to a nitrocellulose membrane
and probed with pooled sera from experimentally infected sheep (A) pre-infection (negative control),
(B) 7 weeks post-infection (WPI), and (C) 20 WPI. (D) Recombinant FRSOD1 and FhSOD3 were
probed with anti-SOD1 and anti-SOD3 polyclonal antibodies raised in rabbits (positive control). Lane
1; recombinant FhSOD1, lane 2; recombinant FhSOD3, lane 3; recombinant FhCL1 zymogen mutant
(positive control), M; molecular weight in kDa (Precision Plus Protein Dual, Bio-Rad. (E) The optical
density of IgG antibodies to rFhSOD1, rFhSOD3 and rFhCL1 from experimentally infected sheep 0, 3,
7,11, 15 and 25 WPL.

3.6. The Addition of SOD and Catalase Negate the Lethal Effects of Reactive Oxygen Species
against F. hepatica NEJ In Vitro

Co-incubation of F. hepatica NE] with enzymatically generated superoxide killed 98%
of exposed NEJ within 24 h. There was no significant difference in NE]J survival after
the addition of BS or rFhSOD1 (p > 0.99); however, rFhSOD3 prevented death in 30% of
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NEJ (p = 0.0041) (Figure 8; Table S3). The addition of catalase protected NEJ in a dose-
dependent manner, with 73 and 43% of NE] alive when incubated with 43 and 4.3 U/mL
catalase, respectively, at 24 h (Figure S6), the effect of which was enhanced when used in
the conjunction with SODs (Table S3).
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Figure 8. Susceptibility of F. hepatica NE] to superoxide and their subsequent protection via the
addition of SOD and catalase. Six replicates of 10 NEJ/well were incubated in the presence of
enzymatically generated superoxide for 24 h at 37 °C and 5% CO,. PBS; phosphate buffered saline
(negative control), Vehicle; assay buffer containing enzymatically generated superoxide via the
step-wise reduction of hypoxanthine into xanthine and superoxide by xanthine oxidase (positive
control), CAT; recombinant catalase, BS; native bovine erythrocyte SOD, ns; not significant (0.1234),
*p < 0.0332.

4. Discussion

Superoxide dismutases (SODs) are amongst a collection of antioxidants that play
essential roles in parasite defence against oxygen free radicals generated physiologically
by cellular metabolism and externally by innate immune cells, such as macrophages and
neutrophils, during invasion and infection [4,7,32]. Similar to many trematodes, the liver
fluke F. hepatica possesses a complex system involved in host immuno-modulation and
immuno-evasion wherein a repertoire of proteins is excreted /secreted to simultaneously
defend against and distract the host’s immune response [30,31]. By interrogating existing
genomic, transcriptomic, and proteomic analysis of various intra-mammalian life stages of
F. hepatica, we identified several antioxidants in the protein cocktail deployed by the parasite
during the early invasive and migratory processes, including both a cytosolic (FhSOD1)
and an extracellular (FhSOD3) SOD [5-7]. Identified and characterised in F. hepatica for the
first time herein, we demonstrate that FnSOD3 is NEJ-associated and, thus, likely to play a
key role in invasion of the mammalian host; for example, the penetration of the intestine
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and liver tissue. FhSOD1 on the other hand, which is released into host tissues through
alternative secretion pathways, may function simultaneously in parasite metabolism and
defence against exogenous ROS. Through a series of immuno-localisation, serological, and
functional in vitro experiments, we propose that FRSOD1 and FhSOD3 play distinct roles
in the development of F. hepatica and its interaction with mammalian definitive hosts.

As is observed with other proteins excreted/secreted by F. hepatica throughout its life
cycle, such as the cathepsin L and B proteases, the transcription and expression of FhSOD1,
and FhSOD3 are tightly regulated [6,7]. FhSOD1 is constitutively transcribed across all
F. hepatica life stages at relatively low levels. FhSOD3, however, is highly expressed in
the infective metacercariae and early NEJ, before declining to transcription levels, similar
to FhSOD1 in immature and adult worms. The lower level of FhSOD1 transcription in
metacercariae and NE] compared to FhSOD3 is in contrast to the relative protein abundance
in these early stages and suggests that the parasite produces and stores FRSOD1 prior to
excystment in the small intestine. Both FRSOD1 and FhSOD3 are at their most abundant
in F. hepatica E/S and somatic extract early in the life cycle, which implies that they are
vital during early invasion of the mammalian host. Macrophages and neutrophils play
an essential role in the early innate immune response against invading pathogens via
the production of ROS, and thus it is reasonable to suggest that F. hepatica NE]J, which
are vulnerable and living on limited glycogen stores, would have a pre-prepared store of
antioxidants to defend against this onslaught of ROS [33]. The abundance of both FhSODs
in metacercariae and NEJ may also reflect a defence against ROS arising from normal
metabolic processes occurring in the most environmentally robust stage of the parasite.

Of the two proteins, only FhSOD3 possesses an N-terminal signal peptide and is,
thus, transported to the extracellular environment via the classical secretory pathway. Fh-
SOD1, on the other hand, is found in both the microvesicular fraction and the EV-depleted
supernatant of adult F. hepatica E/S. This is an interesting finding given that cytosolic
SOD enzymes are thought to act solely on endogenous ROS produced during cellular
metabolism, and not interact with host-derived ROS [32]. Although the mechanism(s) by
which this compartmentalisation of FnSOD1 occurs remains unknown, the presence of
FhSOD1 in different vesicular and non-vesicular fractions of the E/S suggests distinct meth-
ods of delivery to host immune cells and, thus, different defensive or immuno-modulatory
roles. Given the observed homology between the cytosolic SOD of F. hepatica and other
trematode parasites, it is worth investigating if these findings are unique to this species
or if they are indicative of an as-of-yet unexplored generalised helminth defence mecha-
nism. Contrary to the cytosolic SOD, the diversity observed between the signal-peptide
containing extracellular SOD, including the apparent duplication of this isoform within
Schistosoma spp., could indicate unique host-specific adaptations in these worms.

In the current study, neither rFhSOD1 nor rFhSOD3 were immunogenic in experi-
mentally infected sheep. Our findings reflect those previously observed when both experi-
mentally and naturally infected buffalo sera were probed for antibodies to FgSOD1 [17].
Similarly, there has been a lack of detectable antibodies when sera from experimentally
infected rats were probed with recombinant serine protease inhibitors (serpins; rFhSrp1/2),
and when sera from experimentally infected sheep was probed with recombinant cathepsin
B1 (rFhCB1) [28,29]. FhSODI1 is highly homologous to its mammalian counterpart, with
an average similarity of 87.34% compared to SOD1 sequences from O. aries, B. taurus,
B. indicus, and H. sapiens. It is possible that the parasite exploits these similarities as yet
another strategy of immune evasion, wherein their high host homology and, thus, low
immunogenicity allows them to operate undetected and unimpeded. Indeed, this host
mimicry has been observed in Schistosoma mansoni, another trematode parasite of humans,
leading to concerns that this high homology with host molecules may induce autoimmune
responses during vaccine trials [34].

Unlike F. hepatica, the cytosolic SOD of S. mansoni (SmCT-SOD) is expressed at the
highest levels in adult worms, leaving the larval stages susceptible to immune elimination
via host-generated superoxide [34]. In these parasites, SmCT-SOD was localized to the
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tegument and gut epithelium of adults. This contrasts with the findings of the current study,
which showed that FhSOD1 and FhSOD3 localise to the tegument and gut of NEJ and show
a marked decline in FhSOD-specific immuno-localisation in adult parasites. The differential
life-stage expression of cytosolic SOD between F. hepatica and S. mansoni may reflect different
host migration routes and tissue tropism between these parasites. S. mansoni infects
mammalian hosts via penetration of the skin before eventually residing in the mesenteric
venules, where they would be more available to host-generated ROS than F. hepatica, which
is located within the bile ducts and gallbladder upon maturation [35]. Nevertheless, in
both parasites, immuno-localisation occurs at the host:parasite interface and supports the
theory that these proteins are employed in defence of exogenous superoxide.

Previous studies have shown that F. hepatica NE] are resistant to killing by superox-
ide produced in vitro chemically or by peritoneal lavage cells isolated from Indonesian
Thin-Tailed (ITT) sheep [36,37]. ITT sheep are resistant to infection by F. gigantica but have
been shown to be susceptible to infection with F. hepatica [38]. It was suggested that this
susceptibility is related to the higher gene expression of SOD1 mRNA in F. hepatica NEJ
compared to F. gigantica [36]. In the current study, we demonstrated robust in vitro killing
of F. hepatica NEJ by enzymatically generated ROS. Interestingly, ROS-associated killing of
NE]J was partially prevented via the addition of rFhSOD3 only, but completely inhibited
via the introduction of catalase. Given that all three SODs were utilized at concentrations
of equal enzyme activity, these results suggest that rTFhSOD1 and rFhSOD3 do not behave
similarly under physiological conditions. Further, the production of hydrogen peroxide
in our assay results from the (a) two-step reduction of hypoxanthine into xanthine and
superoxide and (b) the reduction of superoxide by SOD. It is well known, however, that the
production of superoxide by macrophages during the oxidative burst is part of a cascade of
highly damaging reactive oxygen and nitrogen species; thus, our data imply that F. hepatica
needs to employ an array of antioxidant proteins to defend against cell-mediated immune
responses [9,32]. Helminths do not express catalase, but rather exploit a thiol-independent
antioxidant system to detoxify hydrogen peroxide wherein thioredoxin/glutathione reduc-
tase (FNTGR) reduces thioredoxin (FhTrx), which then reduces and activates peroxiredoxin
(FhPrx), all of which are up-regulated in F. hepatica NEJ [7,8,39]. In our in vitro assay, we uti-
lized catalase instead of FhPrx, and thus circumvented this complex cascade and provided
proof-of-principal evidence that F. hepatica NEJ exploit a series of antioxidants to defend
against host ROS during early invasion. Future work will focus on the complex interactions
between each of these antioxidant proteins and their collective role in combatting damaging
ROS.

5. Conclusions

We propose that F. hepatica exploits two distinct SODs to defend against host-generated
ROS during early invasion and infection. We have shown that these proteins have unique
expression profiles and secretory pathways, and are, thus, likely to play divergent roles in
the development and growth of the parasite in its mammalian host. Going forwards, it will
be imperative to define how these proteins interact with each other and with the slew of
other antioxidant proteins secreted by the parasite during early invasion, and thus work in
concert to detoxify ROS intracellularly and in the extracorporeal environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox11101968/s1, Table S1. Trematode and mammalian amino
acid sequence details for phylogenetic analysis. Table S2. Similarity and identity of trematode and
mammalian SOD1 and SOD3 amino acid sequences. Table S3. Significance of F. hepatica NE] survival
rates when co-cultured with enzymatically generated superoxide dismutase in vitro. Figure S1.
Alignment of mammalian and trematode SOD1 and SOD3 amino acid sequences for phylogenetic
analysis. Selection of conserved blocks from the complete SOD alignment was determined by Gblocks
0.91b [18,19], with 41% of the positions conserved. Metal binding sites are indicated by grey bars.
Gaps are shown as dashes. Variable residues are highlighted in red. Fasciola hepatica and Fasciola
gigantica sequences are highlighted in bold. The first amino acid is numbered 67 (relative to FhSOD3—
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see Figure 1 in main text). Figure S2. Phylogenetic analysis of trematode and mammalian SOD
amino acid sequences. Phylogenetic analysis was carried out using the maximum likelihood method
and the Whelan and Goldman model [21]. The tree with the highest log likelihood (—3031.18) is
shown. The percentage of trees in which the associated taxa clustered together (out of 1000 iterations)
is shown below the branches (Bootstrap support values less than 50% are omitted). The tree is
drawn to scale, with branch lengths measured in the number of substitutions per site. Figure S3.
Expression and enzyme activity of rTFhSOD1 and rFhSOD3. (A) Recombinant proteins expressed in E.
coli ClearColi cells and purified by affinity column, resolved in a 4-20% SDS-PAGE gel and stained
with Biosafe Coomassie. (B) Recombinant proteins were electro-transferred onto a nitrocellulose
membrane and probed with mouse monoclonal antibodies to poly-histidine (1:10,000). P; E. coli
pellet, S; purified supernatant. M; molecular weight in kDa (Precision Plus Protein Dual, BioRad).
(C) Activity of recombinant FhSOD1 and FhSOD3 compared to native bovine erythrocyte SOD (BS).
Both rFhSOD1 and rFhSOD3 exhibited a specific activity of ~400 U/mg relative to the standard
curve, where one unit is the amount of enzyme required to exhibit 50% dismutation of the superoxide
radical. Figure S4. The predicted 3D structure of (A) FASOD1 and (B) FhSOD3. Structure predicted
by the AlphaFold Protein Structure Database [25,26]. The colour of each amino acid indicates the
per-residue confidence score (pLDDT) where dark blue resembles very high confidence (> 90 pLDDT),
light blue resembles confident (90 > pLDDT > 70), yellow indicates low confidence (70 > pLDDT >
50). Figure S5. Specificity of polyclonal and anti-peptide antibodies against recombinant F. hepatica
SODs. (A) Purified recombinant (0.05 ug/well) FRSOD1 and FhSOD3 were resolved in a 4-20%
SDS-PAGE gel and stained with Biosafe Coomassie. Lane 1: BS; lane 2: rFhSOD1; lane 3: rFhSOD3.
(B-F) Western blot analysis of rFhSOD1 and rFhSOD3. Lane 1: BS; lane 2: rFhSOD1; lane 3: rFhSOD3.
Immuno blots were probed with (B) rabbit pre-immune sera (negative control), (C) anti-FhSOD1
peptide antibodies, (D) anti-FhSOD3 peptide antibodies, (E) anti-rFhSOD1 polyclonal antibodies, and
(F) anti-rFhSOD3 polyclonal antibodies raised in rabbit. Figure S6. SOD and catalase inhibit the lethal
effects of superoxide and hydrogen peroxide on F. hepatica NE] in vitro. (A) Principal of the assay
demonstrating the step-wise reduction of hypoxanthine into xanthine and superoxide by xanthine
oxidase and the subsequent production of hydrogen peroxide and uric acid as a by-product of the
reaction. (B) Enzyme activity of rFhSOD1 and rFhSOD3 vs. BS prior to their inclusion in the NEJ assay
at 0.01 mg/mL (rFhSODs) and 0.001 mg/mL (BS) (C) Killing of F. hepatica NEJ using enzymatically
generated superoxide is prevented via the addition of catalase (CAT) and BS in a dose-dependent
manner. PBS; negative control, Vehicle; positive control (superoxide generated in vitro). (D) The
impact of superoxide and hydrogen peroxide on F. hepatica NE] after 24 h of co-culture is shown.
Black scale bars; 100 uM, white scale bar; 50 uM, ns; not significant.
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Abstract: NETosis is a neutrophil process involving sequential steps from pathogen detection to
the release of DNA harboring antimicrobial proteins, including the central generation of NADPH
oxidase dependent or independent ROS. Previously, we reported that NETosis triggered by Entamnoeba
histolytica trophozoites is independent of NADPH oxidase activity in neutrophils, but dependent on
the viability of the parasites and no ROS source was identified. Here, we explored the possibility
that E. histolytica trophozoites serve as the ROS source for NETosis. NET quantitation was performed
using SYTOX® Green assay in the presence of selective inhibitors and scavengers. We observed
that respiratory burst in neutrophils was inhibited by trophozoites in a dose dependent manner.
Mitochondrial ROS was not also necessary, as the mitochondrial scavenger mitoTEMPO did not
affect the process. Surprisingly, ROS-deficient amoebas obtained by pre-treatment with pyrocatechol
were less likely to induce NETs. Additionally, we detected the presence of MPO on the cell surface of
trophozoites after the interaction with neutrophils and found that luminol and isoluminol, intracel-
lular and extracellular scavengers for MPO derived ROS reduced the amount of NET triggered by
amoebas. These data suggest that ROS generated by trophozoites and processed by the extracellular
MPO during the contact with neutrophils are required for E. histolytica induced NETosis.

Keywords: Entamoeba histolytica; neutrophil extracellular traps (NETs); neutrophils; reactive oxygen
species (ROS); myeloperoxidase

1. Introduction

Neutrophil extracellular traps (NETs) are DNA fibers associated with histones and
antimicrobial proteins that are released by neutrophils into the extracellular space in a
process denominated NETosis [1]. Initially, NETs were described as a strategy used for neu-
trophils to entrap and kill microorganisms [2-5]; nevertheless, these structures have been
also related to other processes such as coagulation or complement activation, and even with
autoimmune pathological processes such as erythematous systemic lupus [6-8]. Since its
discovery, one of the central issues in the study of NETs has been the understanding of
the mechanism associated with its release. Death of neutrophils through NETosis is not a
random event; on the contrary, it is a highly regulated process involving a series of sequen-
tial steps [9-11]. Initially, neutrophils detect pathogens through receptors on cell surface
such as TLRs, dectins, integrins or antibody receptors [12-15]. Then, diverse signaling
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pathways are activated to drive events to lead NETotic commitment, resulting in reactive
oxygen species (ROS) generation, histone processing, disassembling of a nuclear envelope
and dissolution of internal membranes [16-19]. Decondensed DNA is then associated
with antimicrobial proteins from cytoplasmic granules such as neutrophil elastase (NE),
myeloperoxidase (MPO), cathepsin G (CG), proteinase 3 (PR3) and others [1]. Finally,
cytoplasmic membrane ruptures and NETs are released [20].

Multiple mechanisms of NETosis have been identified depending on the stimulus
used to trigger the process, including nuclear, mitochondrial or blebbing NETs [1,21,22].
The diverse mechanisms seem to differ from each other in the receptors involved, the sig-
naling pathways activated or the ROS source required.Phorbol 12-myristate 13-acetate
(PMA) and calcium ionophores (A23187 and ionomycin) are widely used stimuli to study
NETosis; nevertheless, they have the disadvantage that they are stimuli with little biological
relevance [23,24]. Despite this, the findings obtained with PMA and calcium ionophores
have allowed us to decipher part of the process, mainly the critical need for ROS gen-
eration [25,26]. While ROS derived from NADPH oxidase was linked to PMA-induced
NETosis [27], NETosis triggered by calcium ionophores does not require NADPH oxidase
activity, although that depends partially on mitochondrial ROS (mitROS) [28]. Therefore,
NETosis mechanisms have been classified into two groups: NADPH oxidase dependent
or independent [29]. NAPDH-independent NETosis is not limited to the generation of
mitROS as reactive nitrogen species (RNS), as well as exogenous ROS sources could also
serve to trigger NET release [30,31]. In this context, it has been demonstrated that mi-
croorganisms such as Escherichia coli and Mycobacterium smegmatis produce ROS in stress
conditions [32]; moreover, ROS from Candida albicans are responsible for triggering NET
release in neutrophils from patients with chronic granulomatous disease [33].

Entamoeba histolytica is the protozoan responsible for causing intestinal (amoebic
colitis or dysentery) and extraintestinal (amoebic liver abscess) amoebiasis in humans [34].
This parasite represents a public health problem, especially in developing countries where
a prevalence of 1% to 20% in the population and up to 50% of diarrhea due to amoebiasis in
infants have been reported [35-37]. Immune response activation against amoeba implicates
a rapid recruitment of neutrophils to the infection site [38]; however, the exact role of these
cells in amoebiasis remains unknown. Thus, some experiments suggest that neutrophils are
required for clearance of the infection [39], whereas other evidence suggests that these cells
could play a pathological role [40]. We previously showed that E. histolytica trophozoites
induce a rapid NETosis in human neutrophils that is dependent on the viability of the
parasite but independent of NADPH oxidase and PAD4 activities [41]. Nevertheless, a ROS
source has not been identified. In this report, we investigated the source of ROS that leads
to E. histolytica trophozoites-induced NETosis.

2. Materials and Methods
2.1. E. histolytica Trophozoites

E. histolytica trophozoites (HM1:IMSS strain) were axenically cultured in TYI-S-33
medium supplemented with Diamond vitamin tween solution (Merck) and 15% heat-
inactivated adult bovine serum (Microlab). Trophozoites were grown for 72 h at 37 °C until
they reached the log phase and harvested by chilling on ice for 5 min and centrifugation
at 1400 rpm during 5 min at 10 °C. The pellet was resuspended in PBS pH 7.4 and the
trophozoites counted in hemocytometer and preserved at room temperature until use.
For selected experiments, amoebas (5 x 10°) were resuspended in 500 pL of PBS and fixed
with formaldehyde (3.7%) or heat-inactivated (56 °C) for 30 min in both cases.

2.2. Neutrophil Isolation

Neutrophils were obtained from peripheral blood of healthy volunteers in line with
the approach of Garcia—Garcia et al. [42] using Ficoll-PaqueR gradient (GE Healthcare) and
hypertonic shock to lyse erythrocytes. Cells were resuspended in PBS pH 7.4, counted
in hemocytometer and reserved at 4 °C until use. This study was carried out in accor-
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dance with the recommendations and approval of the Ethical Committee for Studies on
Humans of the Instituto de Investigaciones Biomédicas, UNAM (Ethical approved number:
FMED/CI/RGG/ 013/01/2008). All subjects signed a written informed consent.

2.3. NET Quantitation Assay

NET quantitation was performed as described before [43]. In brief, neutrophils
(5 x 10°) were centrifuged at 4000 rpm for 2 min and resuspended in 500 pL of RPMI-1640
medium (Biological Industries) supplemented with 5% fetal bovine serum (FBS, Gibco) and
500 nM SYTOX® Green (Invitrogen). A volume of 100 uL of cell suspension (1 x 10° neu-
trophils) was added to a 96 well plate, allowed to sediment for 20 min at 37 °C and then,
stimulated with 1 x 103, 2 x 103, 5 x 10° or 1 x 10* E. histolytica viable trophozoites
(trophozoitemneutrophil ratios 1:100, 1:50, 1:20 and 1:10, respectively). In other experiments,
neutrophils were stimulated with 5 x 10% formaldehyde-fixed or heat-inactivated tropho-
zoites. Co-cultures were incubated at 37 °C and fluorescence was measured during 4 h from
the well bottom using a spectrofluorometer Synergy HTX (BioTek) with 485 nm excitation
and 528 nm emission filters. NETosis induced by PMA (50 nM, Merck) and A23187 (10 pM,
Merck) were used as positive controls.

To determine the role of NADPH-oxidase in amoeba-induced NETosis, neutrophils
(5 x 10°) were resuspended in 500 pL of PBS and pretreated with the inhibitor apocynin
(400 pM) or vehicle DMSO (0.1%) for 30 min at 4 °C (all reagents were supplied by
Merck). After pretreatment, neutrophils were induced to NETosis with trophozoites as
described above. To determine the role of ROS from neutrophils, these cells (5 x 10°) were
resuspended in 500 pL of PBS and pretreated separately for 30 min at 4 °C with the ROS
scavengers pyrocatechol (200 uM), catalase (200 UI/mL), luminol (50, 100 and 200 uM),
isoluminol (50, 100 and 200 uM) or mitoTEMPO (400 uM). As negative controls, neutrophils
were pretreated with the corresponding vehicles (all reagents were supplied by Merck).
After pretreatments, neutrophils were immediately tested for amoeba-induced NETosis as
described above in culture media added with the inhibitors or scavengers at concentrations
indicated previously (except for mitoTEMPO). All experiments were performed three times
in triplicates.

2.4. NET Visualization

NET immunofluorescence was performed as described previously [41] with some mod-
ifications. In brief, neutrophils (2 x 10°) were resuspended in 100 uL of RPMI-1640 medium
supplemented with 5% FBS and seeded on coverslips pretreated with poly-L-lysine solu-
tion (Merck). After sedimentation for 20 min at room temperature, the neutrophils were
stimulated with 1 x 10* viable trophozoites or positive controls PMA (50 nM) and A23187
(10 uM). Co-cultures were incubated for 4 h at 37 °C and then fixed with 3.7% formaldehyde
during 10 min. Fixed cells were permeabilized using 0.2% Triton X-100 (BioRad) in PBS
for 5 min. Detergent was washed out two times with cold PBS and blocking was carried
out with a 1% BSA, 0.3 M glycine and 0.1% Tween 20 in PBS, for 30 min at 37 °C. Samples
were then incubated with primary antibodies against NETs constituents: anti-NE (Santa
Cruz Biotechnology, sc-365950), anti-MPO (Abcam, ab16886) or anti-acetylated histone
H4 (Abcam, ab61238) antibodies diluted 1:100 in 1% BSA, 0.1% Tween 20 in PBS for 1 h
at room temperature. Samples were washed two times with cold PBS and then incubated
with secondary anti-mouse IgG-FITC (Merck, F5387) or anti-rabbit IgG-TRITC (Zymax)
antibodies diluted 1:50 in the same solution as primary antibodies for 1 h at room temper-
ature in the dark. After two washes with cold PBS, samples were stained with 5 pug/mL
DAPI (Merck) and the coverslips were mounted on slides using Fluoroshield (Merk) before
observation in a fluorescence microscope (Olympus BX51). Images were processed using
Image] software.

For detection of MPO on the surface of amoebic trophozoites, immunofluorescence
was performed as above but cell cultures were fixed for 5 and 10 min after the addition
of parasites.
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2.5. Intracellular ROS Quantitation in Neutrophils

Neutrophils (5 x 10°) were resuspended in 500 uL of PBS added with 10 uM 2/,7'-
dichlorofluorescein diacetate (HDCFDA) and incubated for 30 min at 37 °C in the dark.
Cells were centrifuged at 4000 rpm for 2 min and resuspended in 500 pL of RPMI-1640
supplemented with 5% FBS. Subsequently, each 100 L of suspension (1 x 10° neutrophils)
was transferred to 96 well plate, allowed to sediment for 20 min at 37 °C and then stimulated
with 1 x 103, 2 x 10% or 5 x 102 viable E. histolytica trophozoites (trophozoite:neutrophil
ratios 1:100, 1:50 and 1:20). Fluorescence intensity was measured after incubation during
1 h at 37 °C from the well bottom in the spectrofluorometer Synergy HTX using 485 nm
excitation and 528 nm emission filters. PMA (50 nM) and A23187 (10 uM) were used as
positive controls for ROS production.

2.6. Mitochondrial ROS Quantitation in Neutrophils

Isolated neutrophils (5 x 10%) were resuspended in 500 pL of PBS added with
MitoSOX™ Red (10 uM) and incubated for 30 min at 4 °C. Cells were centrifuged at
4000 rpm for 2 min and resuspended in 500 puL of RPMI-1640 medium supplemented with
5% FBS. Each 100 uL of MitoSOX pretreated neutrophils (1 x 10%) were transferred to
96 well plate and stimulated with 1 x 103, 2 x 103, 5 x 10% or 1 x 10* viable amoebas
(trophozoite:neutrophil ratios 1:100, 1:50, 1:20 and 1:10). Fluorescence was read from the
well’s bottom after 2 h using a spectrofluorometer Synergy HTX (BioTek) with 485 nm
excitation and 580 nm emission filters. PMA (50 nM) and A23187 (10 uM) were used as
negative and positive controls of mitochondrial ROS, respectively.

2.7. ROS Quantitation in E. histolytica Trophozoites

Viable, formaldehyde-fixed or heat-inactivated trophozoites (5 x 10°) were resus-
pended in 500 pL of PBS added with H,DCFDA (100 uM) and incubated for 1 h at 37 °C.
After incubation, amoebas were centrifuged at 4000 rpm for 2 min and resuspended in
500 pL of RPMI-1640 medium supplemented with 5% FBS. Each 100 puL of the cell sus-
pension (1 x 10° HyDCFDA-pretreated trophozoites) was added to 96 well plate and
allowed us to sediment for 10 min at 37 °C. Fluorescence was read from well bottom using
a spectrofluorometer Synergy HTX with 485 nm excitation and 528 nm emission filters.

2.8. ROS Scavenging from Amoebic Trophozoites

Trophozoites (5 x 10%) were resuspended in 500 pL of PBS added with the ROS
scavengers pyrocatechol (50, 100 or 200 uM) or luminol (50, 100 or 200 pM), as well as
with the vehicle DMSO (0.1%), and incubated during 30 min at 37 °C. Then, the cell
suspension was added with HyDCFDA (100 uM) and ROS quantitation determined as
mentioned above. On the other hand, to determine the role of amoebas-derived ROS in the
NETosis process, trophozoites (5 x 10°) were resuspended in 500 uL of PBS added with
the ROS scavengers pyrocatechol (50, 100 and 200 pM) or luminol (50, 100 and 200 pM).
Trophozoites were incubated for 1.5 h at 37 °C, centrifuged at 4000 rpm for 2 min and then
resuspended in 500 pL of PBS to be used immediately for NET induction.

2.9. Visualization of Amoebas-Derived ROS

Trophozoites treated for ROS quantitation as well as trophozoites treated for ROS de-
pletion with the scavenger pyrocatechol as mentioned above, were fixed with formaldehyde
(3.5%) and counterstained with DAPI (5 pg/mL). An aliquot of 20 pL. was observed under
fluorescence microscope Olympus BX51. Images were processed using Image] software.

2.10. Detection of MPO Activity

Neutrophils (5 x 10°) were centrifuged at 4000 rpm for 2 min and resuspended in
500 pL of RPMI-1640 medium supplemented with 5% FBS (Gibco) and luminol (200 pM)
or isoluminol (200 uM). Each 100 pL of cell suspension (1 x 10° neutrophils) was placed in
a 96 well plate and cells were incubated for 20 min at 37 °C for sedimentation. Posteriorly,
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neutrophils were stimulated with 1 x 10%,2 x 10%,5 x 10% or 1 x 10* E. histolytica viable
trophozoites. Co-cultures were incubated at 37 °C for 4 h and luminescence was measured
every 5 min from the well bottom using a spectrofluorometer Synergy HTX. PMA (50 nM,
Merck) and A23187 (10 uM, Merck) were used as controls.

2.11. Statistical Analysis

Statistical significance was tested with paired two-tailed Student’s t-test. Data are
reported as mean £ SD. A p value < 0.05 was considered statistically significant.

3. Results
3.1. E. histolytica Trophozoites Induce NETosis in a Dose-Dependent Manner

Herein, we evaluate amoeba-induced NETosis under different amoebameutrophil
ratios. As shown in Figure 1A, amoebas trigger NET release in a dose-dependent manner at
ratios between 1:100 to 1:20. The maximum level of DNA release was obtained at ratio 1:20,
as no significant differences were observed with respect to the 1:10 ratio and the positive
controls PMA and A23187.

NET release was confirmed by detecting MPO in the DNA by immunofluorescence.
As shown in Figure 1B, untreated control neutrophils have condensed, multilobed nucleus
and MPO located in the cytoplasmic compartment as expected. The positive controls
PMA and A23187 induced nuclear decondensation and formation of DNA fibers that were
colocalized with MPO. On the other hand, E. histolytica trophozoites induced cloudy NETs
with heterogenous distribution of MPO. To ensure that these structures correspond to NET,
we observed that acetylated histone H4 and NE also colocalized with released DNA in
response to trophozoites (Figure 1C).

3.2. NETosis Induced by E. histolytica Trophozoites Is Independent of Neutrophil’s ROS

As shown in Figure 2A, NADPH oxidase inhibitor apocynin significantly reduced NE-
Tosis induced by PMA, whereas NETosis induced by A23187 was not affected, as expected.
Amoebas-induced NETosis was not affected by apocynin at any trophozoite:neutrophil
ratio tested, suggesting that this process is certainly independent of ROS from neutrophils
NADPH oxidase (Figure 2A). Then, we evaluated general production of ROS by neu-
trophils at the different ratios and found that although the respiratory burst was completely
suppressed at a 1:20 ratio, as we previously reported, the neutrophils produce ROS at 1:100
and 1:50 ratios (Figure 2B). Taken together, the data strongly suggest that amoeba-induced
NETosis is independent of ROS from neutrophils.
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Figure 1. Entamoeba histolytica induces NETosis on human neutrophils in a dose-dependent manner. (A) Human neutrophils
(1 x 10°) were cultured with E. histolytica trophozoites at ratios amoeba:neutrophil of 1:100, 1:50, 1:20 and 1:10 in RPMI-1640
medium added with 5% FBS and 500 nM SYTOX® Green. PMA (50 nM) and A23187 (10 uM) were used as positive controls
of NETosis. Finally, fluorescence was read at 4 h. NETs amount is expressed in fluorescence relative units (FRU). Values are
means =+ SD of three independent experiments. * p < 0.05, ** p < 0.001, # p < 0.001 respect to control. (B) Neutrophils (2 x 10°)
were stimulated with PMA (50 nM), A23187 (10 uM) or E. histolytica trophozoites (1 X 10%) during 4 h. After fixation,
cells were marked using anti-MPO primary antibody followed by anti-mouse IgG-FITC secondary antibody. DNA was
counterstained with DAPIL Images were taken at 40 x magnification. Scale bar 100 um. (C) Neutrophils (2 x 10°) were
co-cultured with 1 x 10* E. histolytica trophozoites for 4 h. Cells were fixed and immunofluorescence was performed using
anti-NE and or anti-acetylated histone H4 primary antibodies followed by anti-mouse IgG-FITC (for NE) or anti-rabbit-
TRITC (for histone) secondary antibodies. DNA was counterstained with DAPI. Images were taken at 100 x magnification.
Scale bar: 50 um.
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Figure 2. NETosis induced by E. histolytica occurs independently of NADPH oxidase. (A) Neu-
trophils (1 x 10°) were pretreated with 400 uM apocynin (Apo) or DMSO for 30 min. Posteriorly,
cells were transferred to RPMI-1640 medium added with 5% FBS and 500 nM SYTOX® Green and
then stimulated with PMA (50 nM), A23187 (10 uM) or E. histolytica trophozoites at ratios of 1:100,
1:50, 1:20 and 1:10. Fluorescence was read at 4 h. (B) HyDCFDA-pretreated neutrophils (1 x 10°)
were culture in RPMI-1640 medium supplemented with 5% FBS and then stimulated with PMA
(50 nM), A23187 (10 uM) or E. histolytica trophozoites at ratios 1:100, 1:50 or 1:20. Fluorescence was
read at 1 h. NET and ROS amounts are expressed in fluorescence relative units (FRU). Values are
means =+ SD of three independent experiments. * p< 0.0001, # p < 0.001 with respect to control.

3.3. Dead Trophozoites Do Not Induce NET Release and Contain Scarce ROS

As shown in Figure 3A, heat-killed or fixed trophozoites did not induce NETosis
on human neutrophils, in contrast to viable amoebas that induced NET levels like PMA
and A23187. This result suggests that metabolically active trophozoites are required for
triggering NETosis. Since most studies suggest that NETosis requires a source of ROS,
which is not related to neutrophils in this case, we explored the possibility that ROS from
trophozoites was involved. So, we decided to quantify ROS in living and dead amoebas
and found, as expected, that formaldehyde-fixed and heat-killed trophozoites exhibited far
fewer ROS than live amoebas (Figure 3B).
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Figure 3. Dead E. histolytica trophozoites do not trigger NETosis and possess less ROS. (A) Neutrophils (1 x 10°) were
culture in RPMI-1640 medium supplemented with 5% FBS and added with 500 nM SYTOX® Green. Cells were stimulated
with PMA (50 nM), A23187 (10 uM), viable trophozoites (5 x 10%), heat-killed trophozoites (5 x 103) or formaldehyde-fixed
trophozoites (5 x 10%). Fluorescence was read at 4 h. (B) Viable, heat-killed and formaldehyde-fixed trophozoites were

pretreated with HDCFDA for 1 h. Posteriorly, amoebas (1 x 10°) were placed in a 96 well plate and fluorescence was read.

NET and ROS amounts are expressed in fluorescence relative units (FRU). Values are means =+ SD of three independent

experiments. * p < 0.0001.

3.4. Amoebas Derived ROS Are Required for NETosis

Based on the above results, we evaluated the effect of reducing the amount of ROS
in viable trophozoites on their capability to induce NETosis. First, we demonstrated that
the pretreatment of E. histolytica trophozoites with the ROS scavenger pyrocatechol (50 to
200 uM) for 1.5 h resulted in a significant and dose-dependent reduction of ROS levels.
Moreover, this effect persisted during the 4 h period that NETosis assay lasted (Figure 4A).
The result was confirmed in HyDCFDA-stained trophozoites. As shown in Figure 4B,
the amoebic trophozoites exhibited intense green florescence in basal conditions (high ROS
levels), whereas the pyrocatechol-treated amoebas exhibited a dose-dependent decrease of
green fluorescence denoting a reduction of trophozoite-derived ROS. Many trophozoites
pretreated with pyrocatechol 200 uM were virtually non-fluorescent (Figure 4B, lower panel,
white arrows). The treatments with pyrocatechol and luminol did not affect the viability of
trophozoites (Supplementary Figure S1).

Once we had demonstrated the reduction of ROS in pyrocatechol-pretreated tropho-
zoites, we then carried out NETosis assays with these amoebas. It is noteworthy that
ROS-reduced trophozoites induced a reduced NET amount compared with trophozoites
pretreated with the vehicle DMSO, and the reduction was statistically significant when
pyrocatechol at 100 and 200 pM was used (Figure 5A). As expected, pyrocatechol present in
the culture media abolished NET release by PMA at any concentration, but it did not affect
NET release by A23187 when used at doses under 100 pM. Surprisingly, A23187-induced
NETosis, which is NADPH-ROS independent, was reduced with 200 uM of pyrocatechol
(Figure 5A). Involvement of amoeba-derived ROS in NETosis became more evident when
lower ratios of parasites per neutrophil were tested. As shown in Figure 5B, trophozoites
pretreated with pyrocatechol induced less NET release than DMSO-treated parasites in
a dose-dependent manner. Moreover, pretreated amoebas lost the ability to induce NE-
Tosis at lower ratios (1:50 and 1:100). It is noteworthy that catalase added to the culture
media was unable to prevent NETosis induced by untreated trophozoites (Supplementary
Figure S2).
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Figure 4. Pyrocatechol reduces ROS generation in viable E. histolytica trophozoites. Amoebic trophozoites were treated
with DMSO or pyrocatechol (Pyro) at 50, 100 and 200 uM for 30 min and then H,DCFDA (100 pM) was added. Cells were
incubated for another hour and after treatment, trophozoites were resuspended in RPMI-1640 medium supplemented with

Pyro 50 uM

Pyro 100 uM

Pyro 200 M

5% FBS. A total of 1 x 10° trophozoites were placed and fluorescence was read every hour during 4 h (A) or were fixed and
counterstained with DAPI for visualization under fluorescence microscopy (B). NET amount is expressed in fluorescence
relative units (FRU). Values are means £ SD of three independent experiments. # p < 0.01 with respect to the control.
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Figure 5. ROS-reduced trophozoites failed to induce NETosis on human neutrophils. (A) Neutrophils (1 x 10%) were
cultured in RPMI-1640 medium supplemented with 5% FBS, 500 nM SYTOX® Green and pyrocatechol (Pyro, 50, 100
or 200 uM or DMSO). Cells were stimulated with PMA (50 nM), A23187 (10 uM) or 5 x 103 pyrocatechol-pretreated
trophozoites (according to the concentration present in the medium). Fluorescence was read after 4 h. (B) Neutrophils
(1 x 10°) were cultured in RPMI-1640 medium supplemented with 5% FBS, 500 nM SYTOX® Green and pyrocatechol
(200 uM or DMSO). Cells were stimulated with trophozoites pretreated with pyrocatechol (200 uM or the vehicle DMSO) at
ratios 1:100, 1:50, 1:20 or 1:10. Fluorescence was read after 4 h. NET amount is expressed in fluorescence relative units (FRU).
Values are means + SD of three independent experiments. * p < 0.01, ** p < 0.0001, # p < 0.05 with respect to the control.

3.5. MPO Activity Is Detected Early during Neutrophil-Amoeba Interaction

Trophozoites induced a rapid MPO activity, detected by luminol, that is independent
of the ratio amoeba:neutrophil tested. This activity is detectable in the first minutes of
interaction, reaching the maximum value at 20 min (Figure 6A-D). Then, the luminescence
signal gradually decreases until it disappears after 90 min. A23187 also induced a similar
kinetic of MPO activity that reached the maximum value at 10 min and then, decreased
drastically until it disappeared after 100 min (Figure 6E). On the other hand, PMA induced
a slower MPO activity that gradually increased during the first 20 min, then reached a
steady state for 25 min (Figure 6F). Afterwards, the activity increased and newly reached
the maximum value at 100 min, and then decreased to completely disappear at 200 min.
It is important to notice that amoebas did not exhibit any MPO activity (Figure 6G).

142



Antioxidants 2021, 10, 974

] 60 120
Tirne (rmin)

] 60 120
Tirne (rnin)

180 240 1] 60 120 180 240
Tirne (rrin)
G 0
40
Z 30
=
g
e 20
10
I e il
180 240 0 =i 120 180 240 ] 60 120 180 240
Tirne (rnin) Tirne (rin)

40
Z 300
=
g
g 200

100

0 [=i1] 120
Tirne (rmin)

180 240 1] &0 120 180 240
Time (rnin)

Figure 6. MPO activity is detected during interaction between neutrophils with E. histolytica. Neutrophils (1 x 10°) were
culture in RPMI-1640 medium supplemented with 5%FBS and luminol (200 uM). Cells were stimulated with viable E.
histolytica trophozoites at ratios of 1:100 (A), 1:50 (B), 1:20 (C) and 1:10 (D), as well as 50 nM PMA (E), 10 uM A23187 (F).
Amoebas alone (1 x 10%) also were tested (G). Black line represents MPO activity (as luminescence relative units, LRU) after
stimulation and dotted line represents MPO activity on neutrophils in the absence of stimuli (same for all plots). Values are
means of three independent experiments.

3.6. MPO Activity Is Required for NETosis Induced by E. histolytica

Luminol, a scavenger of MPO-derived HCIO, decreased NET release triggered by E.
histolytica trophozoites in a dose-dependent manner, suggesting that HCIO is involved
in this process (Figure 7A). Similar results were observed in PMA and A23187-induced
NETosis. When we performed this assay using different trophozoite:neutrophil ratios,
luminol (200 uM) decreased NET release induced by trophozoites at 1:50, 1:20 and 1:10
ratios; nevertheless, no differences were observed at a 1:100 ratio (Figure 7B).

To confirm that this effect was due to the reduction of MPO-derived HCIO from
neutrophils but not a reduction of ROS from amoebas, we pretreated trophozoites with
luminol for 1.5 h and then used them to induce NETosis. Surprisingly, a decrease in NET
release was observed in a similar way to in the previous experiment (Figure 7C). Therefore,
we estimated ROS in luminol-pretreated trophozoites and found that, unlike neutrophils,
luminol strikingly caused a dose-dependent increase of ROS in amoebas, as compared to
the vehicle DMSO (Figure 7D). Viability of trophozoites was not affected by the treatment
with luminol throughout the experiment (Supplementary Figure S1). Taken together,
these data suggest that MPO activity from neutrophils and ROS from amoebas is produced
early during the contact of the two cells, which is necessary for NETosis.
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Figure 7. MPO activity is required for NETosis induced by E. histolytica trophozoites. (A) Neutrophils (1 x 10°) were culture
in RPMI-1640 medium supplemented with 5% FBS, 500 nM SYTOX® Green and luminol (Lum, 50, 100 or 200 uM or DMSO).
Cells were stimulated with PMA (50 nM), A23187 (10uM) or 5 x 103 luminol-pretreated trophozoites (according with
concentration present in the medium). Fluorescence was read after 4 h. (B) Neutrophils (1 x 10°) were pretreated with 50,
100 and 200 uM luminol or DMSO during 30 min. Posteriorly, cells were transferred to RPMI-1640 medium added with 5%
FBS and 500 nM SYTOX® Green and then stimulated with PMA (50 nM), A23187 (10 pM) or E. histolytica trophozoites at
ratios of 1:100, 1:50, 1:20 and 1:10. Fluorescence was read at 4 h. (C) Neutrophils (1 x 10°) were cultured in RPMI-1640
medium supplemented with 5% FBS, 500 nM SYTOX® Green and luminol (200 uM or DMSO). Cells were stimulated with
trophozoites pretreated with luminol (200 uM or the vehicle DMSO) at ratios 1:100, 1:50, 1:20 or 1:10. Fluorescence was
read at 4 h. (D) Amoebic trophozoites were treated with DMSO or luminol at 50, 100 and 200 uM for 30 min and then
H,DCFDA (100 M) was added. Cells were incubated for another hour and after treatment, trophozoites were resuspended
in RPMI-1640 medium supplemented with 5% FBS. A total of 1 x 10° trophozoites were placed and fluorescence was read.
For (A-D) the NET or ROS amount are expressed in fluorescence relative units (FRU). Values are means + SD of three
independent experiments. * p < 0.01, ** p < 0.001, # p < 0.0001 with respect to the control.

3.7. MPO Is Detected on the Surface of Amoebic Trophozoites Early after Contact with Neutrophils

and Its Activity Is Required for Trophozoite-Induced NETosis

The above results point out to the possibility of ROS transfer between the two cells
in very early stages of contact. As ROS were not detected in neutrophils stimulated with
trophozoites at a 1:20 ratio, but since MPO activity was always detected independent of the
trophozoite:neutrophil ratio assayed, we explored the possibility that MPO was transferred
from the neutrophil to the amoeba. As shown in Figure 8A, anti-MPO antibodies started
to react with the surface of trophozoites after 5 min, covering all amoeba surfaces after
10 min of contact with neutrophils, suggesting that MPO was rapidly transferred from
neutrophils to amoebas. The fluorescence detected was not due to autofluorescence or
unspecific binding of the secondary antibody, as shown in trophozoites alone (Figure 8A).

To determine if the MPO activity in the surface of amoebic trophozoites is involved in
NETosis, isoluminol (which does not cross the cell membrane) was used instead of luminol
to scavenge MPO-derived HCIO. In contrast to luminol, isoluminol reduced NETosis
triggered by amoebic trophozoites at all ratios tested, showing significant differences with
respect to the control (Figure 8B). Isoluminol also reduced PMA- and A23187-induced

NETosis; however, NETosis was not completely abolished.
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Figure 8. Extracellular MPO activity is required for NETosis induced by E. histolytica. (A) Neutrophils (2 x 10°) were
co-cultured with 1 x 10* E. histolytica trophozoites during 5 or 10 min. Cells were fixed and immunofluorescence was
performed using anti-MPO antibody followed by anti-mouse IgG-FITC secondary antibody. DNA was counterstained
with DAPI. Amoebas alone were used as a control. Trophozoites are indicated by doted white lines. Images were taken at
100x magnification. Scale bar 100 um. (B) Neutrophils (1 x 10%) were pretreated with 50, 100 and 200 uM isoluminol (Iso)
or DMSO for 30 min. Posteriorly, cells were transferred to RPMI-1640 medium added with 5% FBS and 500 nM SYTOX®
Green and then stimulated with PMA (50 nM), A23187 (10 uM) or E. histolytica trophozoites at ratios of 1:100, 1:50, 1:20 and
1:10. Fluorescence was read after 4 h. NET amount is expressed in fluorescence relative units (FRU). Values are means =+ SD
of three independent experiments. * p < 0.05, ** p < 0.01, ** p < 0.001.

3.8. E. histolytica-Induced NETosis Occurs Independently of Mitochondrial Derived ROS

We decided to explore whether mitochondrial ROS are produced during the NETosis
triggered by E. histolytica trophozoites. As expected, PMA did not induce mitochon-
drial ROS, whereas the calcium ionophore A23187 induced a significant increase of these
molecules. It is noteworthy that amoebas induced mitochondrial ROS in neutrophils in a
dose-dependent manner (Figure 9A). To determine whether mitochondrial ROS are neces-
sary for amoebic-induced NETosis, we used the specific scavenger mitoTEMPO, which did
not affect PMA-induced NETosis. As shown in Figure 9B, NETosis was not affected by
mitoTEMPO at any ratio tested, suggesting that mitochondrial ROS are not involved.
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Figure 9. Mitochondrial ROS are not necessary for E. histolytica-induced NETosis. (A) MitoSOX™ red-pretreated neutrophils
(1 x 10°) were cultured in RPMI-1640 medium supplemented with 5% FBS and then stimulated with PMA (50 nM), A23187
(10 uM) or E. histolytica trophozoites at ratios 1:100, 1:50 or 1:20. Fluorescence was read at 2 h. (B) Neutrophils (1 x 10°) were
pretreated with 400 uM mitoTEMPO (Mito) or DMSO for 30 min. Posteriorly, cells were transferred to RPMI-1640 medium
added with 5% FBS and 500 nM SYTOX® Green and then stimulated with PMA (50 nM), A23187 (10 uM) or E. histolytica
trophozoites at ratios of 1:100, 1:50, 1:20 and 1:10. Fluorescence was read at 4 h. ROS and NET amount are expressed in
fluorescence relative units (FRU). Values are means £ SD of three independent experiments. # p < 0.001 with respect to the

control, * p < 0.01.

4. Discussion

Neutrophil extracellular traps (NETs) were initially described by Brinkmann et al. [1]
as a novel effector mechanism used by neutrophils to entrap and kill bacteria. Since then,
many works have explored the mechanism underlying the DNA extrusion to extracellular
space, process known as NETosis. Fuchs et al. [27] provided one of the first approaches to
understand how NET release takes place, showing that oxidative metabolism directed by
NADPH oxidase is involved. Nevertheless, the finding of calcium ionophores triggering
NETosis opened the possibility that other mechanisms could also lead to the release of
DNA, as they do not require the activity of an NADPH oxidase, but rather require PAD4
activity [44]. The case of NETosis induced by the E. histolytica trophozoites is intriguing,
as we showed that the process occurs through a non-classical mechanism, independent of
NADPH-ROS and PAD4 activity [41,45]. In this work, we performed a set of experiments
to continue with the characterization of the amoeba-induced NETosis and found that it is
dependent on ROS from E. histolytica trophozoites and on the activity of the MPO from
neutrophils present in the surface of the parasites.
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Previously, we described that amoebic trophozoites triggered NETosis on human
neutrophils when co-incubated at trophozoite:neutrophil ratios of 1:20 [41,45-47]. Here,
we demonstrated that lower amounts of amoebas (ratios 1:100 and 1:50) were also capable
of leading NET release in a dose-dependent manner, whereas ratios higher than 1:20 did not
induce more NETs. This result indicated that E. histolytica trophozoites are one of the most
potent parasites to induce NETosis, since other protozoa require greater numbers to trigger
significant DNA release. Thus, Toxoplasma gondii was used at MOI of 5:1, Trypanosoma cruzi
at a 1:1 ratio and Leishmania chagasi, L. major or L. amazonensis at 10:1 to 1:1 ratios [12,48-50].
In contrast, we observed that 1 amoeba per 100 neutrophils is sufficient to induce NETosis.
The reason is unknown but the size of the parasites, and therefore the density of NETosis
triggering molecules, could be involved, since T. gondii and Leishmania forms (amastigotes
and promastigotes) do not exceed 15 um in length and T. cruzi trypomastigotes measure
12-30 pm, which is small compared with E. histolytica trophozoites measuring up to
60 um [34,51-53]. While neutrophils can phagocyte small parasites enlisted above [54-56],
they cannot phagocyte amoebas. Instead, we have observed that trophozoites engulf these
leukocytes [45]. Neutrophils probably sense the pathogen size through dectin-1, to decide
between phagocytosis or NETosis by sequestering of NE [57]. During phagocytosis, NE is
moved to the phagolysosome compartment. In contrast, during NETosis, NE is guided to
the nucleus for chromatin decondensation. This correlates with our previous observation
in which NE is translocated to nuclei during the neutrophil-amoeba interaction [41]. It is
conceivable that small parasites mainly drive neutrophils towards phagocytosis, whereas
greater pathogens, such as amoebic trophozoites, preferentially induce NETosis.

NETosis mechanisms are generally divided into two groups: dependent on NADPH
oxidase activity and independent of NADPH oxidase activity. Fuchs et al. [27] was the first
to report that NADPH oxidase inhibition prevented NET release by PMA, and different
authors have described the same mechanism for other stimuli [58-60]. Later, it was
described that calcium ionophores trigger NETosis independently of NADPH oxidase
activity, but this mechanism requires PAD4 [44]. We previously reported that E. histolytica
trophozoites induce NETosis by a non-classical mechanism, independent of NADPH
oxidase and PAD4 activities, since apocynin and GSK484, as respective inhibitors, failed to
reduce the NET amount. Our previous observations also showed that amoebic trophozoites
at 1:20 ratio completely suppressed the oxidative burst in neutrophils [41,46], which has
also been reported by others [61]. Interestingly, in this work we found that lower numbers
of amoebic trophozoites (1:50 and 1:100 ratios) did not completely abolish ROS generation
in these leucocytes. This suggested that neutrophil ROS inhibition by amoebas depends on
the density of parasites trespassing a threshold that may cause citrullination of proteins.
Accordingly, Zhou et al. [62] showed that dysregulated calcium influx in neutrophils
activates PAD4 that citrullinates the cytoplasmatic units p47Ph°% and p67P"°X, blocking
the assemble of the NADPH oxidase complex and, in turn, preventing ROS generation.
In this context, we previously reported that E. histolytica trophozoites trigger calcium influx
on human neutrophils and when incubated at a 1:20 ratio [46] and citrullinated proteins
were detected [41], which would cause the inactivation of NADPH oxidase. When smaller
numbers of trophozoites are confronted, this process may not happen; however, additional
studies are required on this. It is worth mentioning that PAD4-independent citrullination
of proteins has also been observed during the NETosis induced by Candida albicans [63].

Previously, we showed that heat-killed and fixed trophozoites failed to induce NETosis,
which was confirmed in this work (Figure 3A) [41]. This data suggests that some products
of the E. histolytica trophozoites metabolism are responsible for inducing NETosis. In this
context, ROS derived from pathogens have been identified as molecules that lead NET
release independently of ROS produced by neutrophils [33,43]. Noteworthy, we previously
showed that Entamoeba dispar, a non-pathogen human amoeba, does not produce ROS
and does not trigger NETosis [43,47]. Since most studies suggest that NETosis requires
some source of ROS that does not come from neutrophils in this case, we considered the
possibility that ROS produced by E. histolytica trophozoites induce NETosis. Here we
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report that viable trophozoites produced basal ROS levels, which agrees with a previous
report [64], whereas amoebas killed by heat or fixation with paraformaldehyde produced
scarce ROS (Figure 3B). Even though cell death processes have been associated to an
increase in ROS production [65], the low level detected by us could be explained by death-
inducing agents that were used, since both reduce enzymatic activity and formaldehyde,
causing protein cross-linking and the development of heat denaturalizing proteins [66].

When we treated Hy DCFDA-stained amoebas with hydrogen peroxide, they exhibited
a stronger fluorescence (Supplementary Figure S3), suggesting that H,DCFDA can be used
as an indicator for hydrogen peroxide. Using this approach, we found that pretreatment
of amoebas with pyrocatechol, a ROS scavenger of hydrogen peroxide [67,68], reduced
the hydrogen peroxide detected in viable amoebas, which is produced as a response
to detoxify oxygen through diverse enzymes including NADPH:flavin oxidoreductase
(Eh43), thioredoxin reductase (TrxR), NADPH-dependent oxidoreductases (NO1/2) or Fe-
superoxide dismutase (FeSOD) [64,69]. The hydrogen peroxide reduction in trophozoites
by pretreatment with pyrocatechol impacted the NETosis directly, since a smaller amount
of DNA was detected in the extracellular medium. Moreover, NETosis was completely
abolished when amoebas were pretreated with pyrocatechol at 200 uM in 1:100 and 1:50
ratios. In accordance with this, pyrocatechol blocked NET release induced by PMA,
which is triggered by ROS produced in neutrophils. All these data indicate that amoebic
trophozoites, instead of neutrophils, are the source of ROS responsible for leading NETosis
involving this parasite. This is the first report regarding the importance of ROS from E.
histolytica trophozoites for NETosis.

Kenny et al. [33] proposed that hydrogen peroxide produced by C. albicans was able
to enter to neutrophils to trigger NETosis. In our case, however, the addition of catalase
(which possesses high specificity for hydrogen peroxide) [70] to the media in the cocultures
amoeba-neutrophil failed to reduce NETosis. In contrast, catalase reduced significantly NET
release induced by PMA, which has been linked to extracellular production of hydrogen
peroxide by NADPH oxidase in the plasma membrane [27,71]. As amoebic hydrogen
peroxide is important for amoeba-induced NETosis but catalase did not affect the process,
we proposed that another ROS, probable derived from hydrogen peroxide released by the
trophozoites but produced in the extracellular media, might be involved. This ROS may
be produced by the activity of a neutrophil product released very early after the contact
with amoebas. In this context, neutrophil MPO has been related to some mechanisms
of NETosis [72], mainly with non-phagocytosed stimuli [73,74]. This enzyme produces
hypochlorous acid (HCIO) from hydrogen peroxide and chloride during oxidative burst in
neutrophils [75]. Although luminol can react with other oxidants, Gross et al. [76] reported
that its luminescence depends substantially on MPO activity. Here we observed that
luminol-pretreated trophozoites when incubated with neutrophils exhibit MPO activity
denoted by an increase in luminol signal. It is noteworthy that the MPO maximum activity
was detected when the DNA extrusion started (approximately 20 min), suggesting that this
could be the triggering stimulus. In addition, amoebas did not produce a luminol signal in
the absence of neutrophil, indicating that the signal detected in amoebas corresponds to
the activity of neutrophil s MPO and not to other molecules produced by trophozoites or
neutrophils. The role of MPO activity on amoeba-induced NETosis was confirmed by taking
advantage of the luminol ability to scavenge HCIO [77]. Luminol, at all concentrations
tested here, reduced NET release induced by the amoebic trophozoites at 1:50, 1:20 and
1:10 ratios. As pretreatment of amoebas with luminol showed similar results but increased
ROS levels in the parasite, the data together indicated that NET reduction was due to
the scavenging activity of luminol on MPO derived ROS (HCIO), instead of a decrease in
ROS from amoebas. The reason why luminol increased the ROS of amoeba is unknown.
We suspect that luminol can cause intensive stress in the trophozoites without affecting
their viability, but this is a subject for further study in our laboratory. It is also interesting
that luminol was unable to reduce NETosis at a 1:100 ratio and only reduced but did
not abolish NETosis at higher ratios, suggesting that other mechanisms take place to
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compensate for NET release depending on the culture conditions. In this context, it has
been reported that some pathogens such as L. amazonensis and C. glabrata can trigger
NETosis by different mechanisms [50,59].

The role of mitochondrial ROS (mitROS) in amoeba-induced NETosis was also ex-
plored. Douda et al. [28] stated that ROS derived from mitochondria are required for the
NETosis induced by the calcium ionophores ionomycin and A23187, results that have
been replicated [78]. Since then, other NET inducers such as Leishmania parasites or UV
light have been shown to require mitROS [50,79]. Here we observed for the first time that
E. histolytica trophozoites induce production of mitROS on human neutrophils in a dose
dependent manner. How they are generated is unknown but the recognition of amoebic
LPPG by TLR2 and TLR4 [80] and the stimulation of calcium influx plus a pathological
stimulus (such as PAAR detected through TLRs) could be involved, as suggested else-
where [81,82]. Although mitROS were detected in neutrophils in contact with amoebas,
the scavenger mitoTEMPO failed to reduce NET releases, suggesting that they do not
participate in the process.

Immunofluorescence performed on amoeba-neutrophil cocultures exhibited that DNA
from neutrophils is released as aggregated cloudy NETs in accordance with a previous
classification [83]. We observed extensive areas covered by DNA that entrap tropho-
zoites (Figure 1B). Differing from other stimuli such as LPS, monosodium urate crystals
or S-nitroso-N-acetyl-D,L-penicillamine, [84-86], NETs induced by trophozoites do not
exhibit an homogeneous distribution of MPO and NE; in contrast, these proteins are
usually visualized as spots located in reduced areas, suggesting that at least part of the
neutrophil MPO and NE proteins are released by degranulation, and bound to trophozoites
before, or at the same time, as NETs [47], which can explain the scarce proteins associated
with DNA. Binding of MPO to E. histolytica trophozoites has be described previously by
Pacheco—Yépez et al. [87]. They reported that purified MPO interacts with amoebic tropho-
zoites, leading to morphological changes and loss of viability, which were also observed by
us in amoebas entrapped in NETs [47].

Finally, detection of MPO covered trophozoites during neutrophil-amoeba interaction
raise a question about the origin of this enzymatic activity. Therefore, we decided to use
isoluminol, a hydrophobic isomer of luminol, to explore the scavenging of extracellular
HCIO [88]. Isoluminol significantly reduced NET amount released in response to E. his-
tolytica trophozoites at the same level as luminol, indicating that extracellular MPO activity
is the responsible for NETosis. This result is in accordance with previous observations
indicating that exogen HCIO and hypochlorite are sufficient to induce NETosis on human
neutrophils [31,89]. Although the role of MPO activity in NETosis has been controver-
sial, with some reports indicating that is dispensable [90,91] and others indicating that
is required [73,77], our results support the latter. Taken together, the mechanism that we
propose for amoebic-induced NETosis is shown in Figure 10.
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Figure 10. Mechanism proposed for NETosis induced by E. histolytica. (A) Amoebic trophozoites lead neutrophils to
degranulation and NET release. (B) MPO derived from azurophilic cytoplasmatic granules is released and it binds to the

surface of trophozoites. (C) During the oxidative metabolism of E. histolytica, HyO, is generated to detoxify O, by diverse
enzymes such as Eh43, TrxR, NO1/2 or FeSOD. H,0O; is rapidly converted to HCIO through MPO bounded to cell surface of
amoebas. HCIO probably enters neutrophils by an unknown mechanism and it starts NETosis, promoting NE translocation

to the nucleus. Pyrocatechol blocked NETosis scavenge H,O, inside amoebas, while luminol and isoluminol react with
HCIO. Image was made in BioRender.com. Eh43 (NADPH:flavin oxidoreductase), TrxR (thioredoxin reductase), NO1/2
(NADPH-dependent oxidoreductases), FeSOD (Fe-superoxide dismutase), HyO, (hydrogen peroxide), HOCI (hypochlorous

acid), Azu Cx (azurosome complex), NE (neutrophil elastase).

5. Conclusions

In conclusion, our data show that after detecting each other, neutrophils rapidly
transfer MPO to the surface of the amoeba, and that its activity could be processing the
ROS of the amoebae that are necessary for the optimal induction of NETosis. In the context
of parasite-neutrophil interaction, this observation is very relevant, as many parasites
can inhibit respiratory burst in neutrophils but NETosis is easily induced. In general,
this contribution supports the notion that parasite-induced NETosis is a very complex
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process, involving the rapid and active exchange of molecules between parasite and
host cells.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/antiox10060974/s1, Figure S1: Pyrocatechol and luminol do not affect the viability of E.
histolytica trophozoites, Figure S2: Catalase failed to reduce NET induced by E. histolytica, Figure S3:
H;DCFDA detects hydrogen peroxide in trophozoites.
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Abstract: (1) Background: Ionic transport in Trypanosoma cruzi is the object of intense studies.
T. cruzi expresses a Fe-reductase (TcFR) and a Fe transporter (TcIT). We investigated the effect
of Fe depletion and Fe supplementation on different structures and functions of T. cruzi epimastigotes
in culture. (2) Methods: We investigated growth and metacyclogenesis, variations of intracellu-
lar Fe, endocytosis of transferrin, hemoglobin, and albumin by cell cytometry, structural changes
of organelles by transmission electron microscopy, O, consumption by oximetry, mitochondrial
membrane potential measuring JC-1 fluorescence at different wavelengths, intracellular ATP by
bioluminescence, succinate-cytochrome c oxidoreductase following reduction of ferricytochrome c,
production of H,O, following oxidation of the Amplex® red probe, superoxide dismutase (SOD)
activity following the reduction of nitroblue tetrazolium, expression of SOD, elements of the pro-
tein kinase A (PKA) signaling, TcFR and TcIT by quantitative PCR, PKA activity by luminescence,
glyceraldehyde-3-phosphate dehydrogenase abundance and activity by Western blotting and NAD*
reduction, and glucokinase activity recording NADP* reduction. (3) Results: Fe depletion increased
oxidative stress, inhibited mitochondrial function and ATP formation, increased lipid accumulation
in the reservosomes, and inhibited differentiation toward trypomastigotes, with the simultaneous
metabolic shift from respiration to glycolysis. (4) Conclusion: The processes modulated for ionic Fe
provide energy for the T. cruzi life cycle and the propagation of Chagas disease.

Keywords: trypanosomatids; growth and differentiation; parasite oxidative stress; mitochondrial
function; ATP synthesis; parasite lipid content

1. Introduction

The etiological agent of Chagas disease, Trypanosoma cruzi, has a complicated life cycle
that alternates between intermediate invertebrates and definitive mammal hosts [1], and
Chagas disease is considered a neglected disease worldwide [2,3].

Iron (Fe) is one nutritional element that controls T. cruzi growth and differentiation
during its life cycle since it is a necessary micronutrient for all forms of life and a cofactor of
many enzymes in a considerable number of metabolic pathways [4]. Fe is also hazardous
because of its potential to accelerate the creation of reactive oxygen species (ROS), and all
biological systems have evolved mechanisms for managing Fe intake, metabolism, and
storage [5].
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Fe is essentially physiologically inaccessible due to the limited solubility of its ther-
modynamically stable +3 oxidation state in the presence of O, at neutral pH [6,7]. The
concentration of free Fe in the environment ranges between 10~? and 10~!8 M, which is
lower than the concentration necessary for microbial development [8]. Fe is required for
DNA synthesis [9,10], energy generation [11], and oxidative stress in trypanosomes [12].
Furthermore, mammalian hosts sequester free Fe into proteins such as transferrin and
lactoferrin [13-15], resulting in a free Fe concentration in serum of roughly 10-2* M [13-15].
Thus, there are three essential sources of Fe in mammals’ bodies that a pathogenic microbe
may use: (i) transferrin, (ii) ferritin, and (iii) heme-containing proteins like hemoglobin [16].

Trypanosoma cruzi requires iron (Fe) for growth, in vitro proliferation of epimastig-
otes forms (mobilizing heminic or non-heminic Fe), and pathogenicity in mice [17].
Trypanosoma cruzi can hijack Fe-proteins from mammalian hosts. In culture, adding deferox-
amine, a Fe chelator, or transferrin-free serum can reduce amastigotes cell multiplication,
demonstrating that Fe is an essential nutrient [18]. This parasite has evolved human
transferrin receptors that bind exogenous transferrin. Acid treatment does not remove
transferrin attached to amastigote cells, indicating that this transferrin may be internalized
and used [18]. Transferrin is taken up by the cytostome, a specialized structure consisting
of a profound membrane invagination in the anterior area near the flagellar pocket [19].
Trypanosoma cruzi also uses heme as a Fe source; it can boost T. cruzi growth in culture in a
dose-dependent way [20]. Furthermore, T. cruzi epimastigotes internalize heme/porphyrin
through a process that might be mediated by an ABC transporter protein [21]. However,
because no heme oxidase gene is indicated on the T. cruzi genome, the first heminic ring
hydrolysis for Fe release is the limiting step for pathogenic trypanosomatids using heme [5].

Since Fe is present in aerobic conditions as Fe3*, it must be converted to Fe?* by
the Fe-reductase enzyme [22] to be transported across the plasma membrane. There is
much evidence that Fe** reduction is frequently linked to Fe?* transport in bacteria, yeast,
plant, and animal cells [23]. As a result, the identification of Fe-reductase activity in
Leishmania chagasi [24], L. amazonensis [22], and, subsequently, T. cruzi [25] was a strong
signal of the presence of a Fe?* transport mechanism in trypanosomatids.

The discovery of Fe-reductase activity in trypanosomatids reinforced the hypothesis
of a two-step Fe transport mechanism: first, the reduction of Fe** to Fe?*, followed by
the absorption of Fe?* by specialized transporters [26]. In addition, the finding of a Fe
transporter (LIT, [27]) in the plasma membrane of L. amazonensis, which belongs to the
zinc and iron transporter family (ZIP family), gave early support to this idea. ZIP family
members are said to be capable of transporting Zn?*; however, some members of this
family can also transport Fe?* [28]. Recently, the discovery of the TcIT Fe transporter in
T. cruzi [29] supports the hypothesis of a functional link between TcFR [25] and TcIT for
Fe?* uptake in this parasite.

Due to its low redox potential, Fe is a suitable element for redox catalysis
processes [30,31], acting as an electron donor and receptor and being able to catalyze
the formation of Once internalized, free Fe must be stored or processed as it enters the cy-
tosol to avoid the generation of ROC. Corréa et al. [32] discovered Fe in the acidocalcisomes
of T. cruzi blood trypomastigotes. A putative Fe transporter in the form of a metal ion in the
acidocalcisome of T. cruzi supports the hypothesis of Fe storage in this organelle [33]. This
metabolic element has lately gained prominence due to the discovery that Fe mobilization
and oxidative stress play a critical role in the parasite’s persistence and survival in the
tissues of the mammalian host—a role that had not previously been proven [34].

Although Fe is a critical micronutrient for trypanosomatids, as previously
stated [9-12], there are still many unknowns about its involvement in the life cycle and
pathogenicity of these organisms, as well as the ways in which it is acquired and used. The
main aim of the present work was to investigate whether exogenous ionic Fe modulates
T. cruzi’s redox status and metabolic pathways, as well as the proliferation and differentia-
tion of the parasite. The study revealed molecular mechanisms and intracellular processes
modulated by exogenous ionic Fe that had not previously been reported.
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2. Materials and Methods
2.1. Epimastigote Growth and Metacyclogenesis

Trypanosoma cruzi (Dm28c strain) epimastigotes were grown in stationary phase at
28 °C in Brain Heart Infusion (BHI) medium supplemented with 10% FBS, 30 uM hemin,
and 1% penicillin-streptomycin (P/S) cocktail (referred to hereafter as Regular Media, RM).
Iron-Depleted Media (IDM) was prepared using an iron-free BHI medium, as described
by Dick et al. [25]. Briefly, BHI medium without hemin addition was treated with Chelex
(5 g/100 mL) for 1 h at room temperature and sterilized by filtration using 0.22 um pore-size
filters. To this Iron-Free BHI medium was added 1% P/S cocktail and 10% Iron-Free FBS.
The iron-free FBS was prepared by adding 10 mM ascorbic acid for 6-7 h at 37 °C until the
optical density at 405 nm had decreased by 50%. Then, the solution was supplied with 5 g
of Chelex resin per 100 mL and incubated at room temperature under stirring at 50 rpm for
3-4 h, filtered to remove the resin, and dialyzed (with a cutoff of 2000 Da) against 4 I of cold,
sterile PBS for 6 h, changing the solution every 2 h. The iron-free FBS was also sterilized by
filtration using 0.22 pm pore-size filters and stored at —20 °C. Iron-Free FBS Iron-Depleted
Media with Fe (IDM + Fe) was made the same way as IDM but with 8 uM Fe-citrate
added. The parasites were inoculated (10° cells/mL) into the BHI medium on the sixth
day of growth to test epimastigotes proliferation (RM, IDM, or IDM + Fe). Every day, cell
proliferation was measured by counting the number of cells in a hemocytometer. Dm28c is
a strain that differentiates “in vitro” and was previously used in our previous studies that
demonstrated the existence of a Fe-reductase and a Fe-transporter in T. cruzi [25,29]. This
strain is deposited in the Collection of Trypanosoma from Wild and Domestic Mammals
and Vectors (COLTRYP), Oswaldo Cruz Foundation, Rio de Janeiro, Brazil.

Metacyclogenesis was induced according to Koeller et al. [35]. Epimastigotes in the
transition from the logarithmic to the stationary phase were adjusted to 5 x 10® para-
sites/mL in triatomine artificial urine (TAU) medium (190 mM NaCl, 17 mM KCl, 2 mM
MgCly, 2 mM CaCly, 0.035% (w/v) NaHCOs3, and 8 mM phosphate buffer at pH 6.0). After
2 h at 28 °C, the cultures were diluted 100-fold in 10 mL TAU medium supplemented
with 10 mM proline and 250 mM glucose (TAU-P) plus 500 g/mL G418 (Sigma-Aldrich,
Saint Louis, MO, USA) and transferred to T25 flasks—lying at a 45° angle to increase
the area in contact with O,—and kept at 28 °C to promote metacyclogenesis. Following
3-5 days, parasites were counted using hemocytometry, and the proportion of metacyclic
epimastigotes (Tryp) was determined using their morphology after Giemsa staining.

2.2. Intracellular Fe Concentration Determination

A colorimetric test based on ferrozine was used to assess the quantity of intracellular
ionic Fe accumulated under different circumstances, as described before [29]. Briefly,
suspensions containing 10% parasites were obtained from various cultures and washed
three times with PBS pretreated with 5 g/100 mL Chelex resin (Sigma-Aldrich). The cells
were lysed with 100 uL of 50 mM NaOH, and then 100 pL of 10 mM HCI was added; the
release of ionic Fe bound to intracellular structures was induced by adding 100 uL of a
mixture containing 1.4 M HCI and 4.5% (w/v) KMnOjy (1:1) to the cell lysate, followed by
incubation at 60 °C for 2 h. Then, 30 pL Fe detection reagent was added (6.5 mM ferrozine,
6.5 mM neocuproin, 2.5 M ammonium acetate, and 1 M ascorbic acid). The sample’s
absorbance at 550 nm was measured after 30 min of incubation at room temperature.
A standard curve with known FeCl; concentrations (0-75 uM; [36]) (Merck, Darmstadlt,
Germany) was used to calculate the Fe content.

2.3. Real-Time-PCR

Total T. cruzi RNA was extracted using a Direct-zol RNA Miniprep Kit (Zymo Research,
Orange, CA, USA) from epimastigotes kept at RM, IDM, or IDM + Fe for 5 days (as
indicated in the figure legends). The high-capacity cDNA reverse transcription kit was
used to reverse-transcribe whole RNA (Thermo Fisher Scientific, Waltham, MA, USA). For
RT-PCR, 100 ng/puL cDNA per well (15 uL total volume) was utilized, coupled with a 5 uM
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primer mix and a 7 uL PowerUp SYBR green master solution (Thermo Fisher Scientific).
Primers were designed using the Primer3 software, with predicted amplicon sizes of 100 pb
each [37]. The primers for amplification are shown in Table 1. Gene expression data were
normalized to an endogenous reference, 3-tubulin. The expression ratios were determined
using the threshold cycle (AACT) [38].

Table 1. Primer sequences for nine genes analyzed.

Primers Name

Forward Primer

Reverse Primer

T. cruzi iron transporter
T. cruzi ferric reductase
T. cruzi heme-regulated inhibitor

T. cruzi eukaryotic initiation factor 2o

T. cruzi protein kinase A

T. cruzi glyceraldehyde-3-phosphate dehydrogenase

T. cruzi superoxide dismutase
T. cruzi ascorbate peroxidase
T. cruzi tubulin

TCTGGTCGCTTCTCTTCTCG TAAAGACTCCGGCACACAGT
GTGGTTTGTAGACCGGCTGT GTGCCATTGCAAGAGAGACA
CATTGTGGAGGCGTTGGAAA TGGAAGAGCACCGTGAAGAT
CCGTTTAACGTTCCCTTTGA GTCCCAGCTCGTTACTCCAA
CCGGGTGTACTTTGTGTITGG CGCAAACCCAAAGTCAGTCA
GCAAGCTTGGTGTGGAGTAC CTCACTGGGGTTGTACTCGT
GTCGGATATTGTGTTGGGCC CCCTGTACCACGGAAACTCT
CACGACAAGTACGGCTTTGA CTTCGCGATGGAACGATATT
AAGCGCACGATTCAGTTTGT CTCCATACCCTCACCAACGT

2.4. Endocytosis Assay

Epimastigotes were submitted to endocytosis with 30 pug/mL of transferrin-FITC,
hemoglobin-FITC, or BSA-FITC in Roswell Park Memorial Institute (RPMI) medium for
30 min at 28 °C. The parasites were fixed with 4% (v/v) paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.2) for 1 h for flow cytometry and imaging using the fluorescence
microscope AxioObserver (Zeiss, Oberkochen, Germany) after staining with DAPL

2.5. Cell Cytometry

After the endocytosis assay, tracer uptake was measured on a BD Accuri C6 flow
cytometer (Becton Dickinson Bioscience, BDB, San José, CA, USA), counting 10,000 events
at the FL2 channel. The data were analyzed by the BD Accuri C6 software. This analysis
was performed in three independent experiments.

2.6. Transmission Electron Microscopy

Samples were fixed with 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.2) for 1 h at room temperature. After a wash in cacodylate buffer, cells were post-fixed
using an osmium-thiocarbohydrazide-osmium (OTO) protocol as already described [39].
Samples were washed in water, dehydrated in an acetone series, and embedded in epoxy
resin (EMBED 812 resins, EMS, Hatfield, PA, USA). Ultrathin sections were cut with a
UCY7 ultramicrotome (Leica, Wetzlar, Germany), stained with 5% (w/v) uranyl acetate and
lead citrate, and observed in an HT7800 transmission electron microscope (Hitachi, Tokyo,
Japan) operating at 100 kV.

2.7. Protein Kinase A (PKA) Activity

Epimastigotes cells (5 x 107 cells/mL) were washed twice in ice-cold phosphate buffer
saline (PBS, pH 7.2) and lysed in 0.5 mL radioimmunoprecipitation assay buffer (RIPA
buffer) for 30 min. PKA activity was assayed in the presence of 4 mM Hepes-Tris (pH 7.0),
0.4 mM MgCl,, 1 mM CaCly, 1 uM ATP, and 50 pg of lysed cells in a final volume of 50 uL,
in the presence or absence of 5 uM 3-isobutyl-1-methylxanthine (IBMX, a PKA activator), in
MTS-11C mini tubes (Axygen Scientific, Union City, CA, USA). The reaction was triggered
by adding 50 uL of the Kinase-Glo luminescent kit, and after 10 min at 37 °C, the samples
were placed in a GloMax Multi JR detection system (Promega Corporation, Fitchburg, WI,
USA). PKA activity was quantified as the difference between the reading in the presence of
IBMX and in the absence of the activator.
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2.8. High-Resolution Respirometry in Different Respiratory States

Oxygen consumption of intact epimastigotes (5 x 107 parasites/chamber) was mea-
sured using an O2k-system high-resolution oxygraph (Oxygraph-2K; Oroboros Instru-
ments, Innsbruck, Austria) at 28 °C with continuous stirring. The cells were suspended in a
2 mL respiration solution containing 100 mM sucrose, 50 mM KCl, and 50 mM Tris—-HCI
(pH 7.2), and 50 uM digitonin was added to permeabilize the parasites. Following that,
10 mM succinate and 200 uM ADP were added. Uncoupled respiration was induced with
3 uM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and then blocked
with 2.5 ng/mL antimycin A to assess residual O, consumption [29]. Oxygen concentra-
tions and O, consumption were recorded using DatLab software coupled to Oxygraph-2K.

2.9. Succinate-Cytochrome C Oxidoreductase Activity

The activity of succinate-cytochrome c oxidoreductase (complex II/1II) was determined
by the increase in absorbance due to the reduction of ferricytochrome c at 550 nm [40,41].
Frozen-thawed parasite homogenates (50 pg) were incubated with 25 mM potassium
phosphate (pH 7.4), 10 mM succinate, 1 mM KCN, and 5 mM MgCl, for 20 min to allow
for complete activation of succinate dehydrogenase, after which the reaction was initiated
with 50 uM horse heart cytochrome ¢ and monitored for 2 min. Protein concentrations were
determined by the Bradford method, using bovine serum albumin as a standard [42].

2.10. Mitochondrial Membrane Potential

Mitochondrial membrane potential was analyzed in the T. cruzi epimastigotes using
the MitoProbe JC-1 assay kit (Molecular Probes; Thermo Fisher Scientific). Epimastig-
otes (1 x 107 cells/mL) were loaded with 10 uM 5,5',6,6'-tetrachloro-1,1'3,3/ -tetraethyl-
imidacarbocyanine iodide (JC-1) and incubated for 40 min at room temperature. The fluo-
rescence intensity ratio of red (540 nm excitation and 590 nm emission) to green (490 nm
excitation and 540 nm emission) was measured using a multi-well fluorescence reader [43].

2.11. Intracellular ATP Quantification

Intracellular ATP (ATP;) was measured using an ATP bioluminescent somatic cell test
kit (Sigma-Aldrich). In brief, epimastigotes (1 x 107 parasites per tube) were incubated in a
solution containing 100 mM sucrose, 50 mM KCl, and 50 mM Tris-HCl in 0.1 mL (pH 7.2
adjusted with HCl). Cellular extracts were prepared by combining them with 0.1 mL of
somatic cell ATP-releasing reagent and then chilling the mixture for 1 min. The mixture
was transferred to MTS-11C mini tubes containing 0.1 mL ATP assay mix (v:v; Axygen)
and swirled for 10 s at room temperature. A GloMax Multi JR detection system (Promega)
measured the overall quantity of light emitted. In each experiment, the total intracellular
ATP concentration per 107 cells was determined using a standard ATP curve [29].

2.12. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) Activity

The reduction of NAD* to NADH was used to assess the conversion of glyceraldehyde-
3-phosphate to 1,3-bisphosphoglicerate, as described before [44], with slight modifications.
Total epimastigote lysates were incubated for 15 min at 37 °C in reaction media containing
100 mM Triethalonamine:HCI buffer (pH 7.5) containing 1.0 mM EDTA, 5 mM MgSQOy,
1.0 mM dithiothreitol, 1.5 mM NAD?*, and 30 mM KH,AsOy [45,46]. The reaction was
started using 2 mM glyceraldehyde-3-phosphate, and the absorbance at 340 nm was
measured every 1 min for 5 min. Total NADH generation was determined using the NADH
standard curve.

2.13. Glucokinase Activity

Cellular extracts of epimastigotes were incubated in a reaction buffer containing
20 mM Tris-HCl (pH 7.4), 5 mM MgCly, 1 mM glucose, 1 unit/mL glucose-6-phosphate
dehydrogenase (G6PDH) (Leuconostoc mesenteroides), 0.1% Triton X-100, 1 mM NaF, 5 mM
NaNj3, 1 mM ATP, and 50-100 pg/mL protein [47]. After 3 min of incubation, the reactions
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were started by the addition of 0.5 mM -NADP", and quantified spectrophotometrically
following the reduction of 3-NADP* to 3-NADPH (A = 340 nm) for 10 min. Total NADPH
generation was determined using the NADPH standard curve.

2.14. Western Blotting

For western blotting detection, epimastigotes were lysed with 1 mL RIPA buffer sup-
plemented with 1 mM phenylmethanesulfonyl fluoride and 5 mM leupeptin, for 30 min
at 4 °C. Then, homogenates were centrifuged at 16,000 rpm for 10 min. Aliquots of the
supernatants (containing 100 pg total protein) were separated by 12% SDS-PAGE and
transferred to nitrocellulose membranes (Merck Millipore, Burlington, MA, USA), which
were blocked with 5% milk in PBS plus 0.1% (w/v) Tween 20, probed overnight at 4 °C
with the primary mouse anti-GAPDH antibody (1:500, Sigma-Aldrich), and detected us-
ing horseradish peroxidase (HRP)-conjugated anti-mouse IgG secondary antibody (1:5000,
Santa Cruz Biotechnology, Dallas, TX, USA). The loading control was probed with a primary
rabbit anti-tubulin antibody (1:500, Sigma-Aldrich) and detected using an HRP-conjugated
anti-rabbit IgG secondary antibody (1:10,000, Santa Cruz Biotechnology). Luminescence
was detected using an ImageQuant LAS 4000 digital imaging system (GE Healthcare Life
Sciences, Amersham, UK) after the reaction with LuminataTM Forte Western HRP Sub-
strate (Millipore, Billerica, MA, USA). Densitometric analysis was performed using Image]
software version 1.50i (NIH Image, Bethesda, MD, USA) with background correction.

2.15. Superoxide Dismutase (SOD) Activity

Total SOD activity was assessed as previously described [29], based on SOD inhibiting
the reduction of nitro blue tetrazolium (NBT) by O,°~. Epimastigote cells were harvested
by centrifugation, washed three times in cold PBS, and disrupted by freeze-thaw. Centrifu-
gation as described above was used to collect epimastigote cells, which were washed three
times in cold PBS and disrupted by freeze-thaw. The Bradford method [42] was used to
determine the protein content in the whole homogenate. In a final volume of 200 uL, the
homogenates (using known amounts of protein in the range of 10-50 ug) were incubated in
a reaction medium containing 45 mM potassium phosphate buffer (pH 7.8), 6.5 mM EDTA,
and 50 mM NBT. The reaction began with the addition of 2 mM riboflavin. The sample’s
absorbance at 560 nm was measured after 15 min in a lightbox. SOD activity was expressed
as the quantity of enzyme-blocking NBT reduction by 50% for each amount of protein.

2.16. Amplex® Red Peroxidase Assay

The rate of HyO; reduction was assayed by the production of H,O, in epimastig-
otes to H,O, which is stoichiometrically coupled (1:1) to the simultaneous oxidation
of the non-fluorescent Amplex® Red probe to the fluorescent resorufin [48]. Briefly,
107 parasites/mL were incubated with 5 mM Tris-HCl (pH 7.4), 1.7 uM Amplex® Red
(Invitrogen, Carlsbad, CA, USA), and 6.7 U/mL horseradish peroxidase (Sigma-Aldrich)
in a final volume of 100 puL, for 30 min at room temperature. Fluorescence evolution was
observed at excitation/emission wavelengths of 563/587 nm. H,O, concentration was
determined using a standard curve.

2.17. Statistical Analysis

The data are provided as mean =+ standard error of the mean (SEM). The unpaired
Student’s t-test was used to compare two means. When comparing more than two means,
a one-way ANOVA with Tukey’s test was applied, as specified in the text or the figure
captions. The normal distribution was assessed before each ANOVA analysis. When results
were expressed as a percentage of the RM group, the SEM was obtained from the absolute
values. A comparison of the absolute results was carried out using the parametric test.
Significance was set at p < 0.05. Except when otherwise indicated, different lowercase
letters in superscripts indicate statistical differences among means in the same line of tables.
Asterisks (also indicating p < 0.05) were used in figures and for comparing values from
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different lines in figures. GraphPad Prism 7.0 was used for statistical analysis and the
preparation of figures (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Trypanosoma cruzi Epimastigotes Depend on Exogenous Fe Content for Fe Proliferation

The proliferation of T. cruzi epimastigotes during the exponential growth phase
(Figure 1) depends on Fe in a concentration-dependent manner. In Fe-depleted medium
(IDM, black circles), the maximum number of protozoa after 7 days decreased from
4.4 x 107 to 1.0 x 107 parasites/mL, compared to epimastigotes maintained in regular
medium (RM, empty circles). The proliferative capacity of the cells was recovered with
8 uM Fe citrate added to the Fe-depleted medium (IDM + Fe, gray circles): the number
of protozoa after 7 days increased from 1.0 x 107 to 5.1 x 107 parasites/mL, a condition
similar to the control. In addition, Fe citrate supplementation was enough to restore intra-
cellular Fe concentration compared to RM, while cells maintained at IDM presented low
intracellular Fe content (Table 2). Although in IDM and in IDM + Fe there was an increase
in the expression of Fe reductase (IcFR), the expression of the Fe transporter (TcIT) in cells
maintained in IDM + Fe remained at levels similar to the RM condition (Table 2).
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Figure 1. The effect of exogenous Fe on T. cruzi growth. Trypanosoma cruzi epimastigotes were
harvested, washed twice, seeded in fresh medium, and grown for the indicated times in Regular
Media (RM: Brain Heart Infusion medium (BHI) supplemented with 30 uM hemin and 10% Fetal
Bovine Serum (FBS)) (white circles), Iron-Depleted Media (IDM: BHI without hemin supplementation
and treated with Chelex for Fe depletion, supplied with 10% Iron-depleted FBS) (black circles), or
in Iron-Depleted Media supplemented with Fe-citrate (IDM + Fe: IDM described before, plus 8 uM
Fe-citrate) (gray circles), (n = 6). Using one-way ANOVA with Tukey’s test, we assessed differences
between mean values at time-matched determinations; * p < 0.05 with respect to RM.

Table 2. Intracellular Fe content and quantification of the TcFR and TeIT transcripts *.

RM IDM IDM + Fe
Fe content 22.07 £ 0.782 11.01 +2.42° 26.59 +3.312

TcFR transcript 0.96 £ 0.05 2 1.59 £0.11° 2.14 £0.16°

TelIT transcript 0.85+0.052 1724024 072 +£0.122

* Trypanosoma cruzi epimastigotes were maintained in Regular Media (RM), Iron-Depleted Media (IDM), or Iron-
Depleted Media plus 8 uM Fe-citrate (IDM + Fe). Intracellular Fe content determination (1 = 5) and quantitative
PCR for TcFR (n = 5) or TcIT (n = 5) (using 100 ng cDNA) were carried out in epimastigotes in a mid-log phase
when maintained in the different media. Using one-way ANOVA with Tukey’s test, we assessed differences

between mean values. Different lower-case letters as superscripts in the same line indicate different mean values
(p <0.05).
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3.2. Exogenous Fe Selectively Modulates the Endocytic Capacity of Epimastigote Cells

Figure 2 shows that ionic Fe modulates both the function and structure of the endocytic
pathway in T. cruzi epimastigotes. Figure 2A (see also representative cytometric analyses in
Supplementary Figure S1) demonstrates that parasites from IDM and IDM + Fe upregulate
transferrin (Tf) uptake compared to control parasites grown in RM. However, hemoglobin
(HB) uptake is upregulated only in IDM, compared to RM and IDM + Fe, indicating that free
Fe in the culture medium controls hemoglobin uptake, in contrast with that observed with
the transferrin uptake mechanism. Fe depletion stimulates bovine serum albumin (BSA)
uptake in parasites grown in IDM, and the stimulation persists in IDM + Fe, indicating
that this endocytic event is higher in both conditions. The fluorescence images in Figure 2B
visually represent what we found in the cell cytometry data. Parasites upregulate the
uptake of the endocytic tracers in IDM and IDM + Fe conditions.
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Figure 2. Fe exogenous content alters endocytosis in epimastigotes. Epimastigotes were incubated
in RPMI medium containing transferrin—FITC (Tf), hemoglobin—-FITC (HB), or BSA-FITC (BSA) for
30 min at 28 °C. (A) Endocytosis assay evaluated by flow cytometry in epimastigotes maintained
at RM (white bars), IDM (black bars), or IDM + Fe (gray bars) (n = 4 from different cultures);
* p < 0.05; (B) immunofluorescence of epimastigotes at different culture conditions and endo-
cytic tracers incubation. Endocytic content staining with fluorescence macromolecules transferrin—
FITC (Tf), hemoglobin—FITC (HB), or BSA-FITC (BSA) (green). Nuclei staining with DAPI (blue).
Bars: 10 pm.

Ultrastructural analysis of epimastigotes grown in the three different culture media
revealed opposite trends depending on the organelles analyzed (Figure 3). While the
general morphological aspect remained unmodified in IDM and IDM + Fe when compared
with the parasites maintained in RM, important alterations can be seen in the reservosomes,
lysosome-like organelles that are also involved in the storage of exogenous lipids, espe-
cially cholesterol, and enzymes involved in lipid synthesis from acetyl-CoA [49-52]. The
homogeneous content of the reservosomes encountered in RM epimastigotes (upper line)
contrasts with that seen in the other two groups. The depletion of Fe (middle line) provoked
a marked increase in lipid accumulation, which was not reversed by the supplementation
with Fe citrate (bottom line), indicating significant metabolic modifications.

3.3. Free Iron Supplementation-Induced Modifications in the Heme-Regulated Eukaryotic Initiation
Factor 2a Kinase-Signaling Pathway

Facing the epimastigotes proliferation results presented in Figure 1 and considering
that Fe depletion downregulates cytosolic and mitochondrial ribosomal proteins [53] via
the heme-regulated inhibitor (HRI) of the translation through phosphorylation of the
eukaryotic initiation factor 2« (elF2), we investigated two key elements of this signaling
pathway (Table 3). Removal of heme and free Fe (IDM) increased the expression of HRI by
approximately 90% and decreased by 50% the expression of elF2«. In the case of HRI, the
supplementation with free Fe restored the levels of HRI and upregulated those of elF2a.
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Figure 3. Ultrastructural changes in T. cruzi parasites submitted to different exogenous Fe contents.
Epimastigotes were processed and observed by transmission electron microscopy. (Upper line) Epi-
mastigotes maintained in RM show normal morphology of major cellular organelles such as the kine-
toplast (K), nucleus (N), golgi complex (Gc), cytostome-cytopharynx complex (Cy), reservosomes (R),
mitochondria (M), and flagellum (F). (Middle line) Epimastigotes were maintained in IDM.
(Bottom line) Epimastigotes maintained in IDM + Fe. Epimastigotes maintained at IDM or IDM + Fe
media present typical organelles morphology and positioning compared to those maintained at RM,
except for reservosomes, which present a higher content of lipid inclusions (asterisks) compared to
the ones in RM. Bars: 500 nm. Five culture samples were examined.

Table 3. Influence of PKA pathway on the response to exogenous ionic Fe in T. cruzi epimastigotes *.

RM IDM IDM + Fe
TcHRI transcript 1.04 +£0.02° 1.70 £ 0.11° 144 +0.257
elF2o transcript 1.00 4+ 0.07 0.41 +0.05° 1.45+0.05°
TcPKA transcript 1.04 +0.04° 0.78 £0.072 1.57 +£0.16®
PKA activity 0.98 +0.022 0.29 +0.08° 21240242

* Quantification of the TcHRI (n = 5), elF2« (n = 5), and TcPKA (n = 5) transcripts in T. cruzi epimastigotes.
Quantitative PCR was done using 100 ng of cDNA from epimastigotes in a mid-log phase when maintained in RM,
IDM, or IDM + Fe. PKA activity was measured, as described in Materials and Methods (1 = 5), in epimastigotes
maintained in RM, IDM, or IDM + Fe. In all cases, differences were assessed using one-way ANOVA with Tukey’s
test. Different lower-case letters as superscripts in the same line indicate different mean values.

The faster response mediated by the HRI—elF2 is integrated with the PKA pathway
in several eukaryotic organisms [54], and the PKA pathway participates in the sensing
of and response to nutrients, including Fe [55]. Table 3 also shows a decrease in PKA
expression in epimastigotes grown in IDM and upregulation in IDM + Fe when both
conditions are compared to RM. The impact of Fe depletion/supplementation was better
seen with PKA activity: a pronounced decrease in parasites from IDM and an upregulation
of more than 100% in IDM + Fe conditions (Table 3).
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3.4. Exogenous Fe Alters Mitochondrial Respiratory Rates in T. cruzi Epimastigotes

As mentioned above, mitochondrial proteins decrease when the HRI—elF2x pathway
is dysfunctional [53], as encountered in the case of Fe depletion (Table 3). Fe concentration
in the culture altered mitochondrial O, consumption by T. cruzi, as observed in Table 4.
The digitonin permeabilization of parasites did not alter the basal respiration profile. There
was a difference in the O, consumption after adding succinate (the consumption of O in
the LEAK state) to IDM compared to RM and IDM + Fe (line 1). The O, consumption in
the presence of succinate without further additions matched the succinate-cytochrome c ox-
idoreductase activity (line 5). However, after additions of ADP (oxidative phosphorylation
state-OXPHOS) (line 2) and H* ionophore FCCP (electron transfer system uncoupled from
phosphorylation-ETS) (line 3), there was a significant and similar decrease in O, consump-
tion in both IDM and IDM + Fe. After adding antimycin A to inhibit the mitochondrial
complex III, the residual respiration (ROX) was almost completely abolished under all
conditions (line 4). The impact of Fe depletion (even after Fe citrate supplementation) on
mitochondrial internal membrane potential (AY ) can be seen in line 6. The ratio between
the safranin A fluorescence in the absence and presence of FCCP (F/Frccp) increased
by 600% in parasites grown in IDM and attained an intermediary level ~200% higher in
IDM + Fe conditions.

Table 4. Removal of exogenous Fe leads to mitochondrial alterations in epimastigotes *.

Line Determination Additions RM IDM IDM + Fe
Mitochondrial respiration state

1 LEAK Succinate 0.87£0.132 0.38 +0.06 P 0.66 +0.09 2
2 OSPHOS ADP 151 +0.162 0444007  073+0.09°
3 ETS FCCP 2.16 +£0.26 0.54 +0.10°  092+0.10"
4 ROX Antimycin A 0.33 4+ 0.02 0.23 +0.01 0.12 £ 0.02
5 Succinate cytochrome c oxidoreductase activity Succinate 103.5+5.7% 411+79°b 939 +14.4°2
6 AYm (F/Fpccp) Succinate + FCCP 1.354+0.032 923 +0.57b 296 + 0.59 ©
7 ATP; No inhibitors 2424 +0.962 1428 +1.52b 12.51 +£2.09b
8 Oligomycin 10.63 +0.57 2 779 £0942 898 +2254
9 Iodoacetamide 11.74 £ 2452 642 +£1.14b 6.28 +0.54P

* Trypanosoma cruzi epimastigotes maintained in RM, IDM, or IDM + Fe media were tested for respiration of intact
epimastigotes. The mitochondrial respiration, the succinate cytochrome c oxidoreductase activity, and the ATP;
are expressed in pmol of O, consumed per million of cells, % of the activity in RM, and nmol of intracellular
ATP per 107 cells, respectively. Epimastigotes were digitonin-permeabilized, as described in Nogueira et al. [40],
to measure mitochondrial respiration after the successive additions of succinate, ADP, FCCP, and antimycin A
(1 = 3) (lines 1-4). Succinate-cytochrome ¢ oxidoreductase activity was measured as the rate of ferricytochrome ¢
reduction upon adding succinate in epimastigotes (1 = 3) (line 5). The F/Fgccp ratio was used to estimate the
AY 1, where F is the mean fluorescence intensity in the absence of the uncoupler FCCP and F/Fgccp is the mean
fluorescence in the presence of FCCP (1 = 3) (line 6). Intracellular ATP in T. cruzi epimastigotes was measured in
the absence or presence of oligomycin or iodoacetamide (1 = 3) (lines 7-9). We assessed differences between mean
values using a one-way ANOVA with Tukey’s test. Different lower-case letters as superscripts indicate statistical
differences among the mean values in the same line (p < 0.05). Asterisks in lines 8 and 9 indicate a statistical
difference (p < 0.05) with respect to RM in the absence of inhibitors.

Parasites maintained in the RM medium presented intracellular ATP content (ATP;)
more than twice as high when compared to parasites grown in IDM or IDM + Fe media
(Table 4, line 7). The addition of oligomycin to block the F,F;-ATP synthase [56] decreased
ATP; content by more than 50% with respect to the RM group without inhibitors (line 8),
indicating that, under these conditions, the cellular ATP supply comes from mitochondrial
activity. Moreover, the addition of iodoacetamide (line 9), an inhibitor of glyceraldehyde
3-phosphate dehydrogenase (GAPDH): (i) reduced ATP; in parasites grown in RM to levels
that are similar to those encountered in IDM and IDM + Fe conditions in the absence
or presence of oligomycin; (ii) provoked a further 50% decrease in ATP; from IDM and
IDM + Fe parasites when compared to that grown in RM, indicating that the glycolytic
pathway is responsible for ATP production in IDM and IDM + Fe conditions.
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3.5. Upregulation of Glycolytic Enzymes in Parasites Grown in Fe-Depleted Media

The activity and abundance of two glycolytic enzymes were evaluated in the ex-
periments depicted in Figure 4. Epimastigotes grown in IDM and IDM + Fe presented,
respectively, with GAPDH activities two and three times higher than those grown in RM
(Figure 4A), an increase that matches the higher expression of the enzyme (Figure 4B). The
abundance of the enzyme was also investigated; the levels increased by more than 100% in
IDM + Fe parasites compared with the RM group without modification in the IDM group
(Figure 4C). The shift toward a glycolytic metabolic profile was confirmed by the more
than 200% increase in the activity of glucokinase (Figure 4D), the enzyme that connects the
pentose phosphate pathway and the glycolytic pathway, which are the two major pathways

for glucose metabolism in T. cruzi [57].
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Figure 4. Exogenous Fe leads to glycolytic changes in epimastigotes. (A) GAPDH activity in the
absence or presence of iodoacetamide (IAA, 10 uM), as indicated on the abscissa, in epimastigotes
in a mid-log phase when maintained in RM (empty bar), IDM (black bar), or IDM + Fe (gray bar).
The absorbance due to the formation of NADH was monitored at 340 nm (1 = 4); (B) quantification
of the GAPDH transcript in T. cruzi epimastigotes. Quantitative PCR was done using 100 ng cDNA
from epimastigotes maintained at RM (empty circles), IDM (black circles), or IDM + Fe (gray circles),
(n =4); (C) densitometric analysis of Western blot results (1 = 4), with the inset showing representative
Western blotting analysis. Membranes were probed with primary mouse anti-GAPDH antibody
(1:500) as described in the Materials and Methods section; (D) glucokinase activity was measured as
described in Materials and Methods in epimastigotes maintained at RM (empty bar), IDM (black bar),
or IDM + Fe (gray bar). The absorbance due to the formation of NADPH was monitored at 340 nm
(n =4);* p <0.05 in all cases with respect to RM. We used a one-way ANOVA with Tukey’s test to
assess differences between mean values.

3.6. Modifications in Redox Signaling Induced by Depletion of Fe in Culture Medium

The mutual regulation of hexokinases and redox signaling comprises important events
in parasites that cause severe diseases, e.g., T. cruzi [58]. This is the reason why we decided
to investigate two enzymes involved in T. cruzi redox signaling and see the influence of
Fe depletion: (i) superoxide dismutase (TcSOD), which has Fe as a cofactor in T. cruzi [59],
and (ii) ascorbate peroxidase (TcAPX) [60], an enzyme that is absent in the human host [61],
which metabolizes HyO, to HyO. We measured TcSOD activity by following two strategies.
First, by evaluating the formation of nitroblue tetrazolium formazan (NBT formazan) after
oxidation of xanthine to uric acid and generation of O,°~, a reaction in which the higher
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superoxide dismutase activity is, the lower NBT formazan formation will be. Second,
measuring the HyO, formed through different processes, including the premature transfer
of electrons to Oy in the T. cruzi mitochondrion. Table 5 shows that the SOD activity associ-
ated with the O,*~ formed during the oxidation of xanthine increased by approximately
200% in parasites grown in IDM regardless of supplementation with Fe. Moreover, when
the total HyO, production was assayed, a significant decrease of about 40% was found
in IDM parasites, which was suppressed in the IDM + Fe group. Finally, the expression
profile of TcSOD was the mirror of the activity, whereas that of TcAPX matched the activity,
i.e., decreased in the parasites grown in IDM, with recovered levels in the IDM + Fe group.

Table 5. Effect of exogenous Fe on redox signaling *.

RM IDM IDM + Fe
SOD activity 7.98 +2.262 21.47 4+ 3.08P 23.24 +3.94P
Production of H,O, 55.01 £0.752 33.59 + 6.33P 60.50 +5.342
TcSOD transcript 1.014+0.012 0.45 +0.09b 0.44 +0.06 b
TcAPX 117 +£0.102 0.14 +0.04b 1.29 +0.202

*SOD activity (n = 4) and production of H,O, (1 = 3) were assessed in living epimastigotes maintained in RM,
IDM, or IDM + Fe. The quantification of the TcSOD (1 = 5) and of the TcAPX transcripts (1 = 5) in T. cruzi
epimastigotes was done using 100 ng cDNA from epimastigotes grown in each culture medium. We used one-way
ANOVA with Tukey’s test to assess differences between mean values; Different lower-case letters as superscripts
indicate statistical differences among the mean values in the same line (p < 0.05).

3.7. Differentiation of Epimastigotes Is Lower in Fe-Depleted Medium and Is Recovered after
Fe Supplementation

Differentiation is a crucial step in the life cycle of T. cruzi because it ensures the success
of infection and because the redox status of the parasitic environment is an important
modulator [62]. Figure 5 demonstrates that, in culture, differentiation is critically depen-
dent on the presence of Fe in the medium, and this dependence is more evident at initial
times. While differentiation was barely detectable along the first day in IDM (filled circles),
it exhibited a linear behavior in RM (empty circles) and depicted a burst in IDM + Fe
(gray circles). Remarkably, the initial differentiation rate slop doubled in this group re-

garding RM parasites, but it seemed to tend toward a lower plateau from the 3rd day
of culture.

60+

Trypomastigotes (%)

Time (days)

Figure 5. Fe depletion arrests T. cruzi differentiation to trypomastigotes. Epimastigotes cultivated
in RM (empty circles), IDM (black circles), or IDM + Fe (gray circles) were submitted to in vitro
differentiation media TAU. Each day, epimastigotes and trypomastigotes were differentially counted
to determine the percentage of trypomastigotes in culture (1 = 4); * p < 0.05 comparing time-matched
determinations with respect to RM. Using one-way ANOVA with Tukey’s test, we assessed differences
between mean values.
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4. Discussion

The central findings in the present study reveal a key role of medium ionic Fe in the
proliferation of T. cruzi epimastigotes, with Fe depletion promoting increased oxidative
stress, selective modifications in the intracellular ATP content, alterations in the HRI—elF2
and PKA signaling pathways, increased lipid accumulation in the reservosomes, decreased
mitochondrial function, and inhibition of differentiation toward trypomastigotes, in a
metabolic condition shifted from respiration to glycolysis. This ensemble of results points
to a pleiotropic function of ionic Fe in connected processes and pathways in T. cruzi epi-
mastigotes. Using the Dm28c strain, which differentiates from trypomastigotes, allowed
us to investigate the influence of exogenous Fe on the evolution of epimastigotes to trypo-
mastigotes and, therefore, on a vital step of the parasite’s life cycle.

The Fe depletion-induced lower intracellular content of Fe (Table 2). Notably, in the
IDM + Fe medium, the expression of TcFR increased without a parallel increase in TcIT
transcription. Even though TcFR and TclT are coupled in the process of Fe uptake by the
parasite, their expression is differentially modulated by the intracellular Fe content. Free Fe
could regulate the TclIT transcription, so in the IDM + Fe medium, TcIT is downregulated
relative to the TclT transcript in IDM. Differently, TcFR uses Fe-containing proteins for the
reaction Fe>* —Fe?*, and since these proteins (hemin and transferrin) were neither added
to IDM nor to IDM + Fe, TcFR is upregulated in both cases (Table 2).

The decreased succinate-cytochrome c oxidoreductase activity, the dropped O, con-
sumption in the presence of normal partial pressure of O, and the lower intracellular ATP
(Table 4) are indicative of mitochondrial damage, as proposed several years ago [63]. The
impairment of the mitochondrial function seems to be functional because the ultrastructure
of the organelle is preserved (Figure 3). Therefore, it could be hypothesized that Fe star-
vation promotes dysfunction at the level of the iron-sulfur clusters in the heterodimeric
SDH2N:SDH2¢ subunit described in the mitochondrial complex II from T. cruzi [64], as
well as in the FoF;.ATPase [65], a possibility that emerges from the accentuated inhibition
of respiration in the presence of ADP (the oxphos state) and the increased AYy, (Table 4).
Although succinate-cytochrome c oxidoreductase activity is restored by Fe-citrate sup-
plementation (Table 4), mitochondrial function impairment seems linked to Fe-protein
depletion, especially hemin. It has been demonstrated that, in epimastigotes, heme changes
mitochondrial physiology [40]. NADH-ubiquinone oxidoreductase gene (0.8-fold) and suc-
cinate dehydrogenase (1.40-fold) are upregulated in the presence of heme. Besides, heme
influences T. cruzi epimastigote energy metabolism. The contribution to ATP synthesis
may depend on glycosomal fermentation, which provides energy support for the parasite’s
growth, an establishment inside the vector [66], and differentiation into trypomastigotes
(Figure 5).

The proposal that Fe and hemin depletion promotes a shift from oxidative metabolism
to a glycolytic one is reinforced by the increased GADPH expression and activity
(Figure 4A,B) and the increased glucokinase activity (Figure 4D). The upregulated gly-
colytic and pentose phosphate pathways, which are considered central for the glucose
metabolism in T. cruzi [57], likely provide acetyl-CoA and NADPH, respectively, for the
proposed increase of fatty acid synthesis accumulation within the reservosomes (Figure 3).
As mentioned earlier, these organelles present a varied repertoire of enzymes that catalyze
different lipid metabolism pathways [50], and for this reason, lipid accumulation in the
reservosomes deserves special discussion in the context of the other enzyme modifications
and proliferation.

The impairment of the IDM in the life cycle of epimastigotes could be linked to the
alterations encountered in HRI—elF2x and PKA signaling. The increased HRI, which
phosphorylates elF2« [54], together with the downregulation of elF2« itself (Table 3), likely
culminate in repressed gene expression and overall protein translation, thus compromising
the evolution of the parasite in the Fe-deprived medium. The pronounced downregulation
of PKA activity (and expression) could be associated with the downregulation of lipase
activity and fatty acid release and oxidation. It may be that decreased PKA activity in
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IDM parasites (Table 3) results in the inhibition of a PKA-modulated lipase and functional
immobilization of the lipids in the reservosomes. This proposal is supported by the fact
that PKA recovery and expression increased to levels even higher than in RM conditions
after Fe supplementation (Table 3), which ensures lipid turnover and recovery of parasite
evolution as discussed above. As additional support for this view, it is noteworthy that the
genetic inhibition of PKA is lethal for T. cruzi [67].

Lipolysis in T. cruzi is associated with glucose metabolism [57]. For this reason, the
upregulation of central enzymes of the glycolytic pathway, GADPH, and glucokinase, in
both IDM and IDM + Fe media (Figure 4), leads us to hypothesize that the absence of
hemin is central to the upregulation of glycolysis and the pentose phosphate pathway,
but that replenishing of ionic Fe is responsible for the possible stimulation of lipid hy-
drolysis, glycerol release, formation of glycerol 3-phosphate catalyzed by a Tc-glycerol
kinase [68], and further feeding of the glycolytic pathway. The other metabolic branch after
Fe-stimulated lipid turnover, the -oxidation of fatty acids [69], can feed the acetyl-CoA
pool in the epimastigotes cell, further stimulating the formation of ATP via its condensation
with succinate, synthesis of succinyl-CoA, and recycling of succinate with the release of
CoA, as proposed in genomic studies carried out in T. cruzi [57] and earlier demonstrated
in T. brucei [70].

Ionic Fe and heme depletion lead to a downregulation of total FeSOD, regardless
of FeSOD origin. It is possible that SOD activity is higher in epimastigotes maintained
at Fe/heme or heme depletion, demonstrating a compensating mechanism, probably
due to higher activity of cytosolic and mitochondrial FeSOD (FeSODB and FeSODA).
While FeSODB has a crucial role in the defense of parasites against O,°~ [71], FeSODA is
related to mitochondrial redox balance and generates the signaling molecule for amastigote
differentiation, H,O, [72]. A downregulation of H,O, levels in Fe depletion conditions
probably deregulates parasite differentiation. These low H,O; levels could be due to a non-
enzymatic system besides the glutathione ascorbate cycle. Recently, it was demonstrated
that T. cruzi trypomastigotes employ ROS as a signaling molecule to differentiate, whereas
epimastigotes use ROS to proliferate rather than differentiate [72].

Finally, Figure 6 presents a hypothetical mechanistic model regarding the over-
all mechanisms occurring during Fe depletion or Fe supplementation. Although the
metabolic shift occurs in both cases, the ROS formation and pathway signaling present
slight differences that culminate in differentiation/proliferation impairment (Figure 6A),
which is restored by Fe supplementation (Figure 6B). In conclusion, although heme (or
Fe-containing proteins) is essential for a functional mitochondrial metabolism, exogenous
Fe is required for proper signaling to control parasite proliferation and H,O, formation,
which stimulate parasite differentiation, thus interfering with parasite virulence. These
related mechanisms and processes modulated by exogenous ionic Fe have implications
for human health because, by providing energy support for parasite growth and dif-
ferentiation, they ensure the continuity of the T. cruzi life cycle and the propagation of
Chagas disease.
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Figure 6. A proposed model describing the main events occurring on T. cruzi submitted to (A) Fe

depletion or (B) Fe supplementation in low heme concentration (left outside part of the figure), which
culminate in decreased or restored intracellular Fe?*, as demonstrated by the opposite direction of
the orange arrow near the upper part of the figure. The decrease in intracellular Fe in (A) was 50%
in parasites grown in IDM (Table 2). The vesicles near the cell membrane (cytostome-cytopharynx
region) indicate the selective modifications in the endocytic protein and lipid uptake. The left part of
the arrow ensembles represents the modifications of the HRI—elF2«x and PKA signaling pathways
and the different modifications in expression and translation. The blue circles in the middle of the
panels present the quantitative differences in GAPDH abundance and activity. The blunt black
arrows (in the right part of both panels) point to the impaired mitochondrial function provoked by Fe
depletion, which is not sufficiently restored by Fe supplementation. The red stars in the lower right
corner depict the opposite effects of Fe depletion and Fe supplementation on H,O, formation. The
figure was designed using BioRender.com.
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Abbreviations

ANOVA Analysis of variance

BHImedium Brain heart infusion medium

BSA Bovine serum albumin

DAPI Diamidino-2-phenylindole

elF2x Eukaryotic initiation factor 2o

ETS Mitochondrial respiration uncoupled from phosphorylation
FCCP Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

Fe Iron

FITC Fluorescein isothiocyanate

G418 Geneticin (polypeptide synthesis blocker)

G6PDH Glucose-6-phosphate dehydrogenase

HB Hemoglobin

HRI Heme-regulated inhibitor

HRP Horseradish peroxidase

IAA Iodoacetamide

IBMX 3-isobutyl-1-methylxanthine

IDM Iron-depleted medium

IDM + Fe Iron-depleted medium plus 8 uM Fe citrate

JC-1 5,5',6,6'-tetrachloro-1,1,3,3'-tetraethyl-imidacarbocyanine iodide
LEAK Mitochondrial respiration in the presence of respiratory substrate only
LIT Leishmania amazonensis iron transporter family

NBT Nitro blue tetrazolium

0~ Anion superoxide

OH* Hydroxyl radical

OTO Osmium-thiocarbohydrazide-osmium

OXPHOS Oxidative phosphorylation state (mitochondrial respiration in the presence of ADP)
PBS Phosphate buffer saline

PKA cyclic AMP-dependent protein kinase

RIPA buffer ~ Radioimmunoprecipitation assay buffer

RM Regular medium containing Fe and hemin

ROS Reactive O, species

ROX Residual mitochondrial respiration after inhibition of Complex IIT
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RPMI medium Roswell Park Memorial Institute medium
RT-PCR Reverse transcription polymerase chain reaction
SEM Standard error of the mean
TAU Triatomine artificial urine
TcAPX T. cruzi ascorbate peroxidase
TcFR T. cruzi Fe reductase
TeIT T. cruzi Fe transporter
TcSOD T. cruzi superoxide dismutase
Tf Transferrin
Tryp Metacyclic epimastigotes
ZIP Family Zinc and iron transporter family
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Abstract: In American Tegumentary Leishmaniasis production of cytokines, reactive oxygen species
and nitric oxide (NO) by host macrophages normally lead to parasite death. However, some Leish-
mania braziliensis strains exhibit natural NO resistance. NO-resistant strains cause more lesions
and are frequently more resistant to antimonial treatment than NO-susceptible ones, suggesting
that NO-resistant parasites are endowed with specific mechanisms of survival and persistence. To
tests this, we analyzed the effect of pro- and antioxidant molecules on the infectivity in vitro of
L. braziliensis strains exhibiting polar phenotypes of resistance or susceptibility to NO. In addition,
we conducted a comprehensive quantitative mass spectrometry-based proteomics analysis of those
parasites. NO-resistant parasites were more infective to peritoneal macrophages, even in the presence
of high levels of reactive species. Principal component analysis of protein concentration values
clearly differentiated NO-resistant from NO-susceptible parasites, suggesting that there are natu-
ral intrinsic differences at molecular level among those strains. Upon NO exposure, NO-resistant
parasites rapidly modulated their proteome, increasing their total protein content and glutathione
(GSH) metabolism. Furthermore, NO-resistant parasites showed increased glucose analogue uptake,
and increased abundance of phosphotransferase and G6PDH after nitrosative challenge, which can
contribute to NADPH pool maintenance and fuel the reducing conditions for the recovery of GSH
upon NO exposure. Thus, increased glucose consumption and GSH-mediated redox capability may
explain the natural resistance of L. braziliensis against NO.
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1. Introduction

Leishmania (Viannia) braziliensis, a New World Leishmania species, is an important
etiological agent of American Tegumentary Leishmaniasis (ATL) in the Americas [1]. In-
fection with this species may have clinical outcomes, ranging from self-healing localized
cutaneous lesions (LCL) to severe disseminated cutaneous and mucocutaneous forms that
may result in facial mutilation by destruction of the palate and nose cartilage. Further-
more, disseminated cutaneous leishmaniasis (DL) and mucocutaneous leishmaniasis (MCL)
caused by L. braziliensis are frequently refractory to treatment and result from the metastatic
dissemination of the parasite [2]. Clinical manifestations result from both the host immune
responses and the infecting parasite [3-5]. Indeed, intrinsic characteristics of parasites
enable the subversion and/or immunomodulation of host immune responses, resulting in
the inactivation of cell pathways crucial for parasite elimination [6-9].

Successful establishment of infection and further parasite persistence depend on a
complex interaction between the Leishmania’s immune subversion arsenal and the microbi-
cidal mechanisms of mononuclear phagocytes [10]. Such mechanisms include lysosomal
enzymes, reactive oxygen species (ROS), and reactive nitrogen species (RNS). Oxidative
burst and release of nitric oxide (NO) are the most effective mechanisms against Leish-
mania spp. [11,12]. ROS and RNS can be released when the macrophages are stimulated
by TNF-« and IFN-y, and their production is induced by the activation of routes that
involve NADPH oxidases and inducible nitric oxide synthase (iNOS). When it happens,
parasites are exposed to superoxide anion (O,°~), hydrogen peroxide (H,O,), peroxynitrite
(ONOO™) and NO [13], which usually results in parasites elimination [11,14,15]. However,
some Leishmania parasites present natural resistance to NO, helping them to escape the
macrophage microbicidal responses and promoting their survival and persistence [16-19].
Indeed, L. braziliensis strains isolated from patients with different clinical forms of ATL
exhibit different levels of natural resistance to NO. In vitro assays showed that amastigotes
from NO-resistant strains survived and multiplied more in human macrophages. In ad-
dition, patients infected with NO-resistant parasites presented significantly more severe
cutaneous lesions than those infected with NO-susceptible parasites [17].

In vitro infections of human macrophages with L. braziliensis NO-resistant strains
showed a higher percentage of infected cells and reduced levels of TNF-« production than
infections with NO-sensitive parasites. Furthermore, these NO-resistant strains were also
correlated with higher refractoriness to pentavalent antimony, the first-line treatment for
ATL, suggesting that NO resistance may be related to antimony resistance [20]. In addition,
BALB/c mice infected with NO-resistant strains produce more IL-4, which stimulates
increased expression of arginase-1, favoring parasites survival and severe forms of dis-
ease [21]. Additionally, L. infantum field isolates from relapse cases of visceral leishmaniasis
are more resistant to antimonial and NO, as well as are more infective to macrophages
in vitro, than parasites isolated from responsive patients [22]. However, the mechanisms
by which L. braziliensis strains can resist/evade the nitrosative stress imposed by host cells
have not been clearly defined. Potential mechanisms might include increased abundance
of glucose-6-phosphate dehydrogenase (G6PDH), as shown in the study by 2DE-MS of
the proteome of L. infantum strains resistant or susceptible to NO [23]. Nevertheless, an
in-depth study of NO resistance in Leishmania is missing.

Based on the previous evidence, we hypothesize that the proteome of L. braziliensis
NO-resistant strains is tailored to deal with nitrosative stress and, that upon NO challenge,
it can be rapidly regulated to minimize the damages caused by nitric oxide. Such adap-
tations grant the survival and persistence of parasites, leading to chronic infections that
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are refractory to treatment. To test this, we performed an unbiased and comprehensive
quantitative proteomic analysis of NO-resistant and NO-susceptible L. braziliensis strains.
By using previously reported procedures for parasite sample preparation and absolute
label-free protein quantification [24,25], we were able to compare those parasites before
and after stimulus with an NO donor, identifying ~6300 proteins and estimating absolute
concentrations of ~6000 of these proteins. We also evaluated the effect of nitrosative and ox-
idative stresses, as well as the effect of antioxidant molecules, on the infection index of each
strain. Together, our data provide new evidence on the potential mechanisms underlying
the NO resistance in L. braziliensis, including increased antioxidant capability involving
the glutathione (GSH) system and rapid regulation of glycolysis and pentose phosphate
pathway (PPP). Data are available via ProteomeXchange with identifier PXD029462.

2. Materials and Methods
2.1. Ethics Statement

All the protocols were carried out in accordance with the recommendations of the
Guide for the Care and Use of Laboratory Animals, according to resolution 196/96 of the
National Council for Animal Experimentation—COBEA (https:/ /sbcal.org.br/ (accessed
on 2 March 2020)). All the procedures used in this study were approved by the Animal
Use Ethics Committee of IOC/Fiocruz (L-005/2017). According to the Brazilian Law of
Biodiversity, this study was registered at SisGen (AA2236F).

2.2. Parasite Culture and Growth Curve

The L. braziliensis strains IOC /L2853 (MHOM /BR/2004/LTCP 393) and I0C/L2856
(MHOM/BR/2003/LTCP 15171) used in this study were provided by the Collection of
Leishmania of the Instituto Oswaldo Cruz (CLIOC, http:/ /clioc.fiocruz.br/ (accessed on
2 March 2020)). The IOC /L2853 strain is resistant to NO and was isolated from a MCL
patient, who was refractory to treatment. On the other hand, the IOC/L2856 strain is
susceptible to NO and was isolated from LCL patient responsive to the treatment [17,20].
Both strains were isolated from the same geographical region and belong to the same
zymodeme. Through the text, tables, and figures, those strains will be mentioned as 2853
and 2856.

Promastigotes were cultivated at 25 °C in Schneider’s medium (Vitrocell, Campinas,
Brazil) supplemented with 20% fetal bovine serum (FBS; Vitrocell, heat-inactivated at 56 °C
for 50 min) and 2% urine. To analyze the growth curve of these strains, promastigotes
(1 x 10° parasites) were incubated in the culture medium described above, and parasite
density was determined every 24 h during 16 days by counting in hemocytometer under
light microscopy. Parasites of three-days-old culture (log phase promastigotes) were used
for all experiments. The in vitro passages of parasites were controlled, and parasites’
infectious capacity was maintained through inoculation in golden hamsters.

2.3. Inhibitory Activity of NO Donor on Promastigotes of L. braziliensis

To evaluate the cytotoxicity of NaNO, (NO donor) on NO-resistant (2853) or NO-
susceptible (2856) L. braziliensis strains, promastigotes were resuspended in Hanks balanced so-
lution (HBBs, pH 5.0; Sigma-Aldrich, St. Louis, MO, USA), and 100 uL (2 x 107 protozoa/mL)
was added to the same volume of freshly NaNO; previously prepared at twice the de-
sired final concentrations (32 to 0.06 mM). Microplates were incubated at 25 °C for 4 h.
Together with the NO donor, 20 pL of PrestoBlue (Invitrogen, Carlsbad, CA, USA) was
added to the final concentration of 10%. The measurements were performed at 560 and
590 nm, as recommended by the manufacturer at SpectraMax M3 fluorimeter (Molecular
Devices, San Jose, CA, USA), and the result was expressed as ICsy/4 h, which corresponds
to concentration that led to 50% lysis of the parasites within 4 h.
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2.4. Effect of Pro-Oxidant and Antioxidant Molecules on Intracellular Amastigotes

To analyze the effect of oxidative burst on the infection, macrophages were collected
from the peritoneal cavity of uninfected male BALB/c mice (5-6 weeks) after the injection
of 10 mL of RPMI medium (LGC Biotecnologia, Cotia, Brazil). Peritoneal macrophages
were resuspended in RPMI supplemented with 10% FBS and plated in 24-well plates
(3 x 10° cells/well) for 24 h at 37 °C and 5% CO,. After that, culture medium was
replaced, and cells were infected or not with promastigotes (10:1 parasites/host cell) of each
strain. After 4 h of incubation, cultures were washed to remove non-internalized parasites
and maintained under the same conditions until complete 24 h of infection. Infected
macrophages were treated or not with 150 uM hydrogen peroxide (H,O;), 2 mM NaNO,,
30 U/mL superoxide dismutase from bovine erythrocytes (SOD; Sigma-Aldrich, St. Louis,
MO, USA), 40 U/mL catalase from bovine liver (Sigma-Aldrich, St. Louis, MO, USA), 1 uM
mitoTEMPO (Santa Cruz Biotechnology, Dallas, TX, USA), or 2 mM Nw-Nitro-L-arginine
methyl ester hydrochloride (L-NAME; Sigma-Aldrich, St. Louis, MO, USA), for 48 h. The
culture was then stained with fast panoptic (Laborclin, Pinhais, Brazil), and percentage of
infected cells, number of protozoa per cells, and infection index (percentage of infected
host cells multiplied by the number of parasites per cell) were calculated.

As host toxicity control, non-infected macrophages (5 x 10* cells/well) were also
treated with the compounds for 48 h at 37 °C and 5% CO,. After the treatment, 10 uL
PrestoBlue was added to the final concentration of 10% and cells were incubated for 2 h at
37 °C and 5% CO;. The measurements were performed at 560 and 590 nm in a SpectraMax
M3 fluorimeter.

2.5. ROS and RNS Release by Infected Macrophages

To evaluate the levels of reactive species released from infected cells, peritoneal
macrophages were obtained as described above and incubated with LPS (100 ng/mL)
plus IFN-y (10 ng/mL) for 30 min. Cells were then infected for 72 h, and culture super-
natants were collected for RNS detection by Griess reagent (Sigma-Aldrich, St. Louis, MO,
USA) according to manufacturer’s instructions. Briefly, 100 uL of culture supernatant was
added to the same volume of colorimetric reagent and incubated at room temperature for
30 min, and absorbance was read at 540 nm. Values were compared against an NaNO,
standard curve, ranging between 50 and 3 pM. In parallel, macrophages were resuspended
in 100 pL respiration buffer consisting of 65 mM KCl, 10 mM Tris-HCl (pH 7.2), 1 mM
MgCl,, and 2.5 mM potassium phosphate monobasic [26]. After that, 100 uM Amplex
Red reagent (Invitrogen, Carlsbad, CA, USA) and 50 U/mL horseradish peroxidase (HRP;
Sigma-Aldrich, St. Louis, MO, USA) were added and the cells were incubated for 30 min at
37 °C. The supernatants were then collected and analyzed to ROS presence by a SpectraMax
M3 fluorimeter.

2.6. Protein Extraction and Sample Preparation

For proteomic analysis, promastigotes were treated or not with ! /5 IC50/4 h NaNO,
(for each strain) in HBSS for 4 h at 25 °C. Then, parasites were washed three times with
PBS and resuspended in lysis buffer for proteomics sample preparation. Because we
are interested in the early effects of NO on proteome remodeling, we choose a sublethal
dose to challenge the parasites. Additionally, with this way we avoid results related
to parasites’ death. These assays were performed in quadruplicate (four independent
biological replicates), and samples were prepared accordingly to previous reports [25].
Briefly, parasites were lysed in a buffer containing 0.05 M Tris-HCI (pH 7.6), 0.05 M DTT
and 2% SDS (w/v) and boiled in a water bath for 5 min. After chilling to room temperature,
the SDS lysates were clarified by centrifugation at 10,000x g for 5 min and processed in
30k filtration units (Millipore, Burlington, MA, USA) using the MED-FASP (Multi-Enzyme
Digestion—TFilter Aided Sample Preparation) protocol. Proteins were digested sequentially
with endoproteinase LysC and trypsin in a 1/100 enzyme to protein ratio [27,28]. Peptides
were collected, concentrated, and desalted on a C18 reversed phase column.
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2.7. LC-MS/MS Analysis

Analysis of the peptide mixtures was performed as described previously [25]. Briefly,
the peptides were fractionated on a reversed phase column (50 cm x 75 um inner diameter)
packed with 1.8 pm diameter C18 particles (100 A pore size; Dr. Maisch, Ammerbuch-
Entringen, Germany) using a 105 min acetonitrile gradient in 0.1% formic acid at a flow rate
of 250 nL./min. Peptide masses were analyzed using a Q-Exactive HF mass spectrometer
(Thermo-Fisher Scientific, Palo Alto, CA, USA) operated in data-dependent mode with
survey scans acquired at a resolution of 50,000 at m11/z 400 (transient time 256 ms). Fifteen of
the most abundant isotope patterns with charge > +2 from the survey scan (3001650 m/z)
were selected with an isolation window of 1.6 m/z and fragmented by HCD with normalized
collision energies of 25. The maximum ion injection times for the survey scan and the
MS/MS scans were 20 and 60 ms, respectively. The ion target values for MS1 and MS2 scan
modes were set to 3 x 10° and 1 x 10°, respectively. The dynamic exclusion was 25 s and
10 ppm.

2.8. Data Analysis

The mass spectra were searched against a database containing L. braziliensis sequences
available at UniProtKB/Swiss-Prot, using the Andromeda search engine included in the
MaxQuant Software (Ver. 1.2.6.20). Reversed proteins were used as decoys. The option
“matching between runs” was used for searching, and parameters such as fragment ion
mass tolerance of 0.5 Da and parent ion tolerance of 20 ppm were included. Cysteine
carbamidomethylation was set as fixed modification, methionine oxidation as variable
modification, and up to two missed cleavages were allowed. The maximum false peptide
and protein discovery rate was set as 1%. Protein absolute abundances were calculated
based on the spectral protein intensity (raw intensities) using the “Total Protein Approach’
(TPA), and absolute protein copy numbers per cell were estimated using the ‘Proteomic
Ruler” approach [29]. Calculations of total protein, protein concentration, and copy number
were performed in Microsoft Excel. Perseus software (Ver. 1.6.5.0) [30] was used for statisti-
cal analysis. Minimal number of valid values was set to 4 per protein in at least one group,
and missing values were imputed from a normal distribution. Significances were calculated
using the t test for pairwise comparisons, with a threshold of false discovery rate (FDR)
of 3%. The mass spectrometry proteomics data were deposited to the ProteomeXchange
Consortium via the PRIDE [31] partner repository with the dataset identifier PXID029462.

2.9. Analysis of 2-NBDG Uptake

Promastigotes (5 x 10° protozoa/mL) were treated with ! /5 ICsy/4 h NaNO, in HBSS
at25 °C for 4 h. After that, protozoa were washed with PBS and incubated with 300 uM 2-(N-
(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose) (2-NBDG, Molecular Probes,
Eugene, OR, USA), a fluorescent glucose analogue, for 30 min. The 2-NBDG specificity
was monitored by the parasite incubation at 4 °C for the same amount of time, to decrease
the compound uptake. 2-NBDG+ parasites were analyzed using a CytekDxP multi-color
upgrade flow cytometer (Cytek, Fremont, CA, USA). A total of 10,000 events were acquired
in the region previously established by protozoa morphology, and analyses were performed
in Summit 6.1 software (Beckman Coulter, Brea, CA, USA).

2.10. Analysis of Oxygen Uptake

Promastigotes (5 x 10° protozoa/mL) were treated with /5 IC50/4 h NaNO, in
HBSS at 25 °C for 4 h. After that, protozoa were washed with PBS and resuspended
(2.5 x 107 protozoa/mL) in a respiration buffer at 25 °C with continuous stirring in a high-
resolution Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria) [26]. Mitochondrial
respiration was confirmed by the addition of 2 pM antimycin A (AA, Sigma-Aldrich,
St. Louis, MO, USA) to obtain the residual O, consumption (ROX). O, concentration and
flux data were acquired using DatLab software (Oroboros Instruments, Innsbruck, Austria).
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2.11. Analysis of Enzymatic Activities

Promastigotes (5 x 106 protozoa/mL) were treated with 1/51C50/4 h NaNO; in
HBSS at 25 °C for 4 h, washed with PBS, and kept dry at —20 °C until use to ensure
that all biological replicas were extracted and analyzed at the same time and under the
same experimental conditions. Protein homogenates were prepared by sonication, as
previously described [32]. Briefly, pellet was resuspended in cold PBS containing protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and disrupted on ice by sonication
for 10 cycles of 7 s with intervals of 7 s, using a Markson GE50 Ultrasonic Processor.
Amplitude was set to 70%, and parasite disruption was monitored by light microscopy.
Soluble fraction was obtained, and protein concentration was measured using Pierce™ BCA
protein assay kit (Thermo Fisher Scientific, Palo Alto, CA, USA). For glutathione peroxidase
(GPx) assay, soluble protein extract (0.5 mg/mL) was incubated in 100 mM KH,PO4 (pH
7.8) buffer, supplemented with 1 mM reduced glutathione (Sigma-Aldrich, St. Louis,
MO, USA), 5 U/mL glutathione reductase (Sigma-Aldrich, St. Louis, MO, USA), 200 uM
NADPH (Sigma-Aldrich, St. Louis, MO, USA), and 300 uM H;O,. The rate of the NADP
(¢ =6.22 M~ lem™!) reduction was determined at 340 nm. Lactate dehydrogenase activity
was evaluated using a commercial kit (Doles, Goiania, Brazil) following the manufacturer’s
protocol, with some modifications. Briefly, 0.5 mg/mL of protein was added to 100 pL
manufacturer’s substrate solution and 10 pL ferric alum for 2 min at 37 °C. After that, 10 uL
NAD+ + phenazine methosulfate (PMS) was added, and absorbance measured for 45 min
(every 1 min) at 510 nm. A standard curve was generated with lactate dehydrogenase
(Sigma-Aldrich, St. Louis, MO, USA). All enzyme activities were measured at 37 °C in a
total reaction volume of 200 uL using a SpectraMax Plus384 spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA).

2.12. Statistical Analysis

Analyses were performed with GraphPad Prism version 8.0 for Windows (GraphPad
Software, San Diego, CA, USA) or IBM SPSS Statistics 22.0 software (IBM Corporation, New
York, NY, USA). Asterisks indicate significant differences with the threshold for significance
set at p < 0.05. Student’s t test or two-way ANOVA were used to analyze the statistical
significance between the strains. The pairwise comparisons and the number of biological
replicates are described in figure legend.

3. Results
3.1. The NO-Resistant 2853 L. braziliensis Strain Is More Infective to Macrophages In Vitro

To verify the difference of resistance or susceptibility to NO of the two previously char-
acterized L. braziliensis strains [17,20], the inhibitory concentration (ICsy/4 h) of NaNO,
(NO donor) was evaluated in vitro using replicative promastigotes (logarithmic phase),
collected at third day of growth (Figure S1). Confirming the previously reported pheno-
types, 2853 strain was significantly more resistant to NO than 2856, exhibiting ICsy/4 h of
27.6 £ 1.7 and 21.2 & 0.9 mM, respectively (Figure 1A). The infection index of peritoneal
macrophages, which corresponds to percentage of infected host cells x number of par-
asites per 100 cells, was significantly higher with the NO-resistant parasites (2853) than
with the NO-susceptible (2856), even after the treatment of infected macrophages (24 h
post-infection) with the 2 mM NaNO,. Additionally, the treatment with 2 mM L-NAME,
a specific NOS inhibitor, led to a significant increase of the infection index observed in
2856-infected macrophages, in comparison to 2853-infected ones (Figure 1B).

Furthermore, analysis of peritoneal macrophages supernatants showed that both
L. braziliensis strains triggered NO-mediated response in infected cells; however, the RNS
levels were significantly higher after the infection with NO-resistant parasites, reaching
an increase of 3.5-fold in comparison to NO-susceptible strain. Treatment with NaNO,
also potentiated the nitrosative stress started by parasite infection, with such increase
being more pronounced in 2853-infected cells. Interestingly, treatment with the NOS
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inhibitor decreased the production of RNS in both infections, abolishing its detection in the
supernatant of 2856-infected cells but not in 2853-infected ones (Figure 1C).
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Figure 1. In vitro evaluation of L. braziliensis NO resistance and RNS levels under nitrosative stress.
(A) Parasites naturally resistant (2853 strain) or susceptible to NO (2856 strain) were exposed to
NaNO; (ranging 0.06-32 mM) during 4 h. Values correspond to the NaNO, concentration that
reduces 50% parasite viability at 4 h of exposure. Dot plots represent mean + SD of four independent
experiments. Statistical differences by t test (** p = 0.002). (B) Peritoneal macrophages obtained from
BALB/c mice were infected for 24 h with promastigotes of each strain. After that, cells were treated
with 2 mM NaNO; or 2 mM L-NAME for 48 h, completing 72 h of infection. Controls correspond
to untreated cells infected for 72 h; infection index = percentage of infected host cells x number of
parasites per 100 cells. (C) Macrophage supernatants were collected, and RNS levels were analyzed
by Griess Reagent according to manufacturer’s instructions. Graphs represent mean =+ SD of at least
three independent experiments. Significance of differences between strains were determined by t
test using the Holm—Sidak method for multiple comparisons (* p < 0.05; **** p < 0.0001). Significance
of differences between treatments in comparison to control were determined by two-way ANOVA
followed by Dunnett’s multiple comparisons test (# p < 0.01); ND = no detected.

3.2. NO-Susceptible Parasites Trigger a More Intense ROS-Dependent Response in
Peritoneal Macrophages

Since nitrosative and oxidative stresses work together for host cell’s microbicidal mech-
anisms [13], we evaluate whether resistance to NO in L. braziliensis strains can influence
the infective capacity after oxidative burst. To test this, infected peritoneal macrophages
were treated with 150 uM H,O, and several antioxidants for 48 h. Treatment with the pro-
oxidant molecule significantly decreased the infection index observed in NO-susceptible
group, amplifying the differences found between the infections caused by 2853 and 2856.
On the other hand, the antioxidants presence increased the infection by NO-susceptible
parasites, leading 2856 strain to reach infection index higher than those observed with
the NO-resistant parasites (Figure 2A). Treatment with H,O, also decreased by 52.2% the
infection caused by the NO-susceptible parasites in comparison to control group, while
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antioxidants tested increased up to 2.5-fold the infection index of 2856-infected cells. In
contrast, neither H,O, nor most of the antioxidant molecules altered the infection index
by NO-resistant strain; only the incubation with SOD decreased by 48% the 2853-infection
index in relation to control (Figure 2A).
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Figure 2. Effect of ROS and RNS levels in peritoneal macrophages infected in vitro with L. braziliensis
strains resistant and susceptible to NO. Peritoneal macrophages obtained from BALB/c mice were
infected with promastigotes for 24 h. After that, cells were treated with 150 uM H,O,, 30 U/mL SOD,
40 U/mL catalase, or 1 uM mitoTEMPO for 48 h, completing 72 h of infection. Controls correspond
to untreated cells infected for 72 h. (A) Infection index, which corresponds to percentage of infected
host cells x number of parasites per 100 cells. (B) Host cells were incubated with 100 uM Amplex
Red and 50 U/mL HRP for 30 min in respiration buffer and analyzed for detection of ROS levels.
(C) Macrophage supernatants were collected, and the production of RNS was analyzed by Griess
Reagent, according to manufacturer’s instructions. Graphs represent mean + SD of at least four
independent experiments. Significance of differences between strains were determined by f test using
the Holm-Sidak method for multiple comparisons (* p < 0.01). Significance of differences between
treatments in comparison to control was determined by two-way ANOVA followed by Dunnett’s
multiple comparisons test (# p < 0.05); ND = no detected.

Besides RNS, both L. braziliensis strains also trigger ROS-mediated responses in peri-
toneal macrophages; however, ROS levels were 1.7-fold higher in 2853-infected cells than
in 2856-infected ones (Figure 2B). As expected, the treatment with H,O, increased ROS
levels in supernatants of peritoneal macrophages (up to 2-fold), and antioxidant molecules
significantly decreased the oxidative burst in all analyzed conditions. Nevertheless, even in
the presence of antioxidants, ROS levels were significantly higher (~3-fold) in macrophages
infected with the NO-resistant strain than in those infected with the NO-susceptible. Inter-
estingly, the treatment with catalase was able to abolish completely the H,O, detection in
both infection conditions (Figure 2B).

To test the existence of a relation between the oxidative and nitrosative metabolism
during L. braziliensis infection, supernatants of those peritoneal macrophages were also
evaluated regarding to RNS levels. Remarkably, in all conditions, after treatment with
H,0O, or antioxidants, macrophages infected with the NO-resistant strain produce among
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~3.3-fold to ~9-fold higher levels of RNS than those infected with the NO-susceptible strain
(Figure 2C). Treatment with H,O; significantly increased the production of RNS (up to
1.9-fold) in cells infected by both strains, in comparison to infected control group, while
antioxidants modulated RNS production only in 2856-infected macrophages, decreasing
nitrosative levels. Interestingly, macrophages infected with the 2853 did not suffer such
modulation, maintaining high levels of RNS even in the presence of antioxidant molecules
(Figure 2C).

3.3. Difference in Protein Abundance Is Observed between NO-Resistant and NO-Susceptible
L. braziliensis Strains and it Is Significantly Modulated in Response to NO

As we observed that the NO-resistant strain was significantly more resistant to NO and
more infectious for the host cells even after treatment with H,O, and NaNO,, we decided
to evaluate the protein abundance profile of this strain with and without NaNO, challenge
and compare it to the profile of the NO-susceptible strain. Mass spectrometry analysis
of four biological replicates (independent biological assays) of each strain, challenged
or not with !/5 IC59/4 h NaNO,, allows for the identification of 6296 protein groups,
encompassing ~80% of the Leishmania predicted proteome (~8000 protein-coding genes
predicted, considering one protein per gene) (Table S1). More than 5700 protein groups
were identified in each replicate, and 5010 protein groups were identified in all 16 samples
(Table S2).

The total protein contents per cell were calculated as previously described [25] using
the histone ruler method based on the DNA content reported for L. braziliensis reference
(strain M2904). Similar to the estimates previously reported [25,33], the 2853 strain contains
3.3 £ 0.11 pg of protein per cell. Remarkably, the protein content of this strain increased
significantly when parasites were challenged with the NO donor, reaching 4.3 & 0.08 pg
of protein per parasite (Figure 3A). Interestingly, the 2856 strain exhibited 4.4 4 0.2 pg of
total protein per cell, and this value did not change after challenge with NO (4.4 + 0.1 pg)
(Figure 3A).

Using the total protein approach (TPA) method, we calculated the absolute protein
concentrations for each strain. In agreement with previous reports [25], we observed that
protein concentration values span 6 orders of magnitude; 90% of the proteome extends
over ~3 orders of abundance; and histones, alpha- and beta-tubulin, elongation factor
1-alpha, HSP70, and calmodulin are among the top 20 most abundant proteins (Figure 3B).
Remarkably, principal component analysis (PCA) of the protein concentrations revealed
a consistent separation between the NO-resistant and NO-susceptible strains, as well
as between these strains after the NO challenge (2853+NO and 2856+NO) (Figure 3C),
showing a clear clustering for each set of biological replicates. Statistical analysis by PCA
also showed that the proteome of the NO-resistant strain is clearly modulated, in terms of
protein concentrations, after the NaNO, challenge.

Using Perseus, a total of 6022 proteins were statistically validated in at least 12 out of
the 16 samples (FDR 0.01). The statistical significance of differences in protein abundance
among the strains was determined by Student’s ¢ test at FDR of 3%. In total, the concentra-
tions of 1320 proteins were significantly different between the NO-resistant strain and the
NO-susceptible strain; the concentration of 474 proteins was different between these strains
treated with NaNO, (2853+NO and 2856+NQO), 850 between 2853 and 2853+NO, and 122
between 2856 and 2856+NO (Table S3 and Figure S2). These results reveal natural intrinsic
differences in the proteome between the resistant and susceptible strains and show that the
NO-resistant strain more actively modulates its proteome in response to the NO challenge
than the NO-susceptible one.

3.4. The Nitrosative Challenge Negatively Modulated Antioxidant Proteins of NO-Susceptible
L. braziliensis Strain

As the 2853 and 2856 strains have different responses to pro-oxidant and antioxidant
stimuli and exhibit significant differences in their proteomes, we analyzed the abundance
levels of proteins involved in the response to oxidative stress and in the maintenance of
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parasites” redox homeostasis in our proteomics dataset. First, we observed that cumulative
concentration of proteins involved in those processes is significantly higher in NO-resistant
parasites than in the NO-susceptible. Interestingly, upon nitrosative challenge, the resis-
tant 2853 strain maintains higher concentrations of those proteins, while the susceptible
2856 exhibits a significant decrease of them (Figure 4A).
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Figure 3. NO-resistance modulates protein abundance of L. braziliensis strains. Whole cell lysates from
2853, 2853+NO (2853 challenged with the 1/51Csp/4 h NaNO,), 2856, and 2856+NO (2856 challenged
with the 1/5 ICsy/4 h NaNO,) strains were processed by MED-FASP and analyzed by LC-MS/MS.
Protein abundances were calculated based on the raw spectral intensities. (A) Total protein content
per cell of four biological replicates for each strain. Graphs represent mean + SD of four independent
experiments. Statistical differences by t test (*** p < 0.0001). (B) Violin plots depicting distribution
of log10 transformed protein concentration values of proteins identified and quantified in each
strain. Protein names above violin plots represent most abundant proteins common for all strains.
(C) Principal component analysis of the absolute protein concentration values of all quantified
proteins determined by the Total Protein Approach (TPA) method.

We also analyzed the concentration of specific proteins that are directly involved
in the response to oxidative stress. The abundance of ascorbate peroxidase (APx), a
heme-containing enzyme that catalyzes the conversion of H,O; into water, was oppositely
modulated by NO challenge, increasing in the 2853 strain and decreasing in the 2856
(Figure 4B). The NO-susceptible strain challenged with NaNO, also exhibited a significant
decrease in the absolute concentration of enzymes related to trypanothione-dependent
hydroperoxide metabolism, such as tryparedoxin 1 (TXN1) (Figure 4C), tryparedoxin
peroxidase (TXNPx) (Figure 4D), and trypanothione reductase (TR) (Figure 4E). Despite
the impairment of TXNPx and TR abundance caused by nitrosative stress in NO-resistant
parasites, the concentration of these proteins was higher than that observed in the NO-
susceptible ones challenged with NO donor (Figure 4D,E). Interestingly, in conditions
without NO challenge, NO-resistant strain also exhibited significant higher concentration
of superoxide dismutase (SOD) when compared to the NO-susceptible one; however,
treatment with NaNO; significantly decreased cumulative SOD concentration to levels
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detected in 2856 strain (Figure 4F). These results show that upon NO challenge, the NO-
resistant strain is more able to sustain the levels of trypanothione system’s enzymes than
the NO-susceptible strain.
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Figure 4. The antioxidant proteins of NO-susceptible L. braziliensis strain are negatively modulated
after the nitrosative challenge. (A) Cumulative concentration of all identified proteins involved in
biological processes of “cell redox homeostasis and response to oxidative stress”. Each symbol shows
the total sum of the concentration values of proteins involved in those processes in each of the
four biological replicates. Concentrations of specific proteins involved in response to oxidative
stress: (B) ascorbate peroxidase (APx); (C) tryparedoxin 1 (TXN1); (D) tryparedoxin peroxidase
(TXNPx); (E) trypanothione reductase (TR); and (F) superoxide dismutase (SOD). Graphs represent
mean =+ SD of four independent experiments. Statistical differences by Student’s f test (* p < 0.05;
**p <0.01; ** p < 0.001). 2853: NO-resistant strain; 2853+NO: NO-resistant strain challenged with
1/51C50/4 h NaNO,; 2856: NO-susceptible strain; and 2856+NO: NO-susceptible strain challenged
with 1/5 1C50/4 h NaNO,.
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3.5. NO-Resistant L. braziliensis Strain Challenged with NO Increases the Abundance of Enzymes
Involved in the Glutathione Pathway

Since glutathione (GSH) is involved in the antioxidant response against oxidative
and nitrosative stresses in eukaryotes [34,35], we analyzed the abundance levels of pro-
teins involved in its metabolism in our dataset. Interestingly, although differences in
glutathione peroxidase (GPx) cumulative abundance levels were detected only in NO-
susceptible parasites challenged with NO donor (Figure 5A), the activity of this enzyme
was ~7-fold higher in NO-resistant parasites than in NO-susceptible ones. Additionally,
after exposure to theNO donor, GPx activity was significantly upregulated in both strains
but was significantly higher in NO-resistant strain (Figure 5B). In addition, upon NO
challenge, the concentration of glutamate-cysteine ligase (GSH1), which is an important
enzyme responsible for the de novo synthesis of GSH, was significantly increased in
NO-resistant parasites (Figure 5C). GSH may also interact directly with NO producing
S-nitrosoglutathione (GSNO) [36-38], which can be decomposed by GSNO reductases to ox-
idized glutathione (GSSG). Alcohol dehydrogenase class III enzymes have GSNO reductase
activity and function as a protection against nitrosative stress [39,40]. Notably, we found an
alcohol dehydrogenase class III significantly decreased in the 2856 NO-susceptible strain
challenged with NaNO,, in relation to 2853 treated with NO donor (Figure 5D). Altogether,
these results suggest that GSH metabolism may be triggered by NO in L. braziliensis strains,
especially in NO-resistant ones. In addition, alcohol dehydrogenase class III could also
have GSNO reductase activity in L. braziliensis, and its downregulation may contribute to
the inefficient NO detoxification in NO-susceptible parasites.
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Figure 5. The NO-resistant strain increases glutathione metabolism enzymes in response to *NO
challenge. (A) Cumulative concentration of all glutathione peroxidases (GPx) identified in our dataset.
Each symbol shows the total sum of the GPx concentration values in each of the four biological
replicates. (B) GPx activity was measured in parasite homogenates. (C) Absolute concentration of
glutamate cysteine ligase (GSH1) in each strain. (D) Absolute concentration of alcohol dehydrogenase
A4HCQL1 in each strain. Graphs represent mean + SD of four independent experiments. Statistical
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differences by Student’s f test (* p < 0.05; ** p < 0.01; *** p < 0.001). 2853: NO-resistant strain; 2853+NO:
NO-resistant strain challenged with 1 /5 ICs0/4 h NaNO,; 2856: NO-susceptible strain; and 2856+NO:
NO-susceptible strain challenged with ! /5 ICs0/4 h NaNO,.

3.6. Uptake of Glucose Analog and G6PDH Protein Levels Increase in NO-Resistant L. braziliensis
Strain after the Nitrosative Challenge

Because we observed that NO-resistant strain exhibits more robust antioxidant de-
fenses and responds more efficiently to the nitrosative challenge, mainly through the GSH
metabolism, we analyzed if proteins involved in GSH reduction are also modified in those
parasites, particularly those committed to NADPH production. First, we examined the
abundance of enzymes involved in glycolysis and PPP (Figures S3 and S4). Cumulative
concentration of glycolytic enzymes was significantly higher in the 2853 strain than in
2856. Resistant strain significantly diminished protein concentration levels of glycolytic
enzymes upon NO challenge, but the glycolytic pathway titers remained similar in NO-
susceptible parasites after NO exposure (Figure 6A). Notably, cumulative concentration of
PPP enzymes was significantly reduced in NO-susceptible parasites but not in NO-resistant
ones in response to NO stimulus (Figure 6B). Analysis of phosphotransferase, the first
enzyme of the glycolytic pathway, revealed that 2856 strain has higher protein abundance in
comparison to 2853; however, after nitrosative challenge, NO-resistant parasites exhibited
a significant increase in this enzyme, while the same did not happen in NO-susceptible
ones (Figure 6C). Interestingly, such increase is reflected in significantly elevated glucose
analogue uptake in those parasites, which was ~2.5-fold higher in 2853 strain than in 2856
after NO exposure (Figure 6D).

Glucose consumed by parasites is rapidly converted to glucose 6-phosphate, which can
follow the glycolytic pathway or be driven to PPP and used for maintaining the NADPH
pool. In fact, we observed a significant increase in the concentration of G6PDH in the
NO-resistant strain upon NO challenge, whereas the enzyme concentration was reduced
in the NO-susceptible one under the same stress condition (Figure 6E). In addition, a
significant increase in transaldolase (TAL), an enzyme of non-oxidative branch of PPP,
was observed in NO-resistant parasites, while a significant reduction of this protein was
detected in the NO-susceptible ones (Figure 6F). Analysis of protein abundance of other
glycolytic enzymes supports the idea that glucose 6-phosphate may be entering the PPP
pathway in NO-resistant parasites (Figures S3 and S4). Particularly, although the levels
of 6-phosphofructokinase-1, an important enzyme to glycolytic pathway, were higher in
the NO-resistant parasites than in NO-susceptible ones, they were not modulated by the
NaNO; treatment (Figure 6G).

3.7. Nitrosative Challenge Increases D-Lactate Dehydrogenase Abundance in NO-Resistant L.
braziliensis Strain

As NO challenge seems to positively regulate the first steps of glycolysis, we were
interested in analyzing the status of the enzymes at the pathway exit. The concentration
levels of pyruvate kinase, the only known regulated glycolytic enzyme in Leishmania,
did not suffer significant alterations upon exposure to NO (Figure 7A). In addition, the
allosteric regulator of pyruvate kinase, 6-phosphofructo-2-kinase, the enzyme responsible
for fructose-2,6-bisphosphate biosynthesis, did not suffer significant changes upon exposure
to NO (Figure 7B). Intriguingly, we observed a significant increase in the concentration and
activity of D-lactate dehydrogenase (D-LDH) in NO-resistant strain upon NO exposure
(Figure 7C,D). Indeed, LDH activity was increased 2-fold in NO-resistant parasites after
nitrosative challenge and it was 3.3-fold higher in NO-resistant-challenged parasites than
in NO-susceptible-challenged ones (Figure 7D).
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Figure 6. 2-NBDG uptake and G6PDH activity increase in NO-resistant L. braziliensis strain after the
nitrosative challenge. Cumulative concentration of all the identified proteins involved in (A) glycoly-
sis and (B) pentose phosphate pathway (PPP). Each dot represents the total sum of the concentration
values of proteins involved in those processes in each of the four biological replicates. Absolute
protein concentration of (C) phosphotransferase; (E) glucose-6-phosphate dehydrogenase (G6PDH);
(F) transaldolase; and (G) 6-phosphofructokinase-1. (D) 2-NBDG uptake after parasite incubation
for 30 min at 25 °C. Median values were obtained by subtraction of fluorescence at 4 °C. Graphs
represent mean + SD of at least four independent experiments. Statistical differences by Student’s
t test (* p < 0.05; ** p < 0.01; *** p < 0.001). 2853: NO-resistant strain; 2853+NO: NO-resistant strain
challenged with 1/51Cs0/4 h NaNO»; 2856: NO-susceptible strain; and 2856+NO: NO-susceptible
strain challenged with ! /5 ICs9/4 h NaNOs.

3.8. Nitrosative Challenge Impairs Mitochondrial Oy Consumption by L. braziliensis Strains

Mitochondrial respiration and, specifically, proteins involved in oxidative phospho-
rylation (OXPHOS) are inhibited by NO due to competition with oxygen [41]. Here, we
observed that oxygen consumption in routine condition is 61.5% lower in 2856 strain than
in 2853. Additionally, the mitochondrial respiration is more affected by NaNO,; treatment
in NO-susceptible parasites than in NO-resistant. Thus, although nitrosative stress in-
duced a significant decrease in both strains, NO-resistant parasites can maintain oxygen
consumption 1.7-fold higher than NO-susceptible (Figure 8). Interestingly, ROX state,
which indicates mitochondrial-independent oxygen consumption, increased~3.5-fold in
2856 strain when compared to 2853, suggesting higher ROS production by NO-susceptible
parasites. Besides that, the NO exposure decreased the oxygen consumption to similar
levels during ROX state in both strains (Figure 8).
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Figure 7. Nitrosative challenge increases D-lactate dehydrogenase (D-LDH) abundance in NO-
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Based on these results, the abundance of mitochondrial complexes, as well as the
concentration levels of several proteins, were analyzed. First, we observed that there were
no differences in the concentration of citrate synthase, an enzyme associated with mito-
chondrial integrity, among the experimental groups (Figure 9A). Notably, we observed a
significant decrease in the accumulated abundance of the proteins involved in OXPHOS in
the NO-resistant parasites after the NO challenge (Figure 9B). Intriguingly, the protein con-
centration of complexes I, II, and IV is significantly higher in NO-susceptible parasites than
in NO-resistant, and the exposure to nitrosative stress does not affect the abundance of these
proteins (Figure 9C,D,F). In contrast, protein concentration of complex V is significantly
lower in NO-susceptible parasites than in NO-resistant ones (Figure 9G). Interestingly,
upon nitrosative challenge, parasites of 2853 strain increase the concentration of molecules
related to complex I and decrease the abundance of complexes Il and V (Figure 9C,E,G).
Ubiquinone acts as an electron carrier from complexes I and II to complex IIL Interestingly,
we found that the concentration of a protein that participates in the biosynthesis of this
molecule is significantly decreased in NO-susceptible parasites during nitrosative condition
(Figure 9H), suggesting that 2856 strain may be unable to maintain the ubiquinone pool
under NO exposure.

191



Antioxidants 2022, 11, 277

>

Cumulative concentration
{(pmolimg)

26. kkkk
23. *kok Kk
201 .
10 ' '
N
o
x 8
£
E
= 61
o I—*I
2 4 ‘
c
2.
ol i_m
% 4] © ©
R S SR A S AR
@ NN %) ) @ 3 © ©
& (8) \aJ o) N O 3 )
§ & & S
L .(\z o'\' e .(\Q °+
§& & & &
¥ N\

Figure 8. Nitrosative challenge impairs mitochondrial O, consumption by L. braziliensis strains. Parasites
were incubated in the respiration buffer at 25 °C to evaluate the O, uptake under routine condition
and after the addition of 2 uM AA (ROX state). Graphs represent mean + SD of four independent
experiments. Significance of differences between treatments were determined by two-way ANOVA
followed by Tukey’s multiple comparisons test (* p < 0.05; ** p < 0.001; and **** p < 0.0001). 2853:
NO-resistant strain; 2853+NO: NO-resistant strain challenged with /5 IC50/4 h NaNO,; 2856:
NO-susceptible strain; and 2856+NO: NO-susceptible strain challenged with 1/5 ICs0/4 h NaNO,.

Cumulative concentration
{pmol/mg)

T T T T
2853 2853tNO 2856 2856+NO

Gitrate synthase B OXPHOS c NADH-ubiquinone oxidoreductase D Succinate-ubiquinone oxidored
c Complex | Complex Il
20 g ¥ s = *x - § 3 2
mu ' * ; g E L
- . g_ 40 L E *% L € 30 T am=
i8 % g B ° f. 'E'E 3 5 16 1 R
®ge S efe sE & cE Bgx
-g— 85 o % 83 oo . 83 25 R ® glm
>a o E
Z2 n - - %’9
12 = £2 129 he 28 @
g ® i) 20 el e
E z 2
3 £ £
r v T r T T T T a3 T T T T a 1 T T T T
2853 2853+NO 2856 2856+NO 2853 2853+NO 2856 2856+NO 2853 2853+NO 2856 2856+NO 2853 2853+NO 2856 2856+NO
F G H
Ublqumol-cytoghromle clﬁxmoreduclase Cytochrome c oxidase - Complex IV FoF4-ATP synthase - Complex V Ubiquinone biosynthesis protein
omplex
_— *EX
18 § 10 * § 200 2 B os
= 1 k=) (T
* - ® * ok = *
B & *x g = 0te ——
1
36 B € 180 g os _E_ @iﬁo -
ST 140 = oD =3 ele
n cE §< . 5
24 33 8 E 160 e . m = o 04 mlH =
o E @ ® ®
m|® 28 120 o ie z2 L] wta E E%—g
32 u k] ° n 7 140 0.2
[ ] 5 L = [] 2
g £ g
3 I5d 3 [ER X

23‘53 ZESJI*ND 23‘56 ZB5I;*NU 23'53 235]’+N0 23‘56 2856‘+N0 28I53 2853‘+ND ZEISG ZBSGI-W-NO

Figure 9. Proteins of mitochondrial oxidative phosphorylation (OXPHOS) are differentially modu-
lated in L. braziliensis strains. (A) Cumulative concentration of all the identified proteins as citrate
synthase. Cumulative concentration of all the identified proteins involved in (B) OXPHOS; (C) NADH-
ubiquinone oxidoreductase (complex I); (D) succinate ubiquinone oxidoreductase (complex II);
(E) ubiquinol:cytochrome ¢ oxidoreductase (complex III); (F) cytochrome ¢ oxidase (complex IV); and

(G) FoF{-ATP synthase (complex V). Each dot represents the total sum of the concentration values

192



Antioxidants 2022, 11, 277

of proteins involved in those processes or complexes in each of the four biological replicates. (H) Ab-
solute protein concentration of ubiquinone biosynthesis protein. Graphs represent mean + SD
of at least four independent experiments. Statistical differences by Student’s t test (* p < 0.05;
**p <0.01; and *** p < 0.001). 2853: NO-resistant strain; 2853+NO: NO-resistant strain challenged
with 1/5 ICsp/4 h NaNO,; 2856: NO-susceptible strain; and 2856+NO: NO-susceptible strain chal-
lenged with ! /5 IC50/4 h NaNO;.

4. Discussion

To complete its life cycle, Leishmania must overcome several barriers found in the ver-
tebrate host, such as increased temperature (25 °C in insect vector to 37 °C in mammalian
host), pH acidification in phagolysosome, and changes of available carbon sources [42].
Moreover, the parasite must survive the oxidative burst and NO production, two main
microbicidal mediators that started after macrophage activation [43]. Although the host
immune response is directly related to the prognosis of leishmaniasis [44], intrinsic viru-
lence features of Leishmania strains are also decisive for infection and clinical outcome [21].
In the present study, we evaluated two strains of L. braziliensis with polarized phenotype
of susceptibility or resistance to NO, which were also associated with responsiveness or
refractoriness to antimony treatment [17,20]. Aspects related to nitrosative and oxidative
stresses suffered by the parasites during host cells infection, in addition to a deep analysis
of parasites” proteome-mediated mechanisms for resisting to NO were considered. It is
important to point out that during the very initial steps of infection, promastigotes are
subjected to the early oxidative burst triggered into the innate immunity cells -at the same
time host and effectors- in response to the invasion. To cope with this, promastigotes should
display their repertoire of antioxidant responses. Depending on the success during such
very early responses, parasites will survive, and differentiate, determining the successful
parasite colonization and further persistence. Our proteomics and biochemical data on
promastigotes challenged with NaNO, would reflect these very initial parasite responses.

First, in vitro infection allowed for the identification of differences between both
strains, corroborating the higher infection capability of NO-resistant parasites, both in
terms of number of infected macrophages, as well as in number of amastigotes per cell.
Our findings were similar to those of Souza et al. [20], who used human macrophages
for in vitro evaluation of L. braziliensis infection. Interestingly, we also observed that both
strains trigger host microbicidal responses through increased production of ROS and RNS,
with levels exacerbated in the infection produced by NO-resistant strain. In cutaneous
leishmaniasis, the development of a non-healing course of infection has been linked to an
immunosuppressive profile, with increased arginase 1 activity [45], a cytosolic enzyme
that favors parasites” antioxidant metabolism and that, at the same time, competes with
iNOS for the common substrate L-arginine, decreasing NO production [46,47]. Although
Costa et al. [21] demonstrated that this process also occurs during in vivo infection of
BALB/c mice with the NO-resistant L. braziliensis strain, it is only elicited in late infection
times (seven weeks post-infection). All together, these data suggest that NO-resistant
parasites are endowed with specific mechanisms to evade host defenses, raising a question
about the phenotypic adaptations that allow this strain to survive in the presence of high
concentrations of toxic molecules, especially during early infection course.

According to previous studies, L. braziliensis amastigotes survive and replicate much
better in the absence of ROS, identifying these molecules as important regulators of the
parasite proliferation inside the host cells [48]. In addition, supplementation of cell cultures
with pro-oxidants and antioxidants modulates Leishmania infection, resulting in a reduced
parasite load in stressful conditions [49]. Moreover, sensitivity to distinct reactive species
may vary in the parasite stages, with HyO, being more toxic to Leishmania amastigotes
than O,°~ [43,50]. In line with those observations, infection with the NO-susceptible strain
reproduces all phenotypes previously described, including the high sensitivity to H,O,
(comparing the infection index of catalase- and SOD-treated cells). In contrast, the infection
with NO-resistant parasites has unique features; only increased nitrosative stress derived
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from NaNO;-treated macrophages was able to downregulate the infection by this strain.
Resistant parasites also appear to be unaffected by H,O, since neither this reactive species
(even with the increase in RNS production) nor the presence of catalase were able to change
the infection index. In contrast, O,°*~ metabolism might be essential for NO-resistant strain
because only SOD-treated cells showed reduction in the parasite load. The use of tempol, an
antioxidant able to promote O,°~ dismutation at rates similar to SOD, pointed to the dual
role of this free radical to control the infection, highlighting differences in the pathogenesis
of cutaneous leishmaniasis caused by different species of Leishmania [49,51,52].

To shed light on the molecular mechanisms underlying the NO-resistant phenotype
in L. braziliensis, we performed an unbiased and comprehensive quantitative analysis of
parasites’” proteome. Notably, differences in total protein per cell and absolute protein
concentrations clearly distinguished NO-resistant from NO-susceptible parasites, corrob-
orating the notion that there are natural intrinsic differences at proteome level among
L. braziliensis strains circulating in a same geographical region [9]. In addition, we demon-
strated that the rapid modulation of NO-resistant parasites” proteome upon NO challenge
involves an increase in total protein content, which is suggestive of ploidy alterations
in response to nitrosative stress. In line with this proposal, recently it was reported that
aneuploidy in L. donovani is followed by proteome modulation and could explain metabolic
differences between strains [53]. Aneuploidy and karyotypic mosaicism are common in
Leishmania spp., and such genome plasticity allow parasites to explore fitness possibilities
for survival [54-56]. In Leishmania, aneuploidy is a species- and strain-specific trait that
varies according to external stimuli, including drug pressure, enabling rapid adaptation to
hostile conditions [57-60]. However, aneuploidy may also result in metabolic alterations
that lead to oxidative and proteotoxic stresses [61]. Interestingly, we observed that in
contrast to NO-resistant strain, the NO-susceptible parasites naturally (without NO stimu-
lus) present a protein content higher than expected and are not able to modulate it upon
NO challenge, suggesting that NO-susceptible parasites are “naturally stressed” and that
proteome (and genome) plasticity in these parasites probably reached a limit. Remarkably,
the deep proteomics approach conducted in this study allows one to clearly differentiate
resistant parasites from susceptible ones and reveals the subset of proteins that explain
those phenotypes.

Proteomic profiling of L. donovani parasites adapted to sub-lethal doses of NO donor
showed the upregulation of several parasite’s proteins involved in the ROS detoxification
pathway, suggesting a cross-resistance to both nitrosative and oxidative stresses [62]. Ac-
cordingly, we observed a positive modulation in the concentration of proteins associated
with “cell redox homeostasis and response to oxidative stress” in NO-resistant parasites, even
in the condition without the NO donor. In addition, the challenge with NaNO; specif-
ically affected the concentration of APx, increasing protein abundance in NO-resistant
parasites and decreasing in NO-susceptible ones. Sardar et al. [61] also demonstrated that
exposure of L. donovani promastigotes to ROS or RNS elevates APx protein abundance up
to 2.5-fold, whereas combination of both stresses produced an additive effect, increasing
this protein in 3.2-fold. Additionally, ROS-inducible APx of L. amazonensis is essential for
parasite infectivity, replication, and virulence in vitro and in vivo models [63]. Collectively,
these data support the idea that NO-resistance in L. braziliensis is associated with APx in-
creased abundance as a response to stressful conditions, which also explains the successful
intracellular replication of NO-resistant parasites in macrophages overproducing H,O,.
Interestingly, L. braziliensis APx-overexpressing parasites have an 8-fold increase in the
antimony-resistance index [64]. As L. braziliensis NO-resistant parasites used here are also
refractory to antimony treatment, our data reinforce the idea that APx could participate in
both NO- and Sb-resistance.

Regarding the T(SH), /TR system, we observed a decrease in TR abundance after NO
challenge. Although this phenomenon occurred to a lesser extent in NO-resistant parasites,
such reduction indicates that other mechanisms are concurring to maintain the pool of
reducing intermediates. Despite the fact that T(SH), is a much more efficient scavenger
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of hydroperoxides than other thiols present in trypanosomatids [65], all these protozoa
possess glutathione-dependent enzymes [66]. Susceptibility of different Leishmania species
to the NO donor S-nitroso-N-acetyl-D,L-penicillamine (SNAP) was inversely correlated
with the levels of GSH but not with their total thiol content (including T(SH); levels) [67].
In addition, L. donovani showed ~2.9-fold upregulation of glutathione peroxidase-like
protein in detrimental to TR in response to nitrosative stress [62]. In agreement with
those observations, our results show that L. braziliensis NO-resistant parasites have higher
concentrations of proteins involved in GSH biosynthesis pathway, particularly GSH1, and
GPx activity than NO-susceptible parasites upon NO exposure. Such increased levels can
avoid the toxic effects of nitrosative stress and oxidative burst found after treatment with
NO donor, or during host infection. Additionally, we cannot rule out the role of GSH pool
in regeneration of ascorbate, a cofactor of APx, since in several organisms this is the main
ascorbate recycling system [68]. Although in trypanosomatids this process seems to be
achieved via T(SH); [69], further analyses should be performed to evaluate the activity of
GSH in L. braziliensis parasites, especially in NO-resistant ones.

In L. donovani, the response to oxidative stress requires a rapid metabolic reconfigura-
tion of glucose metabolism, involving a shift from glycolysis toward PPP for replenishment
of NADPH pool when parasites are exposed to oxidants. mRNA and protein levels of PPP
enzymes of the oxidative and nonoxidative branch, such as G6PDH and transaldolase,
were up-regulated in promastigotes exposed to sublethal doses of pro-oxidants, while the
viability of promastigotes treated with G6PD inhibitor and sublethal doses of ROS was
restored by coincubation with N-acetyl cysteine or GSH [70]. In addition, cell lines overex-
pressing GOPDH and transaldolase are also more resistant to antimonial, amphotericin B,
and miltefosine [70]. In agreement, our dataset indicates that NO resistance in L. braziliensis
also involves a rapid shift in glucose metabolism from glycolysis to PPP in response to
nitrosative stress, without the detriment of glycolysis per se. Protein concentration of
G6PDH and transaldolase were increased in NO-resistant parasites and decreased in NO-
susceptible ones in response to the NO challenge. Such increase in protein concentration
enables NO-resistant parasites to replenish intracellular NADPH levels and, consequently,
the GSH pool, to maintain its cellular redox balance. The proteome of promastigotes of
L. infantum strains resistant to NO also showed increased abundance of G6PDH, while
amastigotes of L. infantum cell lines selected for NO-resistant exhibited overexpression of
6-phosphogluconate dehydrogenase mRNA levels [23,71], reinforcing the notion that the
PPP is an indispensable pathway for resistance to nitrosative stress.

Intriguingly, we observed a significant increase in the concentration of D-LDH in NO-
resistant parasites after exposure to NO, and such increase was accompanied by increased
LDH enzymatic activity. In L. major, D-lactate produced via methylglyoxal metabolism
would be converted to pyruvate by a D-LDH, with the resulting molecule feeding the
tricarboxylic acid cycle (TCA) and other pathways [72-74]. As the methylglyoxal is a toxic
glycolytic metabolite, we hypothesize that the increase in glucose uptake and, consequently,
in the production of methylglyoxal may occur in response to nitrosative stress in NO-
resistant parasites challenged with NO, leading to upregulation of D-LDH abundance and
activity in these parasites. However, further assays need to be done to demonstrate the
accumulation of that metabolite in parasites under nitrosative stress. Interestingly, and
supporting once again the idea that NO- and drug-resistance are related, recently it was
observed that transcript levels coding for D-LDH increased 56-fold in a L. donovani cell line
selected for paromomycin resistance and that wild-type parasites transfected with D-LDH
acquired a significant resistance against the drug [75].

It has been suggested that a metabolic shift from glycolysis to mitochondrial respiration
is detrimental for L. mexicana virulence in vivo, leading to high ROS production and in-
creased sensitivity of parasites to NO. Therefore, the maintenance of glucose uptake would
be an advantage in the oxidative environment of the phagolysosome [76]. Accordingly, in
NO-resistant parasites, apart the complex I, the concentration of all components of mito-
chondrial electron transport system was not modified or was even diminished (complexes
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III and V) after NO challenge. Such results may explain the drastic decrease in oxygen con-
sumption by NO-resistant strain upon NO exposure. This scenario is extremely interesting
and raises several possibilities about the metabolic adaptations suffered by L. braziliensis.
For an efficient microbicidal response, macrophages need to activate both NADPH oxidases
and iNOS, which can cause hypoxia conditions and lead to expression of hypoxia-inducible
factor-1oc (HIF-1c0) by host cells [45]. In patients with ATL caused by L. braziliensis, the
expression of this transcription factor has already been described, suggesting hypoxia
participation during cutaneous and mucocutaneous clinical outcomes [77]. As described
by Degrossoli et al. [78], low oxygen tension, derived from enhanced ROS generation, also
leads to the reduction of intracellular parasites in L. amazonensis-infected macrophages.
Together, these data may suggest that the phagolysosomal environment, rich in NO and
ROS, is not an attractive place to perform OXPHOS and derived metabolisms since they
are dependent on oxygen availability. A model reconstruction of energy metabolism in
L. infantum suggested a reduction in oxygen intake in the amastigote scenario, in compar-
ison to promastigotes, probably indicating the adaptation of amastigote metabolism to
hypoxic environment of the macrophage [79]. Hence, the observed increase in glucose
uptake and the decrease in mitochondrial oxygen consumption after NO challenge could
reflect the adaptations that amastigote forms of NO-resistant L. braziliensis should undergo
seek to survive in host cells. In addition, complex I would be increased to maintenance of
NADH/NAD" ratio since complex I seems to conserve all subunits containing the redox
centers required to ubiquinone reduction [80,81].

5. Conclusions

Together, our data show that NO resistance in L. braziliensis involves rapid remodeling
of the parasites’ proteome, resulting in increased protein content as well as in increased GSH
metabolism, higher levels of glucose consumption, elevated abundance of PPP enzymes,
and lower mitochondrial respiration, all of which can contribute to thiol and NADPH
pool maintenance in these parasites, enabling them to successfully colonize and persist in
host cells.
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