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ARTICLE INFO ABSTRACT

Keywords: Chemotherapy constitutes a major part of modern-day therapy for infectious and chronic diseases. A drug is said
Trypanosomatids to be effective if it can inhibit its target, induce stress, and thereby trigger an array of cell death pathways in the
Regulated cell-death form of programmed cell death, autophagy, necrosis, etc. Chemotherapy is the only treatment choice against
ﬁlelz:g?i:gy trypanosomatid diseases like Leishmaniasis, Chagas disease, and sleeping sickness. Anti-trypanosomatid drugs

can induce various cell death phenotypes depending upon the drug dose and growth stage of the parasites. The
mechanisms and pathways triggering cell death in Trypanosomatids serve to help identify potential targets for
the development of effective anti-trypanosomatids. Studies show that the key proteins involved in cell death of
trypanosomatids are metacaspases, Endonuclease G, Apoptosis-Inducing Factor, cysteine proteases, serine pro-
teases, antioxidant systems, etc. Unlike higher eukaryotes, these organisms either lack the complete set of ef-
fectors involved in cell death pathways, or are yet to be deciphered. A detailed summary of the existing
knowledge of different drug-induced cell death pathways would help identify the lacuna in each of these
pathways and therefore open new avenues for research and thereby new therapeutic targets to explore. The cell
death pathway associated complexities in metazoans are absent in trypanosomatids; hence this summary can also
help understand the trigger points as well as cross-talk between these pathways. Here we provide an in-depth
overview of the existing knowledge of these drug-induced trypanosomatid cell death pathways, describe their

associated physiological changes, and suggest potential interconnections amongst them.

1. Introduction

The trypanosomatid family harbor three kinetoplastids, namely
Trypanosoma brucei, Trypanosoma cruzi, and Leishmania, which are the
causative agents of African sleeping sickness, Chagas disease, and
cutaneous, mucocutaneous, or visceral Leishmaniasis respectively,
based on the infecting species. These neglected tropical diseases have
plagued humankind for a long and owing to improper vector controls
and ineffective vaccines; chemotherapy is the only choice against these
diseases. Currently, no efficient chemotherapy for Chagas disease (CD)
and sleeping sickness or Human African Trypanosomiasis (HAT) exists
to eliminate the parasite without drawbacks. Limited drugs that are
approved for CD, such as benznidole, and nifurtimox, depending on the
parasite strains, have various disadvantages like long-term treatment,
toxicity, variable sensitivity (Jackson et al., 2020; Viotti et al., 2009).
Similar problems are exhibited by the clinically tested drugs for the
treatment of sleeping sickness both in treating early and late stages of
the disease. At present, nifurtimox—eflornithine combination treatment
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(NECT) is an effective option for African sleeping sickness. Recently
developed drugs, fexinidazole and acoziborole, showed promising
ability to combat both the early and late stages of HAT (Dickie et al.,
2020; P De Koning, 2020).

In the context of Leishmaniasis, several drugs like sodium stibo-
gluconate, miltefosine, pentamidine, Amphotericin B have been
formulated, and more drug-repurposing trials are undergoing (de
Menezes et al., 2015; Braga, 2019; Jones et al., 2018). A potent
anti-leishmanial is one which is specific to the parasite and can effec-
tively eliminate it. Owing to the similarity in metabolic pathways of
Leishmania and its host, a specifically targeted drug having no effect on
the host is not always available, but due to the rapid proliferation of
Leishmania compared to the host, these drugs at non-cytotoxic doses
with respect to the host, can effectively eliminate the parasite. These
drugs, due to their lower dose and prolonged exposure time, induce
morphological and biochemical features characteristic of regulated cell
death in the parasites. With the advent of the TriTryp genome, many
effector molecules and the linked pathways they trigger have been
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identified, but there is a lack of comprehensive knowledge on these
pathways.

Many newly identified small molecules and inhibitors can effectively
eliminate the parasites by activating regulated cell death mechanisms in
a dose and time-dependent manner. The mode of such drug-induced cell
death pathways depends on the type of stimuli, mode of action of the
drug, the parasite subspecies, and its life-cycle stage. The unregulated
and uncontrolled use of drugs has led to the emergence of chemo-
resistance by overcoming drug-induced stress (Ponte-Sucre et al.,
2017). Knowledge of the gradual development of chemo-resistance
through overcoming the cell death pathways is essential to prevent
such resistance. This makes the understanding of all discrete cell death
mechanisms and their involved characteristics essential in studying
resistance development and developing an effective therapeutic solu-
tion. By analysing all such available information, this study tries to draw
analogies and perspectives, which would help mitigate these neglected
tropical diseases.

2. The regulated cell death cascade

Based on current knowledge, programmed cell death or classical
apoptosis and necrosis are considered physiological forms of regulated
cell death (RCD). Other than classical apoptosis or PCD, other non-
apoptotic RCD can be induced by drugs in metazoans, like necroptosis,
pyroptosis, parthanatos, entotic, and netotic cell death, ferroptosis,
lysosome-dependent cell death, autophagy-mediated death, alkaliptosis,
and oxeiptosis. Apoptosis can be extrinsic or intrinsic, where death re-
ceptors like FAS and TNF receptor mediate extrinsic apoptosis and are
driven by initiator caspase 8 and thereafter caspase 10 (Tang et al.,
2019). Intrinsic apoptosis includes loss of mitochondrial outer mem-
brane permeabilization (MOMP) triggered by pro-apoptotic factors that
belong to Bcl-2 family proteins like Bid, BAX and BAK, that then leads to
the release of mitochondrial proteins like cytochrome C, followed by
activation of initiator caspase 9 (Tang et al., 2019).
Caspase-independent apoptosis is activated by pro-apoptotic proteins
that induce MOMP to release AIF or EndoG from mitochondria leading
to chromatin condensation and DNA fragmentation. Another intriguing
pathway involves PARP/AIF mediated apoptosis (Jiang et al., 2018).

Unicellular Trypanosomatids either lack homologs of many of these
effectors that control RCD or are yet uncharacterized. However, the
physiological outcome of these cell-death types remains largely similar.
Several unknown effector molecules are known to be involved in the
apoptosis-like or non-apoptotic cell death mechanisms in Leishmania.
Various studies show that different anti-leishmanial drugs exhibit
several physiological cell death features similar to metazoans. Hence a
comprehensive study of these drug-induced cell death mechanisms and
its associated features could unravel the regulated cell death cascade in
Leishmania.

Apoptosis-like cell death in Leishmania exhibits perturbed Ca2* ho-
meostasis, mitochondrial dysfunction, phosphatidylserine externaliza-
tion, nuclear condensation, DNA fragmentation, etc (Das et al., 2001).
Upon entry into the host, Leishmania prosmastigotes exhibit an apoptotic
mimicry by externalizing phosphatidylserine so as to get engulfed by the
circulating neutrophils. This is part of their ‘Trojan horse’ mechanism of
gaining access into macrophages, as these Leishmania containing neu-
trophils which due to their limited life span when undergoing apoptosis
are engulfed by macrophages thus enabling the parasites to enter
macrophage and thereby establish its niche. Once promastigote to
amastigote differentiation has occurred inside macrophages and the
amastigotes have proliferated, they burst of the macrophage to gain
access to new macrophages and for this they also exhibit phosphati-
dylserine (El-Hani et al., 2012). The stated mechanism occurs due to the
inherent property of macrophages as scavengers for apoptotic cells and
entities and the externalization of phosphatidylserine is a chemotactic
cue for such scavenging activity (Penberthy and Ravichandran, 2016).

Leishmania promastigotes exhibited a necrosis-like death with HyO2
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doses above 4 mM, while doses below 4 mM exhibited an apoptosis-like
death along with activation of effector proteases as well as cleavage of a
PARP-like protein and activity of caspase-like proteases acting on cas-
pase substrates (Das et al., 2001). It remains to be seen whether this
apoptotic to necrotic trigger emanates from a rapid depletion of ATP
levels with an increasing dose of HoO. Camptothecin induced oxidative
stress in L. donovani has been shown to increase intracellular Ca>* levels,
cause lipid peroxidation, nuclear breakage, cell volume loss, and GSH
depletion (Sen et al., 2004). Interestingly HyO treated L. amazonensis
promastigotes majorly exhibited an apoptosis-like death, but some
persistor parasites showed a G2/M phase cell-cycle arrest. As a repair
response to the nuclear damage in these persistor parasites, LaRPA1
relocalized from the G-quartet to a C-rich telomeric end to prevent
telomeric shortening and thus genome integrity. These persistors later
emanated into a resistant species (da Silva et al., 2017).

Studies show that sodium stibogluconate treated Leishmania amas-
tigotes causes cell death by oxidative stress, with increased intracellular
Ca®* levels and DNA fragmentation (Moreira et al., 2011). Although
MAPK-dependent pathways are one of the major cellular signaling cas-
cades in mammals, it has scarcely been studied in Trypanosomatids. In a
recent study, genistein (GEN) and chrysin (CHY) in a dose-dependent
manner could inhibit the kinase activity of LAMAPK3 and thus exhibit
anti-leishmanial activity (Raj et al., 2019). In another study, LAMAPK1
was down-regulated in antimony-resistant clinical isolates, and suscep-
tibility to antimony increased upon overexpression of LAMAPK1 in these
parasites. Interestingly, these LAMAPK1 down-regulated anti-
mony-resistant parasites were susceptible to amphotericin B and milte-
fosine, which induced apoptosis-like death of these parasites (Garg and
Goyal, 2015). Similarly, L. major MAPK2, by phosphorylating an influx
pump, AQP1 can hinder antimony accumulation and exhibit antimony
resistance (Garg and Goyal, 2015). Hence Leishmania MAPK proteins
play an important role in drug-induced cell death and the concomitant
emergence of drug-resistant parasites. Thus MAPKs might act as an
effective drug target not only against antimony-resistant but other
drug-resistant parasites as well.

Zinc (Zn) is a metabolically essential micronutrient for parasite
survival, and its assimilation is carried out by ZIP3, which is a Zn
transporter belonging to the ZRT/IRT-like Protein (ZIP) family (Car-
valho et al., 2015). Like other micronutrients, increased amounts of zinc
can lead to toxicity; hence high concentrations of zinc sulfate induced
apoptotic-like death of L. major and L. tropica (Fattahi Bafghi et al.,
2014). Conversely, the chelation of intracellular zinc using TPEN in-
duces an apoptosis-like death, both in Sb(III) sensitive and resistant L.
donovani promastigotes (Saini et al., 2017). Moreover, inhibition of the
major Zn containing protease GP63 by another Zn chelator PHEN,
induced the killing of these L. amazonensis promastigotes. Hence the
effectiveness of zinc chelators in combination with other drugs needs to
be tested in sensitive and resistant parasites as potential drug therapy.

Amphotericin B, an effective anti-fungal compound with high he-
patic and renal toxicity in the free form, is the most effective anti-
leishmanial after the wide emergence of antimony-resistant parasites.
In one study, the synergistic action of MDR1 mediated drug efflux and
up-regulated tryparedoxin led to scavenging of intracellular ROS, thus
conferring AmB resistance (Suman et al., 2016). This suggests that AmB
mediated cell death involves increased intracellular ROS. Recently
KalsomeTM10, a new liposomal formulation of AmB containing ergos-
terol, was shown to effectively eliminate L. donovani promastigotes as
well as intracellular amastigotes by causing loss of mitochondrial
membrane potential, depletion of intracellular cellular ATP pool and
GHS content, increase in lipid peroxidation and DNA fragmentation, all
of which are hallmarks of apoptosis-like death. The caspase inhibitor,
z-VAD-fmk, could prevent KalsomeTM10 mediated cell death of Leish-
mania, thus indicating the involvement of z-VAD-fmk sensitive
caspase-like proteins in the process (Shadab et al., 2017). Contrary to
mammalian cell membranes harboring cholesterol, parasite membrane
harbor ergosterol. AmB interacts with this ergosterol/sterol component
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of the membrane, thus leading to the formation of transmembrane
channels that alter solute permeability to cations and therefore swelling
of these parasites, followed by their lysis (Cohen, 2010). Further studies
are required to understand such dose-dependent triggers from
apoptosis-like death to death-by-lysis and whether the later involves any
necrotic feedback.

Miltefosine, an alkylphosphocholine, is an oral anti-leishmanial drug
that targets cytochrome c oxidase (Luque-Ortega and Rivas, 2007), and
on treatment, the parasites exhibit morphological and biochemical
features like cell rounding up, cell shrinkage, phosphatidylserine
externalization, which are apoptotic hallmarks (Paris et al., 2004).
Susceptibility to miltefosine varies among Leishmania species, where L.
major does not exhibit any apoptotic characteristics at concentrations
sufficient to kill L. tropica. L. donovani displayed the highest suscepti-
bility, while L. major exhibited the lowest susceptibility to miltefosine
(Dorlo et al., 2012). Both miltefosine and BZTZ at low concentrations
trigger an autophagic response from which the parasites recover, but
when used in combination, a synergistic action of the two drugs over-
comes the autophagic barrier and induces an apoptosis-like death of the
parasites (Scariot et al., 2017). This is an interesting avenue of research,
which would unravel the mechanism of progression from autophagy to
either cell survival or apoptosis-like death in a simplistic manner
avoiding the metazoan complexities. The sensitivity of a drug depends
on its net accumulation regulated by the influx and efflux pathways. The
decreased sensitivity of L. braziliensis to miltefosine was probably due to
reduced expression of the plasma membrane proteins LAMT (a P-type
ATPase) and LdRos3, which are involved in internalizing miltefosine
(Weingartner et al., 2010). Similarly, miltefosine resistance of L. infan-
tum strains is due to impaired MT/ROS3 transporter, but it retains
amphotericin B susceptibility (Weingartner et al., 2010). Such studies
would help in understanding the role of species-specific transporters for
a particular drug as well as the parasite-specific expression pattern that
governs drug transport. Miltefosine resistant trypanosomatids have been
shown to up-regulate the antioxidant enzyme, FeSODA, to raise the
intracellular level of reduced thiol to counteract the drug-induced
oxidative stress (Piacenza et al., 2013; Veronica et al., 2019).

Topoisomerase I poisons have effective anti-leishmanial activity and
exhibits apoptotic characteristics like surface blebbing, degranulation,
and defragmentation (Das et al., 2006; Chowdhury et al., 2014; Mami-
dala et al., 2016; Saha et al., 2016). Since ToplB is a potential target, it
compromises specificity due to the presence of TopIB in the host, but
owing to the rapid proliferation of Leishmania as compared to the host,
these drugs can nevertheless exhibit efficient parasite elimination at
non-cytotoxic doses. Interestingly, the TriTryp genome harbors a pro-
karyotic TopA, which has been shown to be an essential enzyme in
trypanosomes (Scocca and Shapiro, 2008). The absence of a homolog in
the host makes it a potential parasite-specific target. Hence repurposing
studies need to be carried out using clinical drugs targeting this pro-
karyotic homolog.

Owing to the chemo-resistance menace and lack of new drugs, re-
searchers have used transporter inhibitors and parasite antioxidant in-
hibitors to resensitize the resistant parasites to the drugs. Sitamaquine,
which inhibits ABC transporters LMDR1 and MRPA, can effectively
revert miltefosine and antimony resistance, while buthionine sulfox-
imine (BSO), a biosynthesis-specific glutathione inhibitor, can revert the
antimony-resistant phenotype (Pérez-Victoria et al., 2011; El Fadili
et al., 2005). A mitochondrial ABC half transporter, LmABCB3, which
plays a role in heme synthesis and cytosolic iron/sulphur clusters (ISC)
biogenesis, is an essential gene whose disruption prevents the growth of
Leishmania (Martinez-Garcia et al., 2016), thus making it an effective
anti-leishmanial target. To mitigate multidrug resistance, it is necessary
to focus on influx activators or inhibit rapid efflux by effectively tar-
geting ABC transporters.

Trypanosomatids also harbor several endo/exonucleases that are
involved in apoptosis-like death. Baicalein, a TopIB inhibitor, induces a
caspase-independent apoptosis-like death of the parasites by inducing
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the kinetoplast to nuclear translocation of EndoG followed by assembly
of a DNA degradesome to cause DNA fragmentation (BoseDasgupta
et al., 2008). Although the presence of apoptosis-like features and
effector molecules imply “Regulated cell death” in Trypanosomatids,
insufficient information on the canonical apoptosis-like death pathway
is a drawback towards establishing this pathway in Trypanosomatids.
Besides, it remains to be elucidated how one drug induces a caspase-like
protease mediated cell death while another engages a DNA degradesome
in a caspase-independent manner where all other hallmarks are similar
to apoptotic cell death.

3. Autophagy associated cell-death pathways

Autophagy, a vesicular traffic engaging process, helps to transfer
cellular components to lysosomes for degradation. Cellular homeostasis
is maintained through autophagy, by degrading proteins and damaged
organelles. In response to stress, autophagy acts as a cell survival
mechanism, but it can also trigger cell death. The TriTryp genome re-
veals the presence of a number of autophagy related genes in varying
numbers in these parasites where they could be playing a pivotal role in
the maintenance of cellular homeostasis. Autophagy-related lysosome-
like vacuoles were observed in a cysteine cathepsin inhibitor 13b treated
L. major promastigotes at an early phase of cell death, and in the late
phase they exhibited apoptosis-like death (Schurigt et al., 2010), thus
indicating a progression from autophagy to apoptotic-cell death. Inter-
estingly, Yangambin (a lignin) could induce autophagy in L. chagasi but
apoptotic-cell death in L. amazonensis promastigotes (Monte Neto et al.,
2011). This could be due to differential drug accumulation in the two
species. But the intracellular trigger from autophagy to autophagic cell
death or apoptotic cell death would be an important area of research and
whether the drug type, drug dose, or dosage period plays a role in these
needs to be determined. The alkaloid cryptolepine (CLP), which gener-
ates ROS inside L. donovani promastigotes, also forms MDC positive
autophagic vacuoles and thereafter, results in DNA fragmentation and
other hallmarks of apoptosis prior to cell-death (Sengupta et al., 2011).
The combination therapy with drugs, known to induce both autophagy
and apoptosis, includes thiosemicarbazone, BZTS, and miltefosine,
respectively, that can generate a synergistic effect on L. amazonensis
(Scariot et al., 2017). Recently miltefosine induced L. major cells were
found to initiate early autophagy, but after prolonged stress, apoptotic
cell-death was triggered (Basmaciyan et al., 2018). A p-carboline com-
pound, C5 that has anti-leishmanial activity against Leishmania ama-
zonensis, exhibits apoptotic features, acidic vesicular organelles (AVOs)
as well as autophagic compartments (Mendes et al., 2016). Dihydroxy-
acetone causes G2/M cell cycle arrest and thereby inhibits the growth of
T. brucei bloodstream forms, thus exhibiting morphological features like
an increase in vesicular structures, formation of autophagy-like vacuoles
and multivesicular bodies etc (Uzcategui et al., 2007). From these
studies, it is evident that autophagic vacuoles are a key hallmark of
autophagy induction which are positively stained by mono-
dansylcadaverine, and the same is prevented by PI3K inhibitors, 3-meth-
yladenine or wortmannin (Giri and Shaha, 2019). But detailed
biochemical pathway governing the autophagic process in trypanoso-
matids is yet to be deciphered.

Among the canonical macroautophagy, microautophagy, and
chaperone-mediated autophagy in higher eukaryotes, macroautophagy
has predominantly been observed in Leishmania species, but micro-
autophagy has also been observed in a glycosome turnover study (Cull
et al., 2014; Herman et al., 2008). Among Leishmania homologs of
AuTophaGy (ATG) proteins, ATG4.1 and ATG4.2 have specific cleavage
specificities towards 4 isoforms of ATG8 while the ATG5-ATG12
conjugation pathway has also been described (Williams et al., 2013).
Hence, it is evident now that “macroautophagy” is an important process
in regulating cell death in Leishmania. Mitochondrial translocation of
ATGS protein was evidenced earlier in L. major (Williams et al., 2012),
while mitotoxic stress during early hours of cisplatin and etoposide
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treatment caused mitochondrial translocation of ATG8 (Giri and Shaha,
2019).

Higher eukaryotes have multiple mitochondria eliminated by
mitophagy upon redundancy, and constant mitochondrial fission and
fusion help to eliminate damaged mitochondria by autophagy (Ashrafi
and Schwarz, 2013). In contrast, trypanosomatids harbor a single large
reticulated mitochondrion whose turnover by autophagy is debatable. A
berberine compound that triggers classical apoptosis-like cell death in L.
donovani might induce mitochondrial fission in these parasites similarly
in mammalian cells (De Sarkar et al., 2019). Additionally, the single
dynamin-1-like protein of T. brucei (TbDLP) was shown to regulate the
mitochondrial division and fission (Benz et al., 2017). Hence, DLP, a
GTPase, was down-regulated in both miltefosine and sodium stibo-
gluconate resistant L. infantum strains (Vincent et al., 2015), and
decrease of DLP impacts the function and morphology of the mito-
chondrion in resistant strains. Depolarization below a certain Ay, is an
indication of impaired mitochondrial function and a prerequisite for
mitophagy in these resistant strains. Study of uncharacterized putative
RBR genes in these parasites could reveal its role in ubiquitin meta-
bolism for selective targeting of mitochondria to autophagosomes
similarly to parkin mediated mitophagy in higher eukaryotes, where
parkin E3 enzyme conjugates ubiquitin chains to outer mitochondrial
membrane proteins that finally recruits mitophagy adaptors like
p62/sequestosomel, orthologs of which can be identified by compara-
tive genomics in trypanosomatids (Roca-Agujetas et al., 2019; Marin and
Ferrtis, 2002). Also based on an interesting finding in a higher
eukaryote, regulation of mitophagy and apoptosis by mono or poly-
ubiquitinated voltage-dependent anion channels (VDAC) might be
explored in trypanosomatids as well (Ham et al., 2020; Pusnik et al.,
2009). Thus it is intriguing to study the mechanism of stress-induced
autophagy of the single large mitochondria of kinetoplastids.

Trypanosomes can efficiently uptake certain neuropeptides, that
being cationic or amphiphilic can preferentially bind to negatively
charged membrane and thereby exert trypanolytic activity by disrupting
the lysosomes and accumulating glycolytic enzymes in the cytosol. This
promotes the failure of energy metabolism and initiates an autophagy-
like cell death of the parasites (Delgado et al, 2009).
Bloodstream-form of parasites depend mainly on glycolysis for their ATP
supply, and unlike mammals, they confine their glycolytic activities to
the glycosome, which is absent in mammals. This exhibits an alternate
avenue of triggering cell death in these trypanosomatids where the host
would be unaffected. Besides, it also remains to be identified how
disruption of glycosomal activities can trigger regulated cell death in
these parasites and whether specific drugs can effectively induce this
pathway. Bacteriocin As-48 kills Trypanosomes by autophagy-like cell
death, evidenced by the appearance of double membraned vacuoles
without any host cytotoxicity (Martinez-Garcia et al., 2018). Addition-
ally, disruption of glycosome biogenesis by a PEX14 inhibitor, pyrazolo
[4,3-c]pyridine leads to the elimination of the parasites due to mis-
localization and accumulation of glycosomal enzymes in the cytosol, and
depletion of ATP levels (Kalel et al., 2017; Bauer and Morris, 2017).

Trypanosomatids are highly susceptible to mammalian mTOR and
PI3K inhibitors, as TOR acts as a major regulator of cell growth and
autophagy (Diaz-Gonzalez et al., 2011; Barquilla, and Navarro, 2009).
LmTOR3 mutants fail to survive within macrophages in vitro due to
defects in acidocalcisome biogenesis (Madeira da Silva and Beverley,
2010). Proteins like ATGland Beclinl/ATG6 homologs are yet to be
found in Leishmania.

Little is known about the endosomal pathway and its role in Trypa-
nosomatid cell death. The synergistic role of the autophagy pathway and
the endosomal system in Leishmania is supported by defective transport
to unusual multivesicular tubules (Besteiro et al., 2006; Hall et al.,
2006). In response to stress, drug-induced autophagy is a survival
strategy in Leishmania, failing which apoptosis-like death is triggered.
Besides, parasite-specific pathways involving autophagy comes as an
important avenue of further studies. In some instances, continued stress
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causes autophagy itself to eliminate the parasite from within through
multivesicular structures.

4. ER-stress induced death mechanisms

ER responds to stress by minimizing protein translation through
PERK signaling, up-regulating ER-resident chaperones through ATF-6,
and activating ER-associated protein degradation (ERAD) through
IRE1-signaling that curtail agglomeration of unfolded proteins (Adams
et al.,, 2019). Altogether it is termed as Unfolded Protein Response
(UPR), and prolonged UPR activation may predispose the cells toward
oxidative stress generation at a lethal level.

Endoplasmic reticulum (ER) stress-induced apoptosis in Leishmania
is completely unexplored. By inhibiting N-linked oligosaccharides
biosynthesis, Tunicamycin (TM) can prevent the growth and alter the
infectivity of different Leishmania species (Dolai et al., 2011). Although
this apoptosis-like death depends on cellular calcium levels, it does not
involve caspases. ER stress results in elevated cytosolic Ca®* level due to
the release of Ca?* from internal stores, especially the ER and acid-
ocalcisomes. Inhibition of Ca?*release by verapamil, which blocks
voltage-gated cation channels, prevents Ca®' release, and maintains
mitochondrial membrane potential and intracellular ATP. Furthermore,
ER stress-induced generation of ROS releases mitochondrial cytochrome
¢ and endonuclease G to the cytosol, and subsequent translocation of
endonuclease G into the nucleus has been observed in Leishmania (Dolai
et al., 2011).

Upon Dithiothreitol (DTT) treatment of T. brucei, many classic UPR
related genes were up-regulated, and additionally, genes involved in
mitochondrial functions were also up-regulated by the increased half-
life of chaperone protein DNAJ, protein disulfide isomerase (PDI), thi-
oredoxin, and syntaxin. Few reports suggest that ER stress response re-
duces spliced leader RNA levels due to change in the amount and
localization of SL RNA transcription factor tSNAP42 (Goldshmidt et al.,
2010). When ER stress is persistent, SL-RNA depletion occurs, thus
preventing matured mRNA production, which then triggers pro-
grammed cell death due to loss of Ca®" homeostasis, mitochondrial
membrane depolarization, PS externalization, and DNA fragmentation
(Goldshmidt et al., 2010). It remains to be studied whether SL-RNA
depletion mediated cell-death in Leishmania triggers UPR and ERAD.

Covalent attachment of ubiquitin (Ub) to proteins marks it for
degradation via the proteasome (Lata et al., 2018). GNF6702, an aza-
benzoxazole non-competitively inhibits kinetoplastid proteasome
without affecting the mammalian proteasome or its growth and thereby
specifically inhibits the proliferation of L. donovani promastigotes and
amastigotes (Khare et al., 2016). Another inhibitor GSK3494245, in-
hibits the chymotrypsin-like activity of the p5 subunit of L. donovani
proteasome and therefore prevents the intramacrophage proliferation of
amastigotes through the accumulation of ubiquitylated proteins
(Winzeler and Ottilie, 2019). Thus Leishmania proteasome appears to be
a potential drug target for specific elimination of the parasites, and the
knowledge of the existing inhibitors would provide an added advantage.

Transfer of elongation factor 1-alpha (EF-1a) from the nucleus to the
cytoplasm was observed in the dying Trypanosoma crugzi (Billaut-Mulot
etal., 1996). Leishmania EF1-a plays a crucial role in parasite survival by
regulating oxidative burst inside the host phagocytes. A cationic lipo-
somal formulation of L. donovani EF1-a was shown to act as a potential
antigen for host protective immunity (Sabur et al., 2018). The Leish-
mania genome database reveals the presence of SERCA and RYR/InsP3R
orthologues but lacks CHOP and IRE1. ER-localized SERCA regulates
parasite virulence in L. amazonensis by maintaining intracellular Ca®*
levels. ER stress-inducing agent thapsigargin induces the
trans-autophosphorylation of ER-resident PERK and thereby represses
general translation in Leishmania by phosphorylating elF2alpha, thus
suggesting that an ER transmembrane protein is capable of sensing ER
stress. But whether its contribution to translation arrest during UPR is
direct or indirect is yet to be deciphered (Chow et al., 2011). Endosomal
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PERK similar to the T. brucei kinase, TbelF2aK2 control ROS levels in
response to heme deprivation, while cytoplasmic GCN2 like kinase
Ldkel in L. donovani phosphorylates elF2a and dampens protein trans-
lation during nutrient loss (da Silva Augusto et al., 2015; Rao et al.,
2016). Hence extensive studies need to be carried out to reveal possible
drug-induced ER stress response in Leishmania parasites and the key
proteins involved in the process.

5. Induction of necrotic cell death

Necrotic death is characterized by cell swelling, loss of membrane
integrity, and lysis. Organelle swelling is a major hallmark of necrosis
wherein mitochondrial swelling depletes intracellular ATP levels, lyso-
somal rupture releases lytic enzymes, and plasma membrane protrusions
appear. Nitroheteroaryl 1,3,4thiadiazole derivatives induce necrosis in
parasites by reducing the specific activity of acid phosphatase, cleavage
of a PARP-like protein, and DNA degradation (Ardestani et al., 2012).
Betulinic acid, a DNA topoisomerase I and II inhibitor, can induce
apoptosis-like death in Leishmania, but at the same dose, it induces ne-
crosis in T. cruzi through the change of mitochondrial membrane po-
tential, increased ROS production, and swelling of reservosomes (Sousa
etal., 2017). This indicates that the drug-induced apoptosis-like death or
necrosis predominantly depends on the drug dose. Therefore, these
threshold boundaries from persistence to apoptosis to necrosis in terms
of drug dose remain to be studied. Allicin treated Leishmania starts
exhibiting few apoptotic characteristics, but a rapid loss of intracellular
ATP triggers lysosomal swelling and rupture, thereby triggers necrosis
and cell arrest at the premitotic G2/M phase (Corral et al., 2016). When
Leishmania promastigotes are treated with Epigallocatechin-3-gallate
(EGCG), it increases proton permeability across the inner mitochon-
drial membrane leading to decreased ATP levels and induction of
parasite death by necrosis (Inacio et al., 2012). One obvious fact that
emanates from the above studies is the extent and rapidity of ATP loss
induced by a drug in a particular parasite will determine whether it will
induce apoptosis or necrosis but whether the parasite or a specific drug
determines the threshold for this need to be elucidated. The molecular
switch between apoptosis and necrosis in metazoans is maintained by
caspase3/7, which upon activation induces PARP cleavage, and the
same is inhibited by z-VAD-fmk. Necrotic cell death also exhibits PARP
cleavage initiated by lysosomal proteases cathepsins B, D, G, and this
cleavage is unaffected by z-VAD-fmk (Gobeil et al., 2001). Interestingly
inhibition of ThPARP does not inhibit cell growth, but when TcPARP is
inhibited, it interferes with infection and proliferation (Haikarainen
et al., 2017). The existence of PARP-like protein in Leishmania and its
role in necrosis, if any, is yet to be deciphered.

6. The ferroptotic pathway

Ferroptosis, an iron-dependent pathway in mammals, results from
inhibition of Glutathione Peroxidases, Gpx4, and is characterized by
iron accumulation and cellular lipid peroxidation to lethal levels is
suppressed by iron chelators or lipophilic antioxidants (Mou et al.,
2019). While mammals harbor catalase, glutathione reductase, thio-
redoxin reductase, and selenium-dependent peroxidases in their anti-
oxidant repertoire, Leishmania handles it through thiol-dependent
peroxidases or heme-dependent ascorbate peroxidases (Moreira et al.,
2018). Trypanosomes contain GPx-like glutathione (GSH) peroxidases
(Px I-II), but they are type II tryparedoxin peroxidases that reduce
tryparedoxin at much higher folds than GSH (Bogacz and Krauth-Siegel,
2018). The trypanosomes lacking this lipid hydroperoxide-detoxifying
tryparedoxin peroxidases (PxI-III type) undergo rapid cell death when
treated with certain drugs, and this is suppressed by iron chelation or by
lipophilic antioxidants, thus signifying ferroptosis as the mode of
cell-death (Bogacz and Krauth-Siegel, 2018). Interestingly, whether this
iron accumulation or accumulation of lipid peroxides is a bystander to
other apoptotic signatures or specifically occurring characteristics
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remains to be seen. Physiological substrates of peroxidases are HyOo,
thymine hydroperoxide, and linoleic acid hydroperoxide. Leishmania
also harbors a cysteine-homolog of glutathione peroxidase
LmTDPX1which instead of GSH uses hydrogen peroxide and cumene
hydroperoxide as the electron donor. But unlike 2-Cys peroxiredoxins,
LmTryP, which is inactivated by over-oxidation LmTDPX1, is not sen-
sitive to hydroperoxides. Phosphatidylcholine hydroperoxide or milte-
fosine may be targeting TXNPx’s that use lipid hydroperoxides as their
substrates (Konig and Fairlamb, 2007). Amphotericin B-resistant or
potassium antimony-resistant isolates exhibit the up-regulation of
cytoplasmic TXNPx in Leishmania species (Andrade and Murta, 2014)
thus indicating a portion of AmB treated parasites undergoing ferrop-
tosis only or in conjunction with apoptosis-like death. When trypano-
somatids are treated with the mitochondrial complex I inhibitor
Rotenone, there is a dose-dependent increase in both cytoplasmic and
mitochondrial TXNPx expression (Das et al., 2017). Overall it appears
that in trypanosomatids, targeted inhibition of peroxidases and trypar-
edoxins followed by mitochondrial dysfunction and unrepaired lipid
peroxides result in ferroptosis mediated cell death. While overall dys-
regulation of the cell where these enzymes try to maintain homeostasis
but fail, that then leads to DNA fragmentation emanate as apoptosis-like
death.

7. Cell-death inducing proteases

Serine/Cysteine proteases: Although trypanosomatids harbor a huge
repoitre of serine proteases, much less is studied about their role in cell
death. A secretory serine protease of Leishmania is sensitive to different
inhibitors such as aprotinin, benzamidine, N-tosyl-1-phenylalanine
chloromethyl ketone, etc. Serine protease like metacaspases are
involved in programmed cell death of Leishmania, and its activity is
inhibited by trypsin inhibitors; leupeptin, antipain, and N(alpha)-tosyl-
L-lysine-chloromethyl ketone(TLCK). Overexpression of metacaspases
renders parasites more sensitive to hydrogen-peroxide (Lee et al., 2007;
Gonzalez et al., 2007; Geiger et al., 2016). Miltefosine and curcumin
could induce a growth defect in wild type but not metacaspase deficient
parasites. Metacaspases have also been implicated in autophagy (Casa-
nova et al., 2015). Another serine protease in these parasites is Subtili-
sin, whose deletion interferes with the in vitro differentiation of
promastigotes to amastigotes as it acts as a maturase for tryparedoxin
peroxidases and also has a role in pentavalent antimony susceptibility
(Swenerton et al., 2010). Leishmania ISPs are a promastigote specific
protein involved in promastigote differentiation and flagellar homeo-
stasis and therefore, an important therapeutic target. Trypanosomatid
serine peptidases LAISP1 and LdISP2 are strong inhibitors of mammalian
serine proteases trypsin and chymotrypsin.

Cathepsins (cysteine protease) are generally activated at low pH and
are found inside lysosomes. Kinetoplastids harbor Cathepsin L and B like
proteins where Cathepsin B, like proteases in L. donovani, T. cruzi, and T.
brucei are inhibited by nicotinamide. Disruption of cathepsin B-like ac-
tivity blocks the endocytic pathway and cytokinesis, which subsequently
causes cell death (Unciti-Broceta et al., 2013). Lysosomal Cysteine
peptidases CPA and CPB can degrade autophagosomes in Leishmania,
thus making the parasites more susceptible to nutrient removal and
prevents differentiation (Williams et al., 2006).

Calpains are known to be calcium-dependent proteases, but proto-
zoan calpain-like proteins lack the calcium-binding EF-hand motifs.
MDL28170, a calpain inhibitor, can interfere with macrophage infec-
tion, reduce the infection rate and intracellular multiplication of these
parasites (Marinho et al., 2014). Miltefosine treated parasites pretreated
with calpain inhibitors exhibit significant inhibition of NO-mediated
PCD and apoptotic DNA fragmentation. SKCRP14.1, a calpain-related
protein, is down-regulated in antimony and miltefosine resistant Leish-
mania strains, but it has the opposite effect in both the resistant strains.
Over-expressed CALP markedly increases the sensitivity of the resistant
strain to antimonials and promotes PCD while it protects against
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miltefosine-induced PCD (Branquinha et al., 2013). Hence an elaborated
study could help in establishing Leishmania proteases as potential drug
targets and its role in chemo-resistance.

8. Discussion
8.1. Switch between autophagy and apoptosis

The conserved autophagosome formation process is initiated by two
key initiation complexes: the ULK1 complex, which is the Atgl complex
in yeast, and the class III phosphatidylinositol-3 kinase complexes.
Nutrient deprivation, Environmental stress or cellular damage like
organelle damage, mitochondria dysfunction, constrained TOR kinase
activity, and activates AMPK, which promote direct phosphorylation of
ULK1/Atgl and Atgl3 and initiates downstream autophagic events. The
alternative pathway of autophagy induction includes the TOR activated
pathway involving Atg6 (Hurley and Young., 2017). Typical Atgl pro-
teins are not present in Trypanosomatids; instead, they harbor homologs
of ATG3, ATG7, and ATG16. Leishmania TOR3 acts as a stress sensor and
regulates of acidocalcisome biogenesis. Studies show that trypanoso-
matid ATGS is cleaved by ATG4.1 and ATG4.2, where the later acts as a
deconjugating enzyme for ATG8. Where ATGS8a is associated with
autophagosomes, ATG8b and ATG8c are located close to the flagellar
pocket thus indicating their role in endocytosis or exocytosis, while
ATGS is essential for autophagosome formation. Overexpression of
ATGS renders the parasites resistant to stress, and it translocates to the
region near the mitochondria in response to drug-induced stress. So
autophagy might play a role in mitigating stress and exhibiting drug
resistance. Although pro-apoptotic Bcl-2 proteins have not been char-
acterized in Leishmania, expression of mammalian Bcl-XL inside Leish-
mania can revert the cell death process (Alzate et al., 2006). BH3
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domain-containing Leishmania BH3AQP can specifically bind to Bcl-X|,
and cause reduced viability of Leishmania promastigotes treated with
staurosporine or antimycin A (Genes et al., 2016). In higher eukaryotes,
calpain-processed ATG5 does not require additional pro-apoptotic
stimuli to induce apoptosis (Fan and Zong, 2013). The similar activity
of trypanosomatid calpain like proteins can be proposed where
stress-induced mitochondrial depolarization releases Ca2+ from mito-
chondria and increase intracellular Ca2+ conc. which might activate the
calpain like proteins that could cleave ATG5 (Giese et al., 2008). Be-
sides, the cellular level of calpains can modulate parasite susceptibility
to drugs like antimony, and its overexpression promotes cell death
(Yousefi et al., 2006). Hence it can be postulated that Leishmania harbors
Bcl-X;, like proteins, and interaction of calpain-mediated cleaved ATG5
and BH3AQP with Bcl-2 like proteins might be involved in switching
autophagy to apoptosis. Autophagy has a crucial role in drug-induced
stress regulation and cell death pathways. Since it is well documented
that drug-induced stress in trypanosomatids shows autophagic charac-
teristics (Menna-Barreto, 2019), it can be postulated that at lower drug
doses it could initially activate autophagy like features as a survival
mechanism, but to mitigate high stress level or persistent stress the cells
switches from survival autophagy to either autophagic death, necrotic
death or apoptosis-like death. Trypanosomatids do not harbor all the
orthologs of mammalian autophagic proteins but based on the proteins
characterized to date and functions of some of the orthologs in the
mammalian system; we propose a schematic model of autophagy and
various yet unknown factors that could signal cells to shift from auto-
phagy to apoptosis-like death in Leishmania (Fig. 1).

8.2. Understanding ER stress in Leishmania

Maintenance of ER homeostasis in times of stress occurs through
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Fig. 1. Interplay between autophagy and apoptosis: An alternative to Atgl-dependent pathway could be the Tor-induced autophagy or Atg6/Beclin dependent auto-
phagy. Initial low level stress detected by TOR might activate autophagy response by ATG4 mediated proteolytic cleavage of ATG8, and the exposed C-terminal
glycine in ATG8 might be conjugated to PE(phosphatidylethanolamine) through the catalytic actions of the El-like and E2-like enzymes of putative Leishmania
homologs of ATG7 and ATG3 respectively. This is followed by the binding of ATG5-12 complex and autophagosome formation. The interplay between autophagy and
apoptosis might be controlled by ATG6/Beclin or calpain processed ATG5 during high cellular level of stress. The presence of a BH3 domain-containing BH3AQP
indicates the possible presence of Bcl-like protein whose interaction with cleaved ATG5 fragment might trigger apoptosis-like death in Leishmania.
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unfolded protein response (UPR), ER-associated degradation (ERAD),
and autophagy. The latter two degrade misfolded proteins, which, if
accumulated, would trigger UPR, thus increasing ER folding capacity,
reducing ER protein input, activating ERAD, and possibly autophagy.
IRE1, PERK, and increased cytosolic Ca?* are ER stress linked autophagy
inducers as activated PERK activates LC3/ATG8 and ATG5 (Senft and
Ronai, 2015). Although Leishmania parasites lack IRE1-XBP1 and ATF6,
DTT, or tunicamycin, treatment-induced ER stress caused the elevated
expression of the stress chaperone BiP/GRP78 (Goldshmidt et al., 2010).
SIR2, another UPR marker, is a histone deacetylase that is activated in
Cryptolepine stressed Leishmania. Since ER stress in Leishmania promotes
autophagy, it remains to be determined how GRP78 and SIR2 proteins
can induce autophagy, thereafter how autophagosomes identify their
targets and the cargos involved. Besides the involvement of trypanoso-
matid TOR kinases, if any, in the induction of ER stress induced auto-
phagy also remains to be established. Unlike mammals, the Ufm1 system
components in Leishmania localize to the mitochondria. This could be an
adaptation to facilitate their intracellular survival by impeding the host
protein degradation system. ER stresses can up-regulate the Ufm1 sys-
tem, and loss of Ufmylation impairs ERAD (Zhang et al., 2012). Further
studies need to be carried out to elucidate the trypanosomatids specific
triggers for Ufmylation and whether specific drugs can influence this
trigger.

Sirtuin 1 deacetylates essential components of autophagy such as
ATG5, ATG7, LC3, and FOXO1 (Lee et al., 2008), thus negatively
regulating ER stress, but deacetylation of XBP1 promotes cellular
apoptosis. On the other hand, elevated SIRT1 can suppress apoptosis by
deacetylating its own transcription factor, E2F1 (Koga et al., 2015).
Also, ER-stress mediated SIRT1 expression is regulated by
PI3K/Akt/GSK-3p signaling pathway. PERK, being a direct target of Akt,
can activate UPR, and down-regulation of Akt/mTOR signaling by ER
stress facilitates apoptosis while in some cases, it can promote auto-
phagy associated cell death as well (Blaustein et al., 2013; Fu et al.,
2017; Goan et al., 2019). In the case of trypanosomatids, cytoplasmic
overexpression of SIR2 prevents programmed cell death. Also, the
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anti-trypanosomatid activity of certain Akt-like protein inhibitors sug-
gests the anti-apoptotic and cell survival role of the TriTryp PI3K/AKT
pathway, which has GSK-3 as a substrate (Varela-M et al., 2017; Tira-
do-Duarte et al., 2018; Ochoa et al., 2018). The anti-trypanosomatid
activity of GSK3 inhibitors proposes selective inhibition of the GSK-3
pathway, which is necessary for cell survival (Ojo et al., 2008; Marti-
nez de Iturrate et al., 2020). From these data summarized schematically
in Fig. 2, it can be postulated that in Trypanosomatids at low levels of ER
stress, Sirtuin 1 and Akt/PERK activates autophagy and UPR respec-
tively as a pro-survival mechanism, while with increased stress levels,
inactivation of the Akt pathway inhibits UPR and thereby promotes
apoptotic cell death. Therefore it would be interesting to find out
pro-survival and pro-death strategies of these parasites, which in a
dose-dependent manner can exhibit the drug-induced autophagic
response towards cell survival or to a higher dose-dependent switch to
apoptosis.

8.3. Balance between sirtuins and PARP

Sirtuins (SIRTs) and poly (ADP-ribose) polymerases (PARPs) are two
different NAD + dependent proteins, which are associated with both cell
survival and death. Sirtuins are deacetylases and, PARPs perform poly-
ADP Ribosylation. Oxidative stress and DNA damage induced acetyla-
tion of PARP1 causes its nuclear translocation and PARylation of
damaged DNA, which then activates the DNA repair pathway. But pro-
longed stress leads to excessive PARP activity and massive NAD loss
leading to concomitant ATP depletion and, thereby, induction of cell
death. From these data, PARP-1 emanates as a principle regulator of
caspase-independent cell death. Overactivation of PARP1 suppresses
SIRT1 activity by depleting cellular NAD levels and also induces mito-
chondria to nuclear translocation of AIF to degrade DNA. If SIRT1 is
overexpressed before being deactivated by PARP1, it can promote cell
survival by deacetylating PARP1 and maintaining cellular NAD levels.
Additionally, SIRT1 could also block PARPlactivity by deacetylating
and inhibiting the acetyltransferase. Thus the counterbalance of SIRT1

Fig. 2. Drug induced ER stress response regulation in trypanosomes: (a) Elevated expression of Sirtuins in ER stress might activate autophagy by deacetylating ATG
proteins, and sirtuins regulate subsequent switch to apoptosis at a higher stress level. (b)Activated PERK phosphorylates elf2a that leads to translation arrest, while
up-regulated GRP78/Bip and Sirtuins activates an Unfolded Protein response. (c,d) Drug bound protein complex or misfolded proteins might induce proteasomal
degradation by regulating the unique mitochondrial conjugating system UFM1, which, when fails, could activate SL-RNA depletion leading to a cell-death pathway

different from the classical apoptotic pathway.
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and PARP1 determines the outcome of cell survival or cell death (Canto
et al., 2013). Trypanosomatid PARP is localized in the cytoplasm, which
translocates to the nucleus upon genotoxic stress to trigger a DNA repair
process. Based on the DNA template of trypanosomatid PARP1, it can be
postulated that it is engaged in specific repair pathways and not a global
repair protein in these parasites, but contrary to this T. cruzi PARP plays
a global DNA repair role (Haikarainen et al., 2017). Although few
studies exhibit PARP cleavage in Leishmania where the protein is of
higher molecular weight than trypanosomatid counterpart, this protein
is yet to be characterized for this parasite.

Trypanosomatid SIR2 exhibits a deacetylase activity, and in terms of
localization, the Trypanosoma SIR2 resides in the cytoplasm while
Leishmania SIR2 inside the nucleus (Mittal et al., 2017). Therefore it can
be postulated that upon stress, trypanosomatid SIR2 deacetylates
PARP1, which first deactivates SIR2 and then gets translocated to the
nucleus in Leishmania or translocates via its N terminus to the nucleus in
Trypanosoma. Once inside the nucleus, it can deactivate nuclear SIR2
and simultaneously initiate the DNA repair process. Based on the drug
concentration, trypanosomatid PARP could trigger necrosis or
apoptosis. Leishmania SIR2 being cytoplasmic is incapable of deacti-
vating PARP1 when it has translocated to the nucleus, and therefore
unrestricted PARP1 activity has more propensity of inducing necrotic or
apoptotic death as that compared to mammalian PARP1 (Fig. 3). Hence
the balance of PARP1 and SIR2 activity in trypanosomatids plays an
important role in triggering necrosis or apoptosis, and it remains to be
determined the threshold of this balance in terms of the drug used.

8.4. Antioxidant systems

By scavenging intracellular ROS, antioxidant systems can prevent
apoptotic cell death. One of the extensively studied antioxidant enzymes
are the Superoxide dismutases (SODs) that remove toxic reactive oxygen
species like superoxide radicals by converting them into hydrogen
peroxide and oxygen. Leishmania harbors a unique FeSOD, which is
overexpressed in the amastigotes, and since it is absent in the host, it is
an effective drug target. To shield metabolic pathways from ROS
induced oxidative damage, trypanosomatids compartmentalize glycol-
ysis, fatty acid p-oxidation, ether lipid biosynthesis, and purine salvage
pathways inside its Glycosome. FeSOD could play a key role in pro-
tecting glycosomal proteins from O,  toxicity; hence MIL-resistant
Leishmania strains exhibit increased expression of FeSODA and LdSIR2
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where the later can induce a pro-survival autophagic process and the
former, upon being deacetylated, becomes hyperactivated and scav-
enges intracellular ROS. This also explains the cytoplasmic localization
of Leishmania SIR2. Leishmania SIR2RP3 is a mitochondrial protein that
possibly could be deacetylating mitochondrial FeSODA and thus acti-
vating it to scavenge mitochondrial ROS. Thus LdSIR2RP3 is crucial in
maintaining the integrity of the kinetoplast DNA and the mitochondrial
membrane potential. Hence it can be postulated that FeSODA and FeS-
ODB reduce superoxides in their respective organelles, and other ROS
are reduced by peroxidases.

Although kinetoplastids lack glutathione reductase, they contain
substantial amount of glutathione, and both glutathione and trypar-
edoxin redox systems are protective mechanisms of Leishmania. The
sensitivity of distinct Leishmania species to SNAP, a nitrogen-derived
reactive species donor, is inversely related to their cellular glutathione
levels. Application of buthionine sulfoximine, an inhibitor of gluta-
thione synthesis, can preserve T. brucei infected mice by reducing the
parasite’s glutathione and thiol levels (Romao et al., 2006). Hence the
emanating question is that if Trypanosomatid peroxidases are trypar-
edoxin dependent, then how GSH is regulated in these parasites.
Ascorbate peroxidase (APx) overexpressing Leishmania promastigotes
exhibited enhanced tolerance to oxidative stress-mediated apoptosis in
AmB-resistant strains (Moreira et al., 2018). Peroxides and glutathione
are known to keep mitochondrial cytochrome c in a reduced state, hence
during oxidative stress, the release of cytochrome c into cytoplasm and
its concomitant oxidation by cytochrome oxidase makes it bind to ER
Ca?* channels and disrupt intracellular Ca?* homeostasis and thereby
trigger cell death in either a caspase-dependent or independent mech-
anism. Therefore APx could be regulating the intracellular GSH levels,
thereby maintaining the reduced state of Cytc and thus hindering the
cell death processes. The absence of this redox pathway in the human
host may be exploited for parasite-specific therapeutics.

9. Conclusion

We have highlighted the drug-induced cell death pathways, dis-
cussed their physiological features, targets, and effector molecules.
Different pathways unique to trypanosomatids, which involve parasite
specific enzymes, have been purported as effective targets for parasite
elimination. Clearly, lack of evidence and knowledge imposes a big
challenge for researchers to understand the basic mechanisms in the
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Fig. 3. The Necrotic pathway: Oxidative stress-induced DNA damage could activate cytosolic PARP by acetylation, which upon translocating to the nucleus, performs
NAD + dependent PARylation. Massive depletion in NAD+ and ATP leads to necrosis. Deacetylation of PARP by NAD + dependent deacetylase SIR2 or equivalent

enzyme (HDAC) is necessary to inhibit PARP activity, thereby blocking necrosis.
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death processes of these parasites. We, however, based on discrete in-
formation, postulated few drug-dependent pathways in Leishmania that
can be studied to unravel major contributors in its regulated cell death
cascade. Furthermore, it is interesting to find features of pathways like
ferroptosis, ERAD, and ER stress as part of regulated cell death of try-
panosomatids that may be modulated by drug-dose and incubation time-
dependent manner. Hence exploring and understanding the drug-
induced mechanisms in these parasites help in their proper imple-
mentation through therapeutics to eliminate drug susceptible as well as
resistant strains. Further, extensive studies by drug-repurposing could
increase the availability and efficacy of therapeutic options against these
neglected tropical diseases.
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