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1. Introduction



1.1 History of malaria

Malaria is an ancient disease. The dating of Egyptian remains shows that it has existed from
3200 and 1304 BC (1). Vedic period of Indian writings called malaria “the king of diseases”
in 270 BC. Before the human genesis, malaria-infected our ancestors and had an intense
effect on the evolutionary process (2) by inducing human genetic polymorphisms. The
Mediterranean Sea’s malaria-endemic region possesses thalassemia (3), sickle cell trait, and
Glucose-6-Phosphate Dehydrogenase deficiency are significant changes. Formerly malaria
was called by different names like ague or marsh fever, intermittent fever, tertian fever. The
word malaria is coined from the Italian mala aria-“bad air” because of its association with
swamps and marshes(4). A late-nineteenth-century Louis Alphonse observed parasites inside
the infected person and proposed that malaria is caused by protist organisms making the first
significant breakthrough in malaria research. After that, Ronald Ross proved that mosquito
was the vector to transmit malaria to the birds and discovered the complete life cycle of
malaria in culicine mosquito. Grassi and Giesuppe’s work confirmed the transmission of
malaria in humans experimentally (5). Among the Plasmodium species, falciparum is lethal
to humans and transmitted through female Anopheles mosquito. Malaria is prevalent in
tropical and subtropical regions where the temperature is critical for the multiplication and
survival of these Anopheles mosquitos and to complete growth cycle of parasite in the
mosquito (6). The tropical regions sub-Saharan Africa and Papua New Guinea are more
prevalent in malaria transmission year around. At the same time P. vivax is tolerant to lower
temperatures transmits in colder areas seasonally (7). Shortt and Garnham found mosquito
inoculated sporozoites in liver biopsy samples of human patients infected with P. vivax and
P. falciparum. In the 19" century, the first antimalarial drug quinine was isolated from
cinchona bark, and used against intermittent fever. However, the drawbacks were short half

life span, drug resistance to P. falciparum, a debate about the administration route, and



hypoglycaemia (8, 9). During World War 1, anti- German forces created the shortage of
quinine. At this time, the Germans developed dye-based antimalarial prototype methylene
blue and atabrine. Side effects like yellowing of the skin and Japanese propaganda caused
impotence in treating service members searching for new compounds (10). During World
War 11, the Japanese occupied Java and interrupted the supply of cinchona trees, led to the
discovery of synthetic antimalarial drugs. At this time, chloroquine, a 4- aminoquinoline, was
discovered by German chemist Andersag. Even though chloroquine was available late to the
malaria prevalent region likes Pacific theater or Silicy, it became potent molecule against
Plasmodium parasite. Dichlor- diphenyl trichloroethane (DDT), an insecticide, Kills the
vector Analphelous mosquito. Chloroquine and DDT became potent weapons to eradicate
malaria. However, chloroquine resistance falciparum evolved primarily at Tahi Combodia in
1957 (11). By the 1970s, the resistance started spreading throughout the world. Another
antimalarial compound in the pipeline during World War Il was pyrimethamine but within a
year of its introduction it developed resistance. These quinine based drugs act mostly on the
hemoglobin digestion pathway. From the request of North Vietnam in the impending conflict,
China initiated a project 523 on 23" May 1967, and isolated organic extracts from Artemesia
annua leaves which are potent against malaria parasite. The plant's leaves active moiety,

artemisinin is now front line chemotherapy against uncomplicated and cerebral malaria (12).

Climate is the primary driving force in the transmission of malaria. A short rise in
temperature and rainfall associated with EI-Nino caused a malaria epidemic in Kenya, north-

east Punjab, India, and Sri Lanka about four folds(13).
1.2 Life cycle

Plasmodium falciparum caused human malaria is more lethal and accounts for a significant

number of deaths. P. vivax, P. oval, are less severe, but they remain dormant in the liver of



infected patients for liver for months and reoccur again. Recently in South Africa the
macaque monkey parasite P. knowlesi was also found to infect humans. P. falciparum has a
complex life cycle with an exogenous sexual phase in vector mosquito midgut where male
and female gametes combine. This is followed by an exogenous asexual phase (sporogony)
where parasite multiplies in mosquito’s gut and releases sporozoites into the mosquito’s
salivary glands. The mosquito bites and releases the sporozoites into the vertebrate host
multiplying through an endogenous asexual phase called schizogony. High motile sporozoites
traverse through the skin cells and enter into the bloodstream to reach the liver. In liver blood
capillaries, the parasite traverse through sinusoidal endothelial cells (14) and liver-derived
kupffer macrophages (15) to reach the parenchyma and infect hepatocytes. Vacuolar
membrane surrounded sporozoites observed in kupffer macrophages infected with P. berghei
suggest the immune evasion of the parasite (16). Sporozoite surface protein circumsporozoite
(CS) binds to the microvilli of hepatocytes and invades the cell and develop to produce
merozoites through pre-erythrocytic schizogony. Hepatocytes rupture and release merozoites
which contain membrane proteins that bind to erythrocyte glycophosphatidylinositols (GPI)
and invade into erythrocytes and forms ring-like structures (17). Ring stage parasites grow
into a trophozoite stage by utilizing the host cell hemoglobin. Trophozoite develops into
schizont stage, egress, and releases 8-24 merozoites into the blood circulation. Each
merozoite infects fresh erythrocyte and multiplies its number. Egress of these merozoites
from the infected erythrocyte display intermittent fever, which is a characteristic feature of
malaria. Some of these blood-stage parasites transform into male and female gametocytes,
which are further taken up by mosquitoes in their blood meal. These zygotes undergo sexual
reproduction in mosquito midgut and release the sporozoites, which also migrate into salivary
glands. When mosquito bites, another individual inoculates these sporozoites and, the cycle

continues.
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Figure 1.1 Plasmodium life cycle. Credit: Le Roch Lab, UC Riverside

1.3 Erythrocytic stage

The invasion of merozoites into erythrocyte is almost similar in all Plasmodium species. The
binding of merozoite to the host erythrocyte is the crucial step in the invasion procedure
because the parasite should distinguish the erythrocytes with other cell types. The initial
adherence is a low affinity with long-distance and reversible until the merozoite apical end
juxtaposes with the erythrocyte membrane, which allows a closer interaction and formation
of tight junctions (18). The apical end of the merozoite contains three organelles called
rhoptries, micronemes, and dense granules that are the characteristic features of phylum
Apicomplexa. The apical end micronemes contain the Duffy receptor family that mediates
the erythrocyte invasion (19). As the parasite enters into erythrocyte, it forms a

parasitophorus vacuole contains parasitophorus vacuole membrane (PVM), which separates it



from the host cell cytoplasm. As the merozoite pushes the erythrocyte to enter into host, the
PVM contains the lipids similar to the host erythrocytes (20, 21), which signifies that the
PVM is derived from the host RBC membrane. Unlike lipids, erythrocyte membrane proteins
are not detected in the PVM (20, 22). Whereas PVM contains rhoptry proteins of the parasite
(23) shows the formation of PVM is complex. Plasmodium undergoes a 48 h life cycle in
host erythrocyte with three major morphological stages. The first is a ring stage, which
appears like a ring or headphone structure with Giemsa staining, but the actual structure is a
cup or biconcave shape. The export of parasite synthesized proteins to the host cell’s surface
occurs mainly at this stage (24). The ring stage lasts for 24 h. During this stage, the parasite
engulfs erythrocyte hemoglobin in a vesicle form into the parasite's digestive vacuole (25).
Parasite degrades the hemoglobin in the acidic digestive vacuole, and utilizes the amino acids
for its growth and, crystallizes the free heme into nontoxic hemozoin substance during the
trophozoite stage. Plasmepesin | and Il an aspartic and falcipain cysteine proteases are crucial
in the digestion of hemoglobin in a digestive vacuole. These proteases are active at acidic pH
(26). The ferrous form of Iron in haemoglobin is converted into a ferric form in free heme,
which damages the membrane by its per-oxidative nature. Digestive vacuole neutral lipids
and Plasmodium histidine-rich protein 2 (HRP2) act as catalysts to crystallize the free heme
(27, 28). The neutral lipid droplets contain diacylglycerol which polymerizes the hemozoin at
low activation energy compared with monoacylglycerol. The phospholipid content of the
parasite increases six-fold to synthesize the vacuole membranes during its development in
host erythrocyte(27). Host erythrocytes do not possess lipid biosynthesis metabolism. To
some extent, it has phospholipid remodelling capacity. Parasite synthesizes phospholipids
using fatty acid synthase Il enzyme. It scavenges from the host to modify the membrane
composition with enriched phosphatidylcholine, phosphatidylethanolamine, and reduced

cholesterol and sphingomyelin compared with the host membrane. Parasite modifies the host



erythrocyte membrane by decreasing polyunsaturated phospholipids (29). Parasite engulfs the
erythrocyte hemoglobin in small cytostome like structures. These structures fuse to form the
large digestive vacuole where hemozoin crystallization occurs. Digestive vacuole occupies a
large space of the cell. The mitochondria, apicoplast form, branched like structures and
segregate into the merozoite (30). Trophozoite stage lasts 32-34 h post-infection. It develops
into schizont stage where parasite undergoes asynchronous DNA replication and produces 32
nuclei distributed to merozoite. After 48 h of a life cycle, infected erythrocyte egress and

releases the merozoite and digestive vacuole.

1.4 Pathogenicity of malaria

1.4.1 Fever

After completing schizogony in infected erythrocyte, which lasts for 24-72 h depending on
the Plasmodium species, erythrocytes egress and releases merozoite and some toxic
substances like GPI and hemozoin into blood circulation. The fever is believed to be induced
after every cycle because these toxic products released after each cycle will activate
macrophages and release the cytokines like IL-2, IFN- y which stimulate the fever. Malaria
symptoms like fever, headache, nausea, and central nervous system manifestations are linked
to the various cytokines released from the macrophages in response to the parasite toxins
(31). plasmodial DNA binding to hemozoin activates the Toll-like receptor 9 and releases the
cytokine that causes fever (32). Hemozoin impairs the monocyte function and differentiation

(33).

1.4.2 Anemia

Anemia is defined as a decrease in hemoglobin or hematocrit levels according to age, gender,

physiological state, and geographic location of the person (34). Parasite releases several



ligands to invade the host cell. During this time, some ligands may attach to the uninfected
erythrocytes, which get opsonized, undergo clearance and cause anemia (35, 36). Ring stage
infected erythrocyte and uninfected erythrocyte membrane contain the parasite protein RSP
on the surface, which promotes complement-mediated lysis and macrophage engulfment of
the uninfected erythrocytes (37). Malaria toxins induce macrophage innate immune system,
which reduces the erythropoiesis and causes anemia condition. In severe malaria condition,
parasite reduces the erythrocyte deformability, which is correlating with a reduction in

haemoglobin levels.

1.4.3 Cerebral malaria

Cerebral malaria (CM) is a neurological complication that occurs with P. falciparum
infection, which leads to the coma and death of the patient. Plasmodium-infected erythrocytes
express erythrocyte membrane proteins (PfEMP) cytoadhere to the vascular endothelial cell
adhesion molecules like ICAM and VCAM which, hinders the blood flow and, cause the
hypoxic condition (38). The binding of infected erythrocytes to the uninfected erythrocytes is
called rosetting, which forms the blood microvessels' clumps. Human brain parenchyma is
separated from the blood circulation by the endothelial cell layer with tight junctions.
Trophozoite and schizont stage parasites sequester to the microvasculature endothelial cells
and induce the permeabilization and break down of the blood-brain barrier. Parasite antigens
stimulate the innate immune cell macrophages and produce pro-inflammatory cytokines.
TNF- a, IL-1 and, IFN-y pro-inflammatory cytokines induce cell adhesion molecules on
vascular endothelial cells, facilitate the sequestration of infected erythrocytes. Cell to cell
interaction induces signal transduction, which activates the endothelial cells and produces
endothelial microparticles (EMPs) and apoptosis of the host cell (39). Increased nitric oxide

(NO) levels induce vasodilation of microvessels and permeabilization of endothelial cells.



NO diffuse into the brain and interfere with neurotransmission which might be the

responsible factor for reversible coma (40).

1.4.4 Experimental Cerebral Malaria (ECM)

Post-mortem samples and CM patient blood sample analysis highlight the pathophysiology of
human cerebral malaria. A rodent model where c57BL/6 mice infected P. berghei ANKA
induces ECM within 7-10 days of post-infection is a potent model to study the mechanism
responsible for the occurrence disease. Mice display the neurological symptoms of ataxia,
convulsions, and coma leading to death. Similar to human cerebral malaria, infected
erythrocyte sequestration and increased proinflammatory cytokine levels are observed in
ECM. CXCL10 is a chemoattractant for leukocytes and lymphocytes. CXCL10 and CXCR3
expression play a crucial role in ECM pathogenesis (41). The cell adhesion molecules on
endothelial cells ICAM-1 and VCAM capture the leukocytes and lymphocytes and increase
the cytokine and chemokine production at the site of infection. Blocking of this interaction
prevents the CM in infected mice (42). In addition to the blood-brain barrier, the
cerebrospinal fluid brain barrier (CSFBB) is the vulnerable site for the invading of foreign
particles. P. yoelii yoelii infected mice exhibited ependymal cell morphological changes like
thickening of cilia, absence of microvilli, and cell layer detachment during the severe
neurological complications. These changes induce the permeability of CSFBB and facilitate
the diffusion of toxic substances, and inflammatory cytokines through the barrier into the

brain tissue and result in its damage (43).
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1.4.5 Metabolic acidosis

In severe malaria, metabolic acidosis is the strongest predictor for survival. Metabolic
acidosis associated with lactic academia is a significant reason to cause respiratory distress in
African children with malaria (44). Sequestration in microvasculature elevates the plasma
lactate levels and further causes impaired renal failure and hepatic function (45).
Hypovolemia caused by Septic shock- like response is also a contributor to metabolic

acidosis (46).
1.4.6 Placental malaria

Sequestration of Plasmodium infected erythrocytes and immune cells to the placenta's
intervillous space are the characteristic feature of placental malaria (47). First time pregnant
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women are more susceptible to the infection compared to the second and third time. The
resistance is because of the development of placental specific immunity in second and third-
time pregnancy (48, 49). Placental malaria-associated parasites utilize chondroitin sulfate A

as a receptor protein instead of CD36 used by other malaria parasites (50, 51).

1.5 Choroid plexus and blood-cerebrospinal fluid barrier

Choroid plexus (CP) forms the blood-cerebrospinal fluid barrier (BCSFB) at lateral
ventricles. CP comprises of epithelial cells, highly vascularized stroma with fenestrated blood
capillaries. CP cells produce cerebrospinal fluid by filtrating the blood. The CP's epithelial
cells are interconnected with tight junctions and function as barriers to restrict toxins and
foreign bodies' infiltration into the CSF. CP barrier maintains the homeostasis of its
composition by regulating the ion and molecule transport in and out of the CSF (52). CP

epithelial cells are continuous with lateral ventricle ependymal cells.

1.6 Subventricular zone (SVZ)

SVZ situates immediately beneath the lateral ventricle ependymal layer. It is a niche region
present near the nutrient-rich cerebrospinal fluid of the ventricles. It can differentiate into 3
layers where the initial layer is composed of neuroblast cells that lay beneath the ependymal
layer of lateral ventricle. Second layer is rich in astrocytes that are positive for Glial fibrillary
acidic protein (GFAP) that act as primary progenitor cells for the newly synthesized neurons.
The last layer comprises of myelinated fibers (53). In response to neurodegeneration, the
progenitor cell production increase at SVZ, migrates to the site of damage, and is

differentiated into neurons and glial cells.
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1.7 Lipid droplets

Lipid droplets are spherical organelles rich in triacylglycerol and cholesteryl esters. They are
synthesized by the blabbing off from the inner leaflet of the ER membrane (54). Stress and
starvation induce the lipid droplets filled with cellular debris that may protect the cell from
cytotoxicity. Interaction of perilipin proteins with lipids forms the dynamic structures of lipid
droplets that maintain lipid homeostasis necessary for neuronal function and synaptic
plasticity. Lipid droplets co-localized with a microglia surface protein ion calcium-binding
adaptor protein (Ibal) indicate the brain’s pro-inflammatory condition (55). Lipid metabolism
is crucial in brain development and function. During Alzheimer’s disease, neutral lipid

droplets accumulate at SVZ ependymal cells and impair the neural stem cell function. These
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lipid droplets are composed of triglycerides rich in oleic acid (56). CNS tissue damage also
induces lipid droplets in neurons, and astrocytes which indicate different cell types in the
brain can cause lipid droplets according to the condition. Age is also another factor that

accumulates the lipid droplets in ependymal cells at the SVZ region.

1.8 Cell death in the host response to infection

The infection causes various host responses that include activation of innate immune system,
inflammation, and cell death. The innate immune system is the host’s primary immune
response to Kill the pathogen by several mechanisms. These include the activation of
complement system, immune cell chemo-attraction to the site of infection, antigen
presentation and, activation of the inflammatory pathway to kill the pathogen. Host-pathogen
interaction mediates cell death. The mode of cell death depends on the nature of the
pathogen, pathogen burden, and site of infection. The three major cell death modes include
apoptosis, autophagy, and necrosis (57). Plasmodium falciparum virulence is linked to
immune evasion ability. In the human host, the parasite evades the immune response by
antigenic variation, polymorphism, and sequestration. Sporozoites of Plasmodium infection
reduce the antigen-presenting cell function and induce the apoptosis of kupffer cell in
exoerythrocytic stage (58, 59). Malaria pigment hemozoin phagocytosis inhibits MHC class
Il antigen expression in human monocytes and impairs their function (60, 61). Robust
erythrophagocytosis induces the ferroptosis in mouse red pulp macrophages, and the

apoptosis is mainly mediated by hemin induced redox imbalance (62-64).

1.8.1Apoptosis

Apoptosis morphologically is defined as nuclear fragmentation, chromatin condensation, and
formation of apoptotic bodies. Caspases cysteine aspartase enzymes activation induces the

apoptosis (65). Caspases are activated by two essential pathways, including extrinsic and
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intrinsic pathways. The extrinsic pathway, also called a receptor-mediated pathway, triggers
apoptosis through TNF-o, Fas, or tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) binding the receptor (66). The binding of a ligand to the death receptor activates the
upstream caspase-8 or caspase-10, further activating the downstream functional caspases,
caspase-3, caspase-6, and caspase-7. Functional caspases degrade the DNA into small
fragments, a hallmark of apoptosis. The intrinsic pathway has mediated by the activation of
Bcl2 family proteins. Bcl2 family proteins include anti-apoptotic proteins like Bcl-2, Bcl-XL,
Bcl-W, pro-apoptotic proteins like Bak, Bax, Bad, Bid, and PUMA. Sequestration of pro-
apoptotic proteins inhibits the apoptosis. Stress stimulates the transport of pro-apoptotic
proteins from the cytosol into the mitochondrial membrane and induces the mitochondrial
depolarization and increase in permeability. Mitochondria depolarization causes the release
of cytochrome-c into the cytosol, cytochrome-c which promotes APAF-1/caspase-9 complex

and activates functional caspases inducing cell death (67).

1.8.2 Autophagy

Autophagy is an evolutionarily conserved degradation process that occurs under basal
condition, and cellular stress condition activating the autophagy. Cytoplasmic proteins and
damaged organelles engulfed by double or multi-membrane vesicles form the auto-
phagosomes. Later, the lysosome fusion with the autophagosome's outer membrane activates
the lysosomal enzymes to digest and recycle the autophagosome's inner membrane and cargo
(68, 69). Autophagy related genes (ATG) regulate autophagy by modulating autophagosome
biogenesis and maturation (70). Cellular stress or nutrient deprivation initiates autophagy
nucleation by dephosphorylating rapamycin's mammalian target or by activation of Beclin-
1/phosphatidylinositol-3 kinase (PI3K) complex. After nucleation, the auto-phagosome
formation is regulated by two essential ubiquitin-like conjugation systems. The first system

includes the conjugation of ATG12-ATG5, and the second is LC3 protein conjugated to a
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lipid molecule phosphatidylethanolamine (PE). E1-(ATG7) and E2 (ATG3 and ATG10) like
enzyme required to complete the above conjugation system. ATG12-ATG5 complex further
conjugates with ATG16 and forms E3- like enzyme complex, which catalyses the
conjugation of LC3 to PE (71). LC-PE conjugates to the auto-phagosome membrane and
transports them to bind to the lysosome. After auto-phagolysosome formation, the LC3-PE

will degrade or be removed by de-conjugation(72).

1.8.3 Autophagy and apoptosis cross-talk

Autophagy and apoptosis both are strongly regulated biological mechanisms. Many studies
indicated the crosstalk between the components of these two pathways that promote cell
survival and cell death. mTOR influences the apoptosis through the downstream targets such
as p53, BAD and Bcl2 proteins (73). AKT phosphorylates the Forkhead box O (FOXO)
family of transcription factors, and tumor suppressor p53 which results in the down-
regulation of several pro-apoptotic genes and upregulates several autophagy genes like LC3,
BNIP3(74). The anti-apoptotic Bcl-2 and Bcl-XL bind to pro-apoptotic Bax, inhibits their
translocation into the mitochondrial membrane, and regulates the cytochrome-c release into
the cytoplasm, activating caspase-3. Bcl-2/Bcl-XL complex to beclin-1 inhibits autophagy.
Once the complex disrupts beclin-1 releases and activates autophagy (75, 76). N-terminal
cleavage of ATG-5 by calpain induces the ATG5 translocation into the mitochondria and
promotes the cytochrome-c release by binding to anti-apoptotic Bcl-2/Bcl/XL causing

apoptosis (77).
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1.9 The rationale of the study

Pathogen infection modulates the host cell environment to favor their survival and growth. In
malaria infection, Plasmodium falciparum synthesizes fatty acids through fatty acid synthase
Il enzyme and transports them to the infected host erythrocyte plasma membrane and alters
the phospholipid and fatty acids composition to support their growth. Fatty acid synthesis
metabolism is absent in mature erythrocyte. Polyunsaturated fatty acids displayed anti-
parasitic effect against Plasmodium parasite. Anti-parasitic compound artemisinin derived
from plant Artemisia annua leaves contain up to 10% of fatty acids in their dry matter, which
infers the importance of fatty acids against Plasmodium growth. Hence in this thesis, we
studied the mechanism of action of saturated and unsaturated fatty acids against P.

falciparum growth in vitro condition.

P. falciparum evades the innate immune system by inducing cell death in macrophages upon
phagocytosis. Plasmodium infection modulates macrophages and promotes migration into the
targeted tissue and causes inflammation and damage to the tissue. Hence, we studied the
possible pathways mediating cell death in Plasmodium engulfed macrophages and

macrophage infiltration in the malaria-infected mouse brain.

P. falciparum drug resistance is the major challenge in malaria control. There is an urgent
need for new compounds in the market. Hence we evaluated the anti-parasitic effects of

naturally occurring alkaloids and some synthetic derivatives against P. falciparum in vitro.
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2. Anti-plasmodial activity and mechanism of action of fatty acids

in vitro
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2.1 Introduction

Malaria is a tropical parasitic disease and according to WHO estimates, 228 million malaria
cases with 405000 deaths occurred globally in 2018. Malaria is caused in humans by four
species of Plasmodium, amongst which Plasmodium falciparum, is the most virulent.
Plasmodium replicates asexually in host erythrocytes by developing a parasitophorous
vacuole. The parasite requires phospholipids, for cell membrane formation, as an energy
source, for signal transduction, electron transport, initiation of DNA replication, and cell
division (78). Plasmodium synthesizes fatty acids by utilizing type Il fatty acid synthase,
while the higher eukaryotes use type | fatty acid synthase (79). As, lipid metabolism is absent
in mature normal erythrocytes, it could be a potential target to inhibit Plasmodium growth.
Plasmodium synthesizes fatty acids de novo and alters the phospholipid composition of the
infected erythrocyte plasma membrane, which is characterized by high phosphatidylcholine,
phosphatidylinositol, and less sphingomyelin content with reduced unsaturation index than
normal uninfected erythrocytes. Infection alters the phospholipid and fatty acid composition
of the host erythrocyte plasma membrane similar to that of the parasite to favor its growth in
host erythrocyte. Infection also increases saturated palmitic acid and monounsaturated oleic
acid and reduces polyunsaturated fatty acids (PUFAS) viz., Docosahexaenoic acid (DHA) and

Arachidonic acid (AA) of the parasite (80).

Fatty acids are essential in host defense against potential pathogens by inhibiting their
growth or Kkilling the pathogen. They act as antimalarial, antifungal, and antibacterial
components. Previous reports indicate that PUFAs with a high degree of unsaturation are
potent in inhibiting the growth of the Plasmodium. However they are non-toxic to both
normal erythrocytes, and Plasmodium-infected erythrocytes and do not induce hemolysis
(81). C18 fatty acids, oleic acid, and linoleic acid are active against Plasmodium growth (82).

A natural C18 fatty acid scleropyric acid isolated from Scleropyrum wallichianum was shown
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to exhibit antiplasmodial effect (83). Similarly marine sponge isolated cis C23-C26D5, 9
fatty acids displayed antiparasitic activity by inhibiting the Fabl enzyme of P. falciparum
(PfFabl) (84). Saturated fatty acids are inactive against mycobacterium except for capric acid
(C10:0) and lauric acid (C12:0). Unsaturated fatty acids forbid topoisomerase | and Fabl
enzymes of mycobacterium and displayed an inhibitory effect proportional to their degree of
unsaturation (28, 85-88). The 2-hexadecynoic acid inhibits Plasmodium and fungal growth by
inhibiting fatty acid acylation and triacylglycerol (TAG) synthesis (89, 90).

Transport of parasite proteins to erythrocyte membrane and alterations of infected
erythrocyte membrane composition occur maximum at the mature trophozoite stage of the
Plasmodium. During the trophozoite stage, parasite consumes 80% of host hemoglobin and
utilizes the globin protein for its progression to the next stage and releases o-haematin
dimers, which are toxic to the parasite(91). Hence parasite further polymerizes these a-
haematin dimers into a non-toxic B-hematin (hemozoin) product inside the digestive
vacuole(90). Chloroquine accumulates in digestive vacuole through the ion trapping
mechanism and inhibits hemozoin polymerization by forming n—=r interaction with heme (92,
93). Xanthone family compounds form heme—xanthone complexes that inhibit the bio
mineralization of f-Hematin (94). The iron molecule of heme activates the endoperoxide
bridge of artemisinin derivatives. These endoperoxide compounds inhibit hemozoin synthesis
by accumulating in lipid droplets of digestive vacuole (95). Neutral lipids promote p-Hematin
polymerization in close association with hemozoin in the digestive vacuole (96). Mass
spectrometry analysis showed the abundance of saturated monoacylglycerol in these digestive
vacuole neutral lipids and hemozoin.

Treatment of malaria is of high preference and there is an immediate need for
multiple approaches to handle this disease. Presently available compounds include aryl amino

alcohol compounds such as quinine and chloroquine, pyrimethamine, an antifolate
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compound, and artemisinin derivatives(97). Currently, three primary therapeutics efforts are
in existence, which includes vaccine development, drug development, and pathogenesis. The
need for developing new drugs that target the specific biochemical pathways of the parasite is
continuous because of the resistance towards existing drugs. Single drug treatment is not
sufficient; hence adjunctive therapy has been recommended. Presently the artemisinin—
amodiaquine and the artemether-lumefantrine combination are being used against the
Plasmodium parasite (98). Plasmodium infection modulates infected erythrocyte lipid
composition, and those lipids have a pivotal role in hemozoin polymerization. Hence in our
study, we elucidated the effect of saturated and unsaturated fatty acids on P. falciparum
growth inhibition, B-hematin polymerization and neutral lipid bodies synthesis of the parasite.

2.2 Material and methods

Fatty acids and JC-1 dye were purchased from Cayman chemicals. Synthetic hemin, Giemsa
stain, BODIPY 493/503 stain from Sigma-Aldrich, USA. SYBR green from Molecular

Probes, Inc.
2.2.1 Parasite culture

P. falciparum 3d7 culture was maintained by the bell jar candle method at 37°C (99). Parasite
was cultured in RPMI 1640 medium supplemented with HEPES 25 mM, 0.5% AlbuMAX |
(Invitrogen), hypoxanthine 100 uM, gentamicin 12.5 ug/ ml, sodium bicarbonate 1.77 mM)

containing 5% hematocrit of RBC and 0.5-0.8% parasitemia.
2.2.2 Plasmodium growth inhibition assay

Fatty acids half-maximal inhibitory concentration (ICso) against the P. falciparum 3d7 strain
was determined using the SYBR Green fluorescence-based method. Briefly, parasite culture

was synchronized with 5% sorbitol at the ring stage and further allowed to grow in complete
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media until it attains the mature trophozoite. In a 96 well plate, fatty acids were incubated
with mature trophozoite culture in a proportion of 1% parasitemia and 2% hematocrit in a
total volume of 200 pl for 48 h. After incubation 100 ul of resuspending, culture transferred
to 96 well flat-bottom plates which contain 100ul of SYBR Green | lysis buffer (2XSYBR
Green, 20 mM Tris base pH 7.5, 20 mM EDTA, 0.008% w/v saponin, 0.08% w/v Triton X-
100) (100). Plates were incubated for 1h at 37°C. Fluorescence associated with SYBR Green
I- intercalated parasitic DNA was measured at 490 nm excitation and 530 nm emission
(TECAN Infinite F-200 spectrophotometer, Switzerland). Half-maximal inhibitory
concentration (IC50) of compounds was calculated from three independent experiments using

Prism 6.0 software (Graph Pad Inc., US).

2.2.3 Stage-specific growth assessment

The tightly synchronized culture has aliquoted into ring, trophozoite, and schizont stages.
Each stage was incubated with Docosahexaenoic acid of 100uM concentration for 12 h.
Afterwards, the compound was removed by several washes and culture was allowed to grow
in complete media for 84 h. Culture without compound (untreated) and a culture grown in a
compound without removing until the experiment (continuous) were used as the controls
(101). During the experiment, the smear was prepared for every 12 h, stained with Giemsa,
and examined under a microscope to assess the stage specific growth morphology of parasite

upon treatment.

2.2.4 NP-40 mediated B-hematin polymerization assay

Fatty acids were incubated with 100uM hematin, 1 M acetate buffer of pH- 4.8 and 30.55uM
NP-40 in a 96 well plate at 37°C and shaken at 55rpm for 4 h. The incubation plate was
centrifuged at 1100 xg for 1 h at 25°C. After discarding the supernatant, 200ul of 0.15M

sodium bicarbonate containing 2% SDS was added to each well. The centrifugation repeated,
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and the supernatant containing free heme was discarded. Then 200ul 0.36M sodium
hydroxide and 2% SDS was added to dissolve the synthesized B-hematin (102). The
absorbance was then measured at 400nm using a multi-plate reader (Tecan infinite F-200,
Switzerland). The graph was plotted with absorbance against fatty acid concentration. The

IC50 value was measured using Prism 6.0 software (Graph Pad Inc., US).
2.2.5 Fatty acid- hemin interaction

To find the interaction of fatty acids and heme, 15uM final concentration of hemin or
ferriprotophopyrin (FP) was dissolved in 40% DMSO containing 10mM sodium phosphate
buffer, pH- 5.9, and incubated alone or with increasing concentration of saturated and
unsaturated fatty acids. After 2 min of incubation (103), the absorption spectrum of hemin
was recorded at 400nm and the graph was plotted using Prism 6.0 software (Graph Pad Inc.,

us).

2.2.6 Docking analysis of heme-fatty acid interaction

Molecular docking is a method that can be used to find the nature of relative conformations
between two or molecules that are capable of interacting with each other. We extracted the
structure of protoporphyrin ring from PDB_id: 3P5Q (104), converted the Fe*? into Fe** and
used minimization protocol for geometry optimization by applying CHARMM force field
[Brooks et al., 1983] The structures of chloroquine and unsaturated fatty acids used in the
experimental work were drawn using ChemDraw Pro 8.0 and optimized the structures by
minimization using CHARMM force field. The entire structure of ferriprotoporphyrin was
defined as a receptor target and CDOCKER docking method (105) that is integrated into
Discovery Studio 2.5 (Accelerys Inc.) was used to dock chloroquine and unsaturated fatty

acids into ferriprotophopyrin and the number of docking conformations was set to 30. The
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docking results were analysed graphically and the docking poses were ranked based on their

scoring functions PLP1, PLP2 (106, 107) , PMF and PMF04 (108, 109).
2.2.7 Neutral lipid bodies (NLB) staining

To study the effect of DHA on inhibition of stage-specific synthesis neutral lipid bodies
(NLBs), trophozoite and schizont stage cultures were incubated with DHA for 10 h. Further
cultures were stained with BODIPY 493/503, stains the NLB of P. falciparum. Micro images

were taken with confocal microscopy (Carl-Zeiss, Germany) at 100x magnification.
2.2.8 JC-1 staining to measure the mitochondrial membrane depolarization

JC-1, a membrane-permeable stain was used to study the status of the mitochondria
membrane during the apoptotic condition. DHA was incubated with the trophozoite stage of
Plasmodium for 10 h and stained with JC-1 for 30 min at 37°C. The fluorescence shifts of JC-
1 in treated cultures were measured using a spectrofluorometer (Tecan infinite F-200,
Switzerland) and compared with untreated culture. Change in mitochondrial polarization was

detected by alteration in red (590nm)/green (529) fluorescence ratio.
2.2.9 Semi-quantitative PCR

RNA was isolated from the parasite infected RBC using TRI Reagent® (Sigma-Aldrich, US)
and measured the quantity using NanoDrop™ spectrophotometer. cDNA was synthesized
from the 1 pg of RNA of each sample using BluePrint™ 1st strand ¢cDNA synthesis kit
6115A (Takara) following manufacturer instructions. For pfDGAT quantification 1 pl of
cDNA of the sample was subjected to semi-quantitative PCR using DreamTaq"'Green PCR

Master Mix K1081 (Thermo Scientific, US) as per the manufacturer’s protocol.
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2.3 Results

2.3.1 Polyunsaturated fatty acids (PUFAS) inhibit the growth of P. falciparum

A reduction of SYBR green | fluorescence for PUFAs treated culture indicates reduction in
P. falciparum parasitemia. PUFAs viz., DHA, EPA, and AA inhibited Plasmodium growth in
a concentration-dependent manner with IC50 values of 38.4 uM, 46.2 uM, 50.8 uM,
respectively, after 48 h of treatment. Linoleic and linolenic acid with lower unsaturation
index had less parasite growth inhibitory effect compared to the above PUFAs with an
inhibitory effect >250UM concentration. Saturated fatty acids viz., stearic acid, palmitic acid,
myristic acid had no inhibitory effect on the growth of P. falciparum as the treated cultures
exhibited fluorescence similar to untreated control culture, as shown in Figure 2.1A. These
results indicate that Plasmodium growth inhibitory effect of fatty acids is proportional to their
degree of unsaturation. Giemsa stained P. falciparum in Figure 2.1B represents the
accumulation of trophozoite stage, and pyknotic forms in DHA 1Csy (40uM) and ICq
(100uM) concentration incubated cultures correspondingly. At the same time, untreated
culture had schizont stage parasites. Figure 2.1C represents changes in developmental
morphology of P. falciparum in the presence of DHA, vehicle (BSA), and untreated culture.
Vehicle-treated culture was similar to untreated culture and could complete the trophozoite
stage followed by schizont and ring stages in its 48 h life cycle. At the same time, DHA-
treated culture was arrested in the trophozoite stage at 48 h of post-infection. Subsequently,
few parasites could attain the schizont stage with increasing time and, after 48 h post-DHA

treatment, parasites were noticeably pyknotic.

24



g

-] — S—" - 7 BRIl
E -+ Docosahexaenoic acid (C226, WD B y M UA
: 1250 .ﬂ\\. r—— s Eicosapentaenoic acid(C20:5) e Y o ol r |
o s A W 3
€ 1000+ -+ Arachidonic acid(C20:4) .“, ) ¢ | ¢ la $
g -+ Linoleic acid(C18:2) ﬁ" . RL‘ . q ) .
£ ™ —- Linolenic acid (C18:3) g o A  a ? R 0
2 50 -0~ Plamitic acid (C16:0) | N N\ [ s b‘ ) ® =
$ 20 0 Stearic acid (C18.0) .Gnﬁ'i v ’ D“O( )
s ~ p— - )
: " Control DHA 45uM DHA 100 uM
0 50 100 150 200 250
Concentration of fatty acid (uM)
ox
Control
2" % > LTS (eewE 3
- & ™ . = & B2 -
y o s @ : 2
BSA
- e
-9 e » B K
« » = | ® S
| ‘ i
DHA 100 pM
— - ® o ¥ %
L3
32h 40h 48h 56h 62h 70h 78h 86h 92h 100h

Figure 2.1 Fatty acid-induced death of P. falciparum. (A) The synchronized schizont-stage culture
was incubated with increasing concentrations of different fatty acids for 48 h. Parasitemia was
estimated using SYBR green | fluorescent dye and optical density measured by a spectrofluorometer.
The graph was plotted between absorbance values and concentration of fatty acids. (B) Giemsa
stained microscopic images of control and parasite culture treated with DHA ICs, and ICq
concentrations for 48 h. (C) microscopic images of control, vehicle (BSA), and DHA ICg
concentration treated Plasmodium culture for every 8 h up to 100 h of post-infection.

2.3.2 DHA inhibit the growth of P. falciparum trophozoite stage irreversibly

DHA delays the growth of P. falciparum and promotes accumulation of trophozoite and
pyknotic forms of the parasite in a concentration-dependent manner. To determine if this
impact was reversible and if the parasite survives after removing the DHA, the ring,
trophozoite, and schizont stages were transiently treated with DHA. After 12 h of treatment,
DHA was removed and, parasitemia was estimated for every 12 h up to 84 h. As shown in

Figure 2.2A, all DHA treated cultures did not infect erythrocytes. Further there was no
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increase in parasitemia at 48 h when compared to the untreated culture. The ring stage treated
culture could recover in growth, exhibiting an increase in parasitemia at 60 h. At the same
time, the schizont specific incubation of DHA further delays the growth and an expansion in
parasitemia was observed at 84 h of post-infection. Decreased parasitemia was seen with
trophozoite-specific treated culture even after removing the DHA and was similar to
continuous treated culture. These results infer the parasitostatic effect of DHA against ring
and schizont stages and parasiticidal effect of DHA against the trophozoite stage. Thin blood
smear prepared for every 12 h and Giemsa stained to examine the DHA effect on parasite
development morphology. As shown in Figure 2.2B, DHA treatment leads to the analogous
delay in the appearance of the successive parasite stages. It was confirmed in the 48 h
samples, which exhibited freshly infected ring stage erythrocytes in untreated culture. At the
same time, the DHA treated culture accumulated previous cycle trophozoite and schizont
stage parasites at 48 h of post-infection. Ring stage-specific DHA incubated culture exhibited
trophozoite stages at the end of treatment, i.e., at 24 h and successively developed to mature
trophozoite and schizont stages. Ring stage-treated culture displayed a 12 h delay in showing
freshly infected ring stage erythrocytes of the next cycle as compared to untreated culture.
Trophozoite stage-specific DHA treated parasite was unable to progress to the subsequent
schizont stage which induces death after 36 h of treatment. It forms pyknotic structures in 60
h samples, similar to the continuous treated DHA culture. Schizont stage-specific DHA
treated culture arrests the parasite progression, showing 36 h delay to attain the consecutive
ring-stage parasite as compared to control culture, which appeared at 84 h post-infection.
These results indicate that DHA incubation slows down the recovery rate in the schizont

stage compared to the ring stage, and recovery is absent in the trophozoite stage.
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Figure 2.2 Effect of partial treatment of DHA at various Plasmodium stages. (A) Growth of
parasitemia after treatment with DHA at different stages of P. falciparum infection. 12 h post-
infection cultures were treated with DHA at various stages corresponding to ring (Ring + DHA),
trophozoite (Trophozoite + DHA), and schizont (Schizont + DHA) stages. After the withdrawal of the
compound, parasitemia was assessed every 12 h up to 84 h post-infection. The corresponding graph
was plotted for parasitemia against time interval. Results are represented as the mean and error of
three individual experiments £ SEM. (B) Giemsa stained images represent the changes in the
morphology of the parasite at the corresponding stages.
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2.3.3 Polyunsaturated fatty acids inhibit - hematin polymerization

The concentration of fatty acid that inhibits half of the 3- hematin formation was considered
as half-maximal inhibition concentration (IC50). Figure 2.3A shows the graph of PUFAs
DHA and AA treatment reduced the relative absorbance of - hematin in a concentration-
dependent manner with IC50 concentration of 35 pM and 48 puM, respectively. The positive
control chloroquine was found to inhibit B- hematin synthesis with IC50 of 38 puM. Linoleic
acid exhibited a low unsaturation index as indicated by an IC50 of 118uM. Monounsaturated
fatty acids such as oleic, palmitoleic acid had a less inhibitory effect on B- hematin synthesis
compared with PUFA. No alteration in relative absorbance of - hematin was observed in
saturated fatty acid incubation samples even at higher concentrations which were similar to a
negative control pyrimethamine and vehicle control. Figure 2.3B | show representative
images showing the presence of free hemin in the wells corresponding to DHA, AA, and Chl
(chloroquine) of a 96 well plate, where free hemin binds with NaHCO3 and develops color in
proportion with the concentration of fatty acids. In Figure 2.3B I, the above wells failed to

produce color after adding NaOH due to the absence of 3- hematin.
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Figure 2.3 Effect of fatty acids on p-hematin formation. (A) Graph showing the decreasing optical
density values (corresponding to B-hematin) against increasing fatty acid concentrations. (B) Images
showing the 96 well plate containing free hemin is dissolved in 0.15M sodium bicarbonate containing
2% SDS and forms the colour (I). Image showing the 96 well plate containing - hematin polymers
dissolved in 0.36M sodium hydroxide and 2% SDS and develops the colour (I1).

2.3.4 Polyunsaturated fatty acids shown interaction with heme and alters Soret band

As the PUFAs inhibit B-Hematin polymerization, we sought to determine the interaction of
these fatty acids with synthetic hemin monomers. Synthetic hemin or ferriprotoporphyrin
(FP) is monomeric in 40% DMSO solution and gives a sharp Soret band at 400nm. When any
compound interacts with this, the spectrum of hemin changes and the Soret band absorption
decreases. Fatty acid interaction with synthetic hemin was investigated by checking the
alteration of the Soret band. As shown in Figure 2.4, the Soret band absorption spectrum
declines with increasing concentration of PUFAs like DHA and AA starting at 1:7 ratio of

hemin: fatty acid . With chloroquine as a positive control, Soret band absorption altered
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starting from 1:3 ratio of hemin: chloroquine. Sharp Soret band was observed in saturated
fatty acid incubated with synthetic hemin similar to vehicle control and pyrimethamine as a
negative control, indicating the absence of the interaction of saturated fatty acids with hemin.
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Figure 2.4 Effect of fatty acids on interaction with ferriprotoporphyrin (FP). Graph represents
the alteration of the Soret band of 15uM FP with increasing concentration of chloroquine and PUFAs
such as docosahexaenoic acid and arachidonic acid.

2.3.5 In silico analysis of heme (ferriprotoporphyrin)-fatty acid interaction

The structures of chloroquine and fatty acids were docked into the structure of
ferriprotophopyrin using blind docking. Of the docking poses, the best pose was identified
based on the scores, also these poses had maximal occurrences among all the poses.
Chloroquine makes pi-pi stacking interactions with ferriprotoporphyrin. For the fatty acid
docking, the carboxylic group approaches ferriprotoporphyrin perpendicular to Fe*®, and the
aliphatic chain wraps around the bridged methylene units connecting the pyrrole rings in the
receptor. The binding of docosahexaenoic acid to ferriprotophopyrin is shown in Figure 2.5.
The docking scoring values of all the molecules are provided in the Table 1. Chloroquine and

docosahexaenoic acid display high scores and myristic acids have the lowest score.
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Figure 2.5 In silico interaction of ferriprotoporphyrin to docosahexaenoic acid. Image represents
the binding pose of docosahexaenoic acid (stick representation, carbon-grey, and oxygen-red) to
ferriprotoporphyrin (ball and stick representation, carbon-green, nitrogen-blue, oxygen-red).

S.NO. | Compound PLP1 PLP2 PMF PMF04
1 Chloroquine -54.83 -50.87 -27.47 -36.65
2 Docosahexaenoic acid | -42.56 -37.39 -23.8 -23.26
3 Arachidonic acid -34.9 -28.73 -23.36 -24.42
4 Eicosapentaenoic acid | -29.64 -23.81 -19.93 -16.69
5 Linoleic acid -30.46 -23.56 -21.46 -15.25
6 Linolenic acid -25.95 -21.16 -19.31 -15.78
7 Palmitoleic acid -23.03 -17.68 -21.55 -25.06
8 Oleic acid -12.88 -10.07 -21.7 -22.6
9 Stearic acid -22.75 -18.38 -18.94 -25.76
10 Palmitic acid -15.86 -11.26 -16.62 -21.95
11 Myristic acid -6.87 -3.89 -13.36 -14.82

Table 1 C-Docker score of fatty acid- ferriprotoporphyrin interaction.

2.3.6 DHA abrogates neutral lipid bodies (NLBs) of P. falciparum

Neutral lipid bodies (NLBs) crystallize the heme degraded from haemoglobin in the digestive
vacuole of P. falciparum mature stages. Previous results showed that PUFAs prevent hematin
synthesis by binding to free hemin. Synchronized trophozoite and schizont-specific stages of
P. falciparum were treated with DHA for 10 h, stained with BODIPY 493/503 and observed
under the confocal microscope to estimate its effect on Plasmodium NLB synthesis. Figure
2.6A indicates that DHA reduces the NLB formation at a low concentration of 30 uM and
disappears with increasing concentration in trophozoite stage-specific incubated culture.

While Figure 2.6B represents more concentration of chloroquine required (60 uM) to reduce
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Plasmodium NLB synthesis compare to DHA, it disappears NLBs at 100 puM. Interestingly,
both DHA and chloroquine did not affect NLB synthesis of schizont stage-specific treated
culture as shown in Figure 2.6C & 2.6D. Pyrimethamine (an anti-folate compound inhibits
Plasmodium growth by inhibiting its DNA) and oleic acid (a monounsaturated fatty acid
which has no antiparasitic effect) did not show any effect on NLB formation of trophozoite
and schizont stage-incubated cultures as shown in Figure 2.7A &2.7B. These results infer that
DHA specifically acts on trophozoite hemoglobin degradation metabolism by inhibiting

digestive vacuole NLBs synthesis.

Control 10uM 30uM 60uM 90uM

Control 10nM 30nM 60nM 100nM

Control 10uM 30uM 60puM 90uM

Chloroquine

D Chloroquine

Control 10nM 30nM 60nM 100nM
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Figure 2.6 Effect of DHA and chloroquine on neutral lipid bodies synthesis. (A) Confocal
microscopy images of BODIPY 493/503 stained neutral lipid bodies of trophozoite stage specific
treated with increasing concentrations of (a) DHA and (b) chloroquine for 10 h. (B) Confocal
microscopy images of BODIPY 493/503 stained neutral lipid bodies of schizont stage culture treated
with increasing concentrations of (a) DHA and (b) chloroquine for 10 h. Green (neutral lipid bodies) -
BODIPY 493/503; Blue (nucleus) — DAPI.

A

t ' tmethamne

Control 50nM 100nM
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t ‘ teec B
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Figure 2.7 Effect of pyrimethamine and oleic acid on neutral lipid bodies synthesis. (A) Confocal
microscopy images of BODIPY 493/503 stained neutral lipid bodies of trophozoite stage specific

treated with increasing concentrations of pyrimethamine and (B) oleic acid for 10 h.

2.3.7 DHA effect on P. falciparum diglyceride acyltransferase (pfDGAT) enzyme gene

expression.

DGATL is one of two known two DGAT enzymes that catalyse the final step in triglyceride
synthesis. pfDGAT (CAB39042) is more closely related to the DGAT1 family of
acyltransferases. Hence we estimated the pfDGAT gene expression in ring, trophozoite and
schizont stage parasite culture i.e. at 12 h, 24 h, and 36 h post infection parasite cultures
respectively by using semi-quantitative PCR analysis. As shown in Figure 2.8A we found
increased expression of pfDGAT gene in mature stages i.e. trophozoite and schizont stages of

parasite culture compared to ring stage culture. Further we estimated the DGAT expression in

33



DHA treated trophozoite stage culture we couldn’t observe any alteration of gene expression
compared to untreated or control culture even with increase in the DHA concentration as

shown in Figure 2.8B.
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Figure 2.8 Stage specific expression of pfDGAT and effect of DHA on trophozoite stage
pfDGAT gene expression. (A) Gene expression of pfDGAT in ring, trophozoite and schizont stage
parasite culture and (B) DHA treated trophozoite stage parasite culture. Housekeeping gene pfo-
tubulin used as loading control.*,p<0.05 for statistical significance.

2.3.8 Anti-plasmodial activity of DGATL1 inhibitor T-863

Synchronized P. falciparum 3d7 parasite culture was treated with T-863 for 48 h and
estimated the parasitemia using SYBR green fluorescence assay. As shown in Figure 2.9 with
increasing concentration of T-863 percentage of parasitemia was decreased and observed half

maximal inhibition (IC50) at 200uM concentration.

Percentage of parasite viability
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Figure 2.9 Anti-plasmodial effect of T-863 against P. falciparum. Graph represents the decrease in
percentage of parasitemia with increasing concentration of T-863.

2.3.9 DHA depolarizes P. falciparum mitochondrial membrane potential

The pyknotic bodies formed in Plasmodium-infected erythrocytes at higher concentrations of
DHA might be due to apoptosis-like cell death of the Plasmodium. To evaluate the effect of
DHA on mitochondrial membrane polarization of P. falciparum, the culture incubated with
increasing concentrations of DHA for 10 h and stained with JC-1 and fluorescence measured
at 598nm (red) and 533nm green. As shown in Table 2, a low concentration DHA treated
sample exhibited strong red fluorescence, which shows a healthy condition. While the high
dose of DHA incubated samples displayed green fluorescence because of low membrane
potential compared with control. Reduction in 598(red)/533 (green) ratios at a high

concentration of DHA represents the depolarization of mitochondria.

S.NO. | Docosahexaenoic acid Emission at Emission at Red/Green
concentration (UM) 533nm (Green) 598nm (Red) | ratio

1 Control 72 90 1.25

2 15.6 91 91 1

3 31.25 91 89 0.97

4 62.5 102 108 1

5 125 103 80 0.77

6 250 107 65 0.60

7 500 86 37 0.43

Table 2 DHA induced mitochondrial membrane depolarization of P. falciparum.

2.4 Discussion

In the current study, we observed that polyunsaturated fatty acids (PUFAS) are potent against
P. falciparum growth inhibition compared to monounsaturated and saturated fatty acids. This
growth inhibition effect of fatty acids is proportional to their unsaturation index (presence of
double bonds). Our observation is in agreement with the findings of Kumaratilake et al (81)
who reported that among all fatty acids DHA with the highest unsaturation index was more

potent against P. falciparum growth inhibition. DHA at higher concentrations might induced
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apoptotic like cell death and formed the pyknotic structures in Plasmodium-infected
erythrocytes. Under in-vitro conditions, these PUFAs might exhibit pyknotic structure
formation machinery (81) or, the oxygen, nitrogen derived reactive species(110-112),
oxidized polyamines(113) and lipid peroxides (110) might induce these degenerated pyknotic
forms. Plasmodium-infected erythrocytes were less susceptible to lipid peroxidation than
non-infected erythrocytes. In addition to the host cell membrane of the parasitized
erythrocyte, the plasma membrane of the neighbouring cells also exhibits resistance to
oxidative stress (114). In contrast, some reports confirmed lipid peroxidation and alteration in
antioxidant enzymes, in P. vivax-mediated jaundice (115). Parasite synthesized hemozoin
establishes a potential catalyst for this lipid peroxidation. Nonenzymatic heme catalysed
peroxidation of lipids in parasite-infected erythrocytes, and hemozoin were found to contain
large amounts of monohydroxy derivatives of polyenoic fatty acids (OH-PUFAS) like 9
HETE and 12 HETE in their ester lipids(116). These observations imparted ambiguity to the
lipid peroxidation environment in the parasite-infected erythrocytes. In our study when we
auto-oxidize DHA by exposing it to air overnight, the antiparasitic effect was doubled as
compared to its non-oxidized form (data not shown). Hence further studies are required to
confirm PUFAs peroxidation-mediated parasite death.

The stage-specific growth inhibition assay results indicate that DHA inhibits the
growth of trophozoite stage of P. falciparum irreversibly. It delays the growth of the ring and
schizont stage of the parasite. As per our results, the recovery capability of the schizont stage
parasite is much slower than the ring stage of transiently DHA treated culture. The previous
study stated that DHA induces 90% death of P. falciparum at a concentration of 20-40ug/ml
(81). The survived parasites were in the ring form. AA caused 80% of the death. In the

survived parasites along with ring form, some percentages of schizont were also observed

36



(81). These observations indeed support the specific inhibition effect of DHA on trophozoite
stage of parasite.

Plasmodium utilizes the host erythrocyte haemoglobin and releases the free heme
which is toxic to the parasite. Hence Plasmodium crystallizes free heme to nontoxic insoluble
hemozoin polymers in the digestive vacuole (117). This makes inhibition of hemozoin
synthesis a potent drug target. Chloroquine and quinoline are influential antimalarial
compounds that act through inhibiting hemozoin synthesis. Fitch et al. reported that the
unsaturated fatty acids like arachidonic, linoleic, oleic, palmitoleic acids, and mono- and di-
oleoylglycerol were active on B-hematin synthesis and, saturated fatty acids such as stearic
and palmitic acids were inactive (118). In contrast to this our study indicates that among all
fatty acids the PUFAs have antiplasmodial effect and are potent against inhibiting the p-
hematin synthesis. The B-hematin inhibition effect of PUFAs viz., DHA and AA is
proportional to their unsaturation index. Linoleic acid with lesser unsaturation index and
palmitoleic acid with single unsaturation required high concentration to inhibit 3-hematin
polymerization. While Oleic acid, a monounsaturated fatty acid, did not show any effect on
the B-Hematin polymerization, similar to the saturated fatty acids. Bendrat et al. identified the
presence of methyl esters of oleic, stearic, and palmitic acid in acetonitrile fractions of
hemozoin by mass spectrometry analysis. This study further support that saturated and
monounsaturated fatty acids are required in f-hematin synthesis(119).

Heme - drug complex inhibits the hematin polymerization. In line with this,
chloroquine and other quinolones bind to the free heme derived from the hemozoin
degradation in a digestive vacuole (120). Hematin polymer degradation was not observed
with chloroquine and quinolone treatment indicates the importance of chloroquine- heme
interaction in inhibition of B-hematin synthesis(121). As PUFAs inhibited the hemozoin

synthesis we studied the heme- fatty acid interaction. Our results confirmed the binding of
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free hemin with PUFAs DHA and AA by Soret band assay. Our observations suggested that
more fatty acid concentration is required for interaction with hemin as compared to
chloroquine. The previous study exhibited the interaction of LDL glycerophospholipids fatty
acids oleic, linoleic, and arachidonic acid to myeloperoxidase (MPQO) heme prosthetic group
by alteration in the Soret region of the visible spectrum (122). It supports the fatty acid- heme
interaction. The saturated and monounsaturated fatty acids did not show interaction even at
higher concentrations similar to the pyrimethamine, a negative control in our study. The
binding affinity of the fatty acids to MPO is proportional to their unsaturation index further
confirms the PUFAs with high unsaturation inhibits B-hematin formation (122). Our in silico
analysis of fatty acid — hemin interaction study elucidated that among all fatty acids DHA has
exhibited highest C-Docker score with ferriprotoporphyrin perpendicular to Fe*?, which
further supports the role of unsaturation in binding to hemin. Similarly unsaturated or
cyclopropanated fatty acids binding to Escherichia coli flavohemoglobin and modifies the
visible absorption spectrum of the ferric heme, strengthen our observations (123). These
previous studies support the unsaturated fatty acid- heme complex-mediated inhibition of
hematin polymerization shown in our study.

The literature illustrates three hypotheses for the hematin crystallization mechanism.
Those include enzyme-catalysed heme polymerase (124), histidine-rich proteins (125, 126),
and lipid mediated(118) or a combination of both(28). Acidic digestive vacuole, which
mediates the hemozoin crystallization, contains neutral lipid bodies (NLBs). The synthesized
hemozoin crystals surrounded by lipid nano spear further indicates the role of lipids in
hemozoin polymerization (96). The neutral lipid nano spear protects hemozoin from peroxide
degradation. A high concentration of H202 is required to degrade the neutral lipids
enveloped hemozoin than the delipidated hemozoin(127). As PUFAs can promote lipid

peroxidation from our study we observed a decrease of neutral lipid bodies size in DHA
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treated Plasmodium trophozoite stage culture compared to the untreated culture. Further
increase in DHA concentration abrogates the lipid bodies of Plasmodium. The presence of
these NLBs and their localization in the digestive vacuole is stage-dependent (128, 129). Late
trophozoite and early schizont stages of the Plasmodium digestive vacuole contains more
number of lipid bodies (129, 130). In our study when we incubated DHA at the schizont stage
of Plasmodium it did not show any alteration in NLBs size and number. Similarly
chloroquine also decreases and at high concentration abrogates the Plasmodium trophozoite
stage NLBs, while it did not show any effect on schizont stage NLBs. A previous study
reported that the parasite treated with Brifeldin A for 26 or 30 h, i.e., when parasite develops
into mature trophozoite stage, it reduced the numbers of lipid droplets significantly compare
with untreated. After removing the BFA the parasites are viable, able to continue
development and accumulate lipid droplets. At the same time Trifluoperazine (TFA) a
compound that modulates fatty acid incorporation into TAG incubated with late trophozoite
stage of Plasmodium, reduces the lipid droplets number probably through inhibiting the
Diacylglycerol acyltransferase (DGAT) the principal enzyme in TAG synthesis. DGAT is
more active at trophozoite and schizont stages of the Plasmodium parasite (131). We found
increased expression of DGAT in trophozoite and schizont stage parasite culture compared to
ring stage parasite culture. DHA inhibited the neutral lipid droplets in trophozoite stage
treated culture hence we hypothesized the effect of DHA in regulation of DGAT expression
but interestingly DHA treated trophozoite stage culture didn’t show alteration in DGAT
expression compared to untreated culture even we increase the DHA concentration. 80 puM
T863 a DGATL inhibitor showed 95% growth reduction in Toxoplasma gondii after 24 h
treatment and 5 UM concentration abrogates the neutral lipid bodies (132). Whereas T863
showed 50% growth inhibition at 200 uM against P. falciparum after 48 h treatment supports

the T863 inability to inhibit the Plasmodium trophozoite DGAT gene expression. These
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studies support the trophozoite specific NLBs alteration by DHA and chloroquine in our
study.

Our results indicated that when we incubate Plasmodium with pyrimethamine, and
oleic acid at trophozoite and schizont stage, they did not exhibit any alteration of NLBs at
both stages of Plasmodium. This further supports that the trophozoite stage-specific NLBs
inhibition is DHA and chloroquine dependent. The fatty acid methyl ester analysis of
digestive vacuole and purified hemozoin identified prevailing saturated stearic and palmitic
acids and also a lesser amount of unsaturated oleic and linoleic acid, and absence of PUFA
arachidonic acid(124). Digestive vacuole and trophozoite are rich in oleic acids than stearic
acid (124), which may be the reason we could not observe alteration of neutral lipid bodies
in oleic acid incubated Plasmodium cultures in our study.

Differential scanning colorimetry examination of phase transitions and molecular
orientation in the liquid state of neutral lipids, indicate that acyl moieties positioning in
glycerolipids decreases the fluidity of dispersed lipid droplets(133) which is another possible
reason for lipid droplets degeneration. Lipids phase transition temperature depends on the
head group, hydrocarbon chain length, and degree of unsaturation of lipids. The lipid
composition of hemozoin is rich in saturated, mono stearic glycerol (MSG), and mono
palmitic glycerol (MPG). Unsaturated monooleic glycerol (MOG), monolinoleic glycerol
(MLG) was absent in parasite and sucrose purified hemozoin. These saturated lipids (MSG,
MPG) possess a higher melting temperature than unsaturated dioleoylglycerol (DOG) and
dilinoleoylglycerol (DLG). Hence the addition of a double bond containing phospholipids
reduces the hydrophobic interactions and decreases the melting temperature. Hence PUFAs
DHA and AA incubation may induce the cis double bonds in lipid droplets. This causes a
kink in the carbon chain that prevents these fatty acids from packing tightly in the membrane,

and increase the fluidity and dispersal of the neutral lipid bodies which can be the possible
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explanation for the DHA induced NLBs degeneration in trophozoite of Plasmodium.
Digestive vacuole permeabilization or disruption can lead to apoptosis like cell death of
parasite (134, 135). Chloroquine and quinacrine induce programmed cell death like apoptosis
by inducing digestive vacuole permeabilization and mitochondrial depolarization of the
parasite (136). In mammalian cells depolarization of mitochondrial membrane and
fragmentation of nuclear DNA are the apoptotic features. In our study we observed DHA
induced the mitochondrial membrane depolarization at the concentration which DHA able to
form apoptotic features pyknotic structures in Plasmodium infected erythrocytes and also
abrogates the digestive vacuole NLBs infers similar to chloroquine, DHA may induce
programmed cell death like apoptosis in P. falciparum.

DHA and EPA suppress pathogenicity by inducing cellular membrane disruption in
Porphyromonas gingivalis and Fusobacterium nucleatum pathogens (137). DHA a potent
inhibitor of enoylacyl carrier protein reductase (Fab 1) of P. falciparum (97) and
Staphylococcus aureus (138). Inhibition of Fab | reduce the fatty acid chain elongation and
further affect the phospholipid biosynthesis machinery. Hence the presence of DHA might
inhibit the enzymes in the biosynthetic pathway and alter the neutral lipid content.
Alternatively DHA induced peroxidation and chloroguine induced ROS might degrade the
NLBs at the trophozoite stage of Plasmodium. The inefficiency of these compounds in
altering the schizont stage NLBs is not understood. It is interesting to know whether DHA
and chloroquine inhibit the synthesis of NLBs or degrade these. A detailed study is required

to further confirm the mechanism of action of DHA and chloroquine on NLBs alteration.
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3. Robust erythrophagocytosis induced cell death and

Immune modulation in Raw 264.7 macrophage cell line
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3.1 Introduction

Monocytes/ macrophages are innate immune cells that protect the host by controlling the
pathogen growth through phagocytosis, secreting cytokines, and presenting antigens.
Macrophage activation by malaria pathogenesis results in the secretion of pro-inflammatory
cytokines. These cytokines play an essential role in the sequestration of Plasmodium infected
erythrocytes (iRBC) to the brain, lung, placenta, and other tissues by inducing the vascular
endothelial cell adhesion molecules (139). Parasite infection causes surface receptor
molecules' expression like intercellular adhesion molecule (ICAM) and chemokine receptors
on macrophages, which further promotes macrophages' binding to endothelial cells and
facilitates their infiltration into damaged tissue and causes severe malaria (140).
Inflammatory response executed by macrophages is mainly pro and anti-inflammation.
During the pathogenic condition, macrophages induce pro-inflammatory condition to inhibit
the parasite growth. An anti-inflammatory state activated after the pathogen clearance to
protect tissue damage. Alteration in inflammatory pathway regulation causes detrimental
effects (141). Phagocyte — reduced macrophages secrete proinflammatory cytokines like
TNF- o and IFN- y into the serum (142). Tissue-resident CD169 " macrophages release the 1L-
10 anti-inflammatory cytokines. Their absence causes severe malaria through blood-brain
barrier disruption, and vascular permeabilization of the target tissues and increased deposition
of hemozoin (143). During initial infection, the phagocytic activity is more, and with repeated
infection, the macrophages lose its activity (144, 145). Macrophages are prone to
phagocytose mature stages like trophozoite and schizont stages of infected erythrocytes (146,
147). Ring stage erythrocyte ingested macrophages could degrade the haemoglobin and
repeat the phagocytic activity. Mature stage parasite engulfed macrophages failed to degrade
the hemozoin and inhibit the phagocytic activity (61). Hemoglobin derived heme causes the

redox imbalance and induces apoptosis and oxidative burst in robust iIRBC phagocytosed
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macrophages (63, 148). Macrophages are active in producing proinflammatory lipid
derivatives eicosanoids, prostaglandins, and leukotrienes (149, 150). Simultaneously the
resolvins and lipoxins synthesized by macrophages from the lipids induce anti-inflammatory
condition and inhibit apoptosis (151). Hence it is interesting to study the role of lipids in the

induction of apoptosis of iIRBC engulfed macrophages.

Autophagy acts as a cytoprotective in oxidative stress, starvation, and endoplasmic
stress activation (152). Autophagy inhibition induces the M1 macrophage polarization (pro-
inflammatory) and its activation promotes M2 phenotype (anti-inflammatory) (153). Immune
cell activation alters their morphology and facilitates their migration to the infected tissue and
secretes the proinflammatory lipid derivatives. mTORC1 and mTORC2 regulate this
metabolic process in activated immune cells (154). PI3BK-mTORC1 pathway regulates the
increased protein synthesis in LPS treated macrophages (155, 156). Ehrlichia gram-negative
bacteria induce mTORCL1 dependent M1 phenotype macrophages, which accumulate in the
liver and causes fatality. In contrast nonlethal form activates and accumulates M2 phenotype
(157). P. falciparum infection accumulates CD40+ M1 macrophages in the lung and causes
pulmonary edema (158). It is interesting to study the role of Plasmodium infection in

macrophage autophagy and polarization regulation.

Cerebral malaria is a severe form of malaria induces brain resident
macrophages/microglial activation and increases the number of perivascular macrophages in
infected brain tissue which further aggravate inflammation (159, 160). Aging increased lipid
droplets accumulation in microglia that inhibits their phagocytic activity. Lipid droplets
increase the reactive oxygen species, proinflammatory cytokines in mice, and human brain
tissue (55). Lipid laden cells are differentially distributed in brain parenchyma, including
lateral ventricle walls and hippocampus, which includes neurogenic, niches (161). Lateral

ventricle subependymal zone rich of radial glial cells transports the new cells to the different
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regions of the brain, neurons to the olfactory bulb, glial cells to the cortex and corpus
callosum (162). This study elucidated the apoptosis and autophagy regulation in Plasmodium
infected RBC (iRBC) engulfed macrophages cell death and macrophage-induced

neuroinflammation in cerebral malaria.
3.2 Materials and methods
3.2.1 Infection of mice and blood recovery

BALB/c mice of 4-6 weeks age was infected with 10° P. berghei ANKA infected RBC
(IRBC). When parasitemia was reached 40-50 percentages, blood was collected through the
retro-orbital method from anesthetized mice in heparinized tubes. Then blood was washed
with cold PBS separated RBC by centrifuging at 1200rpm for 10 min and counted. Isolated
RBC was incubated with Raw 264.7 macrophages at a different ratio. Blood from control

mice was processed similarly (cRBC).

The animal experiment in this study was approved by the Institutional Animal Ethics

Committee (IAEC) as per CPCSE guidelines.
3.2.2 Raw 264.7 cell culture and treatment

Raw 264.7 cells were cultured in DMEM media with 10% FBS at 37°C under 5% CO,. Cells
were seeded 24 hr before the experiment. On the day of experiment, fresh media added
incubated the cells along with iRBC from the ratio of 1:10 to 1:100 and cRBC 1:100
(macrophage: iRBC). Following treatment non-phagocytosed, RBC was lysed using

ammonium chloride RBC lysis buffer, washed with cold PBS, and used for further analysis.
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3.2.3 CFSE staining of RBC

RBC was stained with CFSE (Cayman, US), as shown before (63). Briefly, RBC at 2x10
cells/mL was incubated in CFSE staining buffer (PBS containing 0.1% BSA and 2.5 uM
CFSE) for 10 min. The reaction was blocked by adding complete media for 10 min on ice.

Later RBC was washed with RPMI media.

3.2.4 Quantification of erythrophagocytosis in Docosahexaenoic acid (DHA) treated

macrophages

Raw 264.7 macrophages were treated with DHA overnight, with increasing concentration
from 30 uM to 90 pM. Cells were washed with cold PBS and added fresh complete media.
DHA treated macrophages were incubated with iRBC and cRBC in 1:50 (macrophage: RBC)
ratio for 6 hr. After incubation non -phagocytosed RBC was lysed with ammonium chloride
buffer. Internalized RBC was estimated in PBS washed macrophage using FACS BD
LSRFortessa™ cell analyzer by batch analysis. For confocal image, cells were seeded on
poly L lysine coated coverslips and cultured and incubated the cells with RBC as stated
above. After ammonium chloride lysis of RBC, cells were imaged under confocal microscopy

to estimate phagocytosed RBC by macrophages.
3.2.5 Western blot analysis

Cells were lysed on ice in buffer containing 10mM Tris pH 7.4, 0.32M sucrose, 0.25mM
Na2EDTA, 1ImM Na3VvO04, 1mM PMSF, 20mM beta-glycerophosphate & 20mM NaF by
sonication. The concentration of protein lysate was estimated by the Bradford method and
proteins were subjected to SDS-PAGE with 40 pg protein used for each well. After
separation, the proteins on the gel were transferred on to nitrocellulose membrane overnight.

The membrane was blocked with 5% skimmed milk (Himedia, India) in TBS for 1 h.
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Membrane incubated with primary antibodies anti-caspase-3, anti-cleaved caspase-3, anti-
p53(sc21872 r), anti-mTORC1, anti- phospho-mTORC1, anti-phospho-p70S6K, anti-
LC3l&lII, anti-B-actin at 4°C overnight. Membrane washed with TBS and TBST (TBS+0.1%
Tween 20) for 3 times and probed with horseradish peroxidase (HRP) conjugated secondary
antibody (Sigma Aldrich, US) for 1 h at room temperature. The membrane was washed with
TBS and TBST for 5 times each 5min. Protein bands were developed using
femtoLUCENT™ PLUS-HRP chemiluminescent reagent (G-Biosciences, US). The protein

bands were densitometrically quantified using ImageJ software (NIH, US).
3.2.6 Immunofluorescence

Brain tissue sections were made using cryotome and placed on silane coated slides and stored
at -80°C. For immunofluorescence the sections were permeabilized with 0.3% triton-X-100 in
PBS for 30 min at room temperature. 5% goat serum in PBST was used as a blocking
solution to block the sections for 1 h at room temperature. Sections were incubated with
primary antibody anti-GFAP (CST, US) overnight at 4°C. Washed the sections with PBS for
3 times each 5 min and incubated with Alexa Fluor — 555 conjugated goat anti-mouse 1gG
(CST, US) for 1 h and washed the sections and mounted with anti-fade DAPI solution and

imaged under confocal microscopy (Carl-Zeiss, Germany).
3.2.7 Bodipy 493/503 staining

Brain sections were permeabilized with 0.3% triton-X-100 in PBS for 30 min and incubated
with Bodipy 493/503 of 1mg/ml concentration at 37°C for 15 min, washed the sections in
PBS for 3 times each 5 min. Mounted the sections with anti-fade DAPI solution and imaged

under confocal microscopy (Carl-Zeiss, Germany).
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3.2.8 Semi-quantitative PCR

RNA was isolated from the mouse brain using TRI Reagent® (Sigma-Aldrich, US) and
measured the quantity using NanoDrop™ spectrophotometer. cDNA was synthesized from
the 1 pg of RNA of each sample using BluePrint™ 1st strand cDNA synthesis kit 6115A
(Takara) following manufacturer instructions. 1 pl of cDNA of the sample was subjected to
semi-quantitative PCR using DreamTaq"'Green PCR Master Mix K1081 (Thermo Scientific,
US) as per the manufacturer’s protocol. A nucleic acid sequence of primers was perilipin-1
(5’CAGAATATGCCGCCAACACC 3°, 5’GGCTGACTCCTTGTCTGGTG3’), perilipin-2
(5’AAGAGAAGCATCGGCTACG3’, 5 GCGATAGCCAGAGTACGTG3’), perilipin-3 (5’
GCAACTGCTGCTGAGACCATG3’, 5 GGCTGCACAACAGGTTCCTC3).

3.3 Results
3.3.1 Lipid droplets biogenesis and cell adhesion molecule induction in iRBC engulfed

macrophages.

To analyse the effect of P. berghei ANKA infected RBC (iRBC) on lipid droplet formation,
we incubated the Raw 264.7 macrophages with iRBC at a different ratio of macrophage:
IRBC for 48 h. We found that macrophages incubated with iRBC at a ratio of 1:50 and 1:100
induced lipid droplets compared to cRBC incubated macrophages of similar ratio and 1:10
ratio of iIRBC as detected by Bodipy 493/505 staining as shown in Figure 3.1A. We also
estimated the expression of lipid droplet stabilizing protein perilipin-2 expression in
macrophages incubated with iRBC. Macrophages with iRBC in a ratio of 1:50 and 1:100 has
shown significantly increased perilipin-2 expression (p< 0.0009 and p<0.0003 respectively)
as compared to 1:100 ratio of cRBC incubated macrophages as shown in Figure 3.1B & 3.1C.
Lipid droplets facilitate the expression of cell adhesion molecules on macrophages. In our

study we found the increased expression of ICAM-1 cell adhesion molecules in iRBC co-
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cultured macrophages while cRBC incubated macrophages failed to induce the ICAM-1

expression even at 1:50 ratio as shown in Figure 3.1D.
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Figure 3.1 Lipid droplet accumulation and induced ICAM-1 expression in enhanced iRBC

phagocytosed Raw 264.7 macrophages. (A) Confocal microscopy images of BODIPY 493/503

stained neutral lipid droplets of Raw 264.7 macrophages incubated with different ratios of cRBC and
iRBC. (B) Representative immunoblot of perilipin-2 protein expression in Raw 264.7 macrophages
incubated with different ratios of cRBC and iRBC. Immunoblot of B-actin confirms equal loading. (C)
Graph showing a perilipin-2 level of Raw 264.7 macrophages. Statistical significance indicated by
**** p< 0.0001, *, p<0.05 compared to cRBC incubated macrophages. (D) ICAM-1 gene expression

in cRBC and iRBC incubated Raw 264.7 macrophages. Housekeeping gene GAPDH (glyceraldehyde
. ¢cRBC (control mice blood), iRBC

3-phosphate dehydrogenase) is used as a loading control
(Plasmodium berghei ANKA infected mice blood)

3.3.2 Robust erythrophagocytosis induces caspase-mediated apoptosis in Raw 264.7

macrophage cell lines
Enhanced iRBC phagocytosis induces cell death in macrophages. We observed increased
propidium iodide staining in iIRBC co-cultured macrophages compared to cRBC with a ratio

of 1:100 for 48 h, as shown in Figure 3.2A confirms the cell death in iRBC incubated
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macrophages. The immunoblot analysis further confirms that this cell death was mediated by
caspase 3. Incubation of IRBC with a 1:50 and 1:100 ratio significantly increases the
expression of cleaved casp3/total casp3 levels (p<0.0001) in macrophages compared to cRBC
of ratio 1:100 incubated macrophages as shown in Figure 3.2B & 3.2D. The tumor suppressor
gene p53 induces the activation of apoptosis. IRBC at 1:50 and 1:100 ratio showed a
significant increase in the expression of p53 levels compared with iRBC of 1:10 ratio and

cRBC of 1:100 as showed in Figure 3.2B & 3.2C (p=0.0002 & p=0.003).
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Figure 3.2 Cell death and Caspase-3, p53 expression in robust iRBC phagocytosed Raw 264.7
macrophages. (A) Confocal microscopy images of Pl/Hochest stained Raw 264.7 macrophages
incubated with cRBC and iRBC of 1:100 ratio for 48 h. (B) Representative immunoblot of p53,
caspase-3, and cleaved caspase-3 protein of Raw 264.7 macrophages incubated with different ratios of
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cRBC and iRBC. Immunoblot of B-actin confirms equal loading. (C-D) Graph showing p53, cleaved
caspase3/caspase3 level of Raw 264.7 macrophages incubated with cRBC and iRBC. Statistical

significance indicated by ****, p< 0.0001, compared to cRBC incubated Raw 264.7 macrophages.

3.3.3 Robust erythrophagocytosis inhibits autophagy in Raw 264.7 macrophages

Autophagy is essential for macrophage polarization. Autophagy regulation in Raw 264.7
macrophages after enhanced erythrophagocytosis was analysed by western blotting. As
shown in Figure 3.3A macrophages incubated with 1:50 ratio of iRBC have exhibited a
significant decrease in autophagy marker protein ratio of LC3-1l to LC3-I level (p=0.03)
compare with cRBC incubated macrophages. An increase in iRBC ratio (1:100) further
decreases the ratio of LC3-11 to LC3-1 (p=0.001). While less iRBC ratio (1:10) did not affect
macrophage autophagy marker LC3-1l to LC3-1 level similar to the cRBC (1:100) confirms
robust erythrophagocytosis inhibits autophagy in Raw 264.7 macrophages. Autophagy
inhibition accumulates p62 induces ROS levels and chromosomal instability, which
correlates with signaling molecules of nuclear factor erythroid protein 2 (NRF 2), mTOR, and
nuclear factor kappa B (NF-xB) (163). As shown in Figure 3.3A, we found a significantly
increased expression of p62 levels in macrophages incubated with a 1:100 ratio of iRBC
compared to a similar ratio of cRBC (1:100). While 1:10 and 1:50 ratio of iRBC did not show
any alteration in p62 levels of macrophages. mTOR regulates the cell growth and autophagy
through downstream ribosomal kinase s6K protein. We observed a significant increase of p-
MTORC1/ mTORCL1 ratio in the macrophages incubated with 1:50 and 1:100 ratio of iRBC
(p<0.0001) compared to 1:100 cRBC. At the same time, p70s6K exhibited the increased
expression in iRBC incubated macrophages in correspondence to p-mTORC1/ mTORC1

ratio.
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Figure 3.3 mMTORC1/p70S6K mediated autophagy inhibition in robust iRBC phagocytosed Raw
264.7 macrophages. (A) Representative immunoblots of mTORCL1, phosphor-mTORC1, phospho-
70S6K, p62, and LC3 I/l1l of Raw 264.7 macrophages incubated with different ratio of cRBC and
iRBC for 48 h. Immunoblot of B-actin confirms equal loading. (B-D) Graph showing phosphor-

MTORC1/mTORC1, phospho-70S6K, phosphor-62, LC3Il/I levels of Raw 264.7 macrophages
incubated with cRBC and iRBC. Statistical significance was indicated by ****, p< 0.0001, *,p<0.05

compared to cRBC incubated Raw 264.7 macrophages.

3.3.4 Enhanced erythrophagocytosis phagocytosis activates Raw 264.7 macrophage M1

polarization

Autophagy inhibition activates the NF-kB mediated pro-inflammatory condition in the

macrophages of the M1 phenotype. As shown in Figure 3.4, higher ratio of 1:50 and 1:100

iIRBC incubated macrophages shown M1 phenotype with increased expression of

proinflammatory cytokine genes like IL-1B and TNF- o compared to cRBC (1:100) incubated

macrophages in semi-quantitative PCR analysis. While an anti-inflammatory gene TGF-

didn’t show alteration in macrophages incubated with iRBC and cRBC.

52



S (=) () =)
S ks 2 S s
~ g .y
§ & & § 8
g ~ -~ .g .g

Figure 3.4 Robust iRBC incubation induces proinflammatory cytokine gene expression in Raw
264.7 macrophages. Gene expression of IL-13, TNF-a, TGF-p cytokines in cRBC and iRBC of
different ratio incubated Raw 264.7 macrophages. Housekeeping gene GAPDH (glyceraldehyde 3-
phosphate dehydrogenase) is used as a loading control. cRBC (control mice blood), iRBC
(Plasmodium berghei ANKA infected mice blood).

3.3.5 Cerebral malaria induces infiltration of circulatory leukocytes into the brain tissue

Autophagy inhibition and increased expression of p62 induces the cell adhesion and
migratory effect of high glucose incubated macrophage cell lines (164). As the iRBC
phagocytosis inhibits autophagy and induces the expression of p62 in Raw 264.7
macrophages. We investigated the leukocyte infiltration in cerebral malaria severe form
malaria by FACS analysis. Brain immune cells were isolated from c57BL/6 mice at days 1, 3,
5, and 7 of post-infection with P. berghei ANKA and stained with PercP-CD45, which stains
circulatory macrophages and neutrophils and APC-CD11b for brain resident
macrophages/microglia and did FACS analysis. As shown in Figure 3.5 we observed the
circulatory leukocytes in days 5 and 7 of post-infection in isolated mice brain with cerebral

symptoms. Whereas before the cerebral malaria symptoms i.e., at day 1 and 3 post-infection,
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we didn’t observe the circulatory leukocytes in an infected brain similar to the control mice

brain.
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Figure 3.5 FACS analysis of peripheral leukocyte infiltration into P. berghei ANKA infected
mice brain tissue. The figure represents the dot plot image of immune cells of P. berghei ANKA
infected mice brain at day 1, 3, 5, and 7 of post-infection. Peripheral leukocytes were stained with
PerCP-CD45 and brain resident macrophages/microglia stained with APC-CD11b. Increased
percentage of the immune cell population of CD45+-CD11b+ represents the infiltration of peripheral
leukocytes into mice brain tissue at day 5 and 7 of post-infection.

3.3.6 Docosahexaenoic acid (DHA) enhances erythrophagocytic activity of Raw 264.7

macrophage cell lines.

P. berghei ANKA infected RBC (iRBC) phagocytosis induces macrophages' proinflammatory
condition and inhibits M2 phenotype macrophage polarization. Hence we treated the

macrophages with DHA, an anti-inflammatory molecule, overnight and incubated with
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carboxyfluorescein succinimidyl ester (CFSE) stained iRBC and cRBC of 1:100 ratio for 24
h. Cells were imaged under confocal microscopy. As shown in Figure 3.6A, 100 uM DHA
treated macrophages has shown increased green fluorescence represents the CFSE stained
IRBC compared to untreated iIRBC incubated macrophages. While the cRBC incubated
macrophages couldn't phagocytose, we didn't find the green fluorescence in cRBC incubated
macrophages. Simultaneously, as shown in Figure 3.6B, FACS analysis further confirmed
that increasing DHA concentration also enhances the phagocytic activity of macrophages. 90
KM DHA treated macrophages has shown double the times of phagocytic activity compared

to untreated macrophages.
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Figure 3.6 Docosahexaenoic acid (DHA) induced iRBC phagocytosis in Raw 264.7 macrophages.
(A) Confocal microscopy images of control and 100 uM DHA treated Raw 264.7 macrophages
incubated with CFSE stained cRBC, iRBC (1:100 ratio of macrophage: RBC) for 6 h. (B) FACS
batch analysis of histograms represents the percentage of RBC engulfed by control and DHA of 30,
60 and 90 uM DHA treated Raw 264.7 macrophages upon incubation with cRBC and iRBC of ratio
1:100 for 6 h. Green (CFSE stained RBC), Blue- DAPI (stains macrophage nucleus).

3.3.7 Lipid droplet induction in cerebral malaria infected brain

As the infiltrated leukocytes induce the brain's inflammatory condition, we analysed the lipid
droplets in cerebral malaria in infected brain sections by staining with Bodipy 493/503. As
shown in Figure 3.7B, we observed lipid droplets at the ependymal cell layer of the mice
brain's subventricular zone of lateral ventricles. Perilipin protein stabilizes the lipid droplets
structure. As shown in Figure 3.7A, we found increased expression of perilipin-3 gene
expression in cerebral malaria-infected mice brain compared to the control mice brain. At the
same time we couldn’t observe alteration of perilipin-1 and perilipin-2 gene expression in

cerebral malaria-infected mice brain compared to control mice brain.
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Figure 3.7 Cerebral malaria induced lipid droplets accumulation in brain tissue. (A) Gene
expression of lipid droplet stabilizing gene perilipin isoforms perilipin-1, perilipin-2, and perilipin-3
in control and cerebral malaria infected brain tissue. (B) Confocal microscopy image of Bodipy
493/503 stained brain sections of control and cerebral malaria mice brain. The image represents the
lipid droplet accumulation in cerebral malaria-infected mice brain lateral ventricle ependymal cell

layer. Green- BODIPY stained lipid droplets, Blue- DAPI (stains nucleus of brain cells).

3.3.8 Lateral ventricle enlargement and choroid plexus degeneration in the cerebral

malaria mice brain

Choroid plexus is composed of epithelial cells situated in the brain's lateral ventricles and
functions as a vascular blood-cerebrospinal fluid barrier (BCSFB). These epithelial cells are

continuous with ependymal cells and constitute the layer for Lateral ventricles, separate brain
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parenchyma from the CSF. BCSFB permeabilization facilitates the infiltration of stromal
immune cells and toxic substances into the CSF and causes tissue damage. Figure 3.8A,
indicates the enlargement of the lateral ventricle size in the CM brain compared to the control
brain. In choroid plexus, the gap junctions are filled with astrocytes. As shown in Figure
3.8B, the Glial fibrillary acidic protein (GFAP) stained control brain section represents the
definite structure of choroid plexus in lateral ventricle, while in CM infected brain section
showed deformed choroid plexus. At the same time, we observed increased staining of GFAP

in the SVZ of the CM infected brain but not in the control brain sections.
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Figure 3.8 Cerebral malaria infection induced the choroid plexus structure deformation and
active astrocytosis at subventricular zone of lateral ventricle. (A) Confocal microscopy images of
GFAP an astrocyte marker stained control and cerebral malaria mice brain sections. (B) Confocal

microscopy image of GFAP staining represents the active astrocytosis (arrow mark) in cerebral



malaria mice brain sections and the absence of active astrocytosis in control mice brain. Red- GFAP

(astrocyte marker), Blue- DAPI (stains nucleus of brain cells).

3.4 Discussion

The human immune system mainly consists of the innate and adaptive immune system.
Neutrophils, macrophages, and dendritic cells play an essential role in the innate immune
system. We studied the correlation between phagocytosis and apoptosis of macrophages due
to Plasmodium-infected RBC (iRBC) uptake by macrophages. When we incubated with an
increasing ratio of IRBC, macrophages' apoptosis was increased compared to cRBC
incubation. Robust erythrophagocytosis induced the apoptosis of macrophages was mediated
by hemin induced redox imbalance, which support our finding of macrophage cell death at a
high ratio of iRBC incubation (63). The other pathogens like mycobacteria, legionella,
shigella, and salmonella utilize host macrophages for their intracellular growth; also induce
apoptosis in macrophages upon phagocytosis (165, 166). Simultaneously, some extracellular
bacteria like staphylococci, streptococci, and Escherichia coli were also induced apoptosis in
macrophages after phagocytosis (167, 168). To further study the molecular mechanism which
mediates this apoptosis, we have checked the expression of caspase-3. The increased
expression of cleaved cap3/casp3 ratio in iIRBC incubated macrophages confirmed that the
apoptosis was caspase-mediated. With increasing iRBC ratio further increases, the cleaved
cap3/casp3 ratio level and low iRBC ratio (1:10) didn’t show any alteration in cleaved
cap3/casp3 ratio level when compared to cRBC (1:100) incubated macrophages infers that
enhanced erythrophagocytosis induces the apoptosis of macrophages. Further, we observed
increased p53 expression levels in IRBC incubated macrophages indicated the p53 apoptotic

induced gene activated caspase-3.

Autophagy inhibits apoptosis mediated cell death by scavenging the damaged

organelles, nutrient recycling, and removing protein aggregates. Simultaneously, in some
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cases, autophagy activation induces phosphatidylserine exposure and apoptotic body
formation and causes cell death. Many proteins play an important role in cross-talk between
autophagy and apoptosis in macrophages (169). Hence we analysed the autophagy regulation
in iIRBC incubated macrophages. We observed decreased expression of an autophagy marker
LC3-1I/LC3-1 ratio level in iRBC incubated macrophages in correspondence to their
increased IRBC ratio confirms the autophagy inhibition in enhanced iIRBC phagocytosed
macrophages. The p62 interacts with autophagic substrates and transports them to
autophagosomes for degradation. Same time p62 will undergo degradation. Autophagy
inhibition accumulates autophagic substrate p62 may induce caspase -3 and caspase -8
mediated apoptosis (170, 171). Our study showed increased p62 expression levels in
enhanced iRBC phagocytosed macrophages corresponding to increase cleaved casp3/casp3
ratio level infers the possible role of cross-talk between autophagy and apoptosis in iRBC
engulfed macrophages. The mammalian target of rapamycin (mTOR) signaling pathway
regulates translation, cytokine responses, antigen presentation, macrophage polarization, and
cell migration. Cancer therapy, targeting the mTOR pathway, function as immunosuppressive
and anti-proliferative. Constitutive activation of mTOR is detrimental, as it promotes the
reactive oxygen species generation with enhanced mitochondrial biogenesis (172). Our study
observed activation of mTOR by increased expression of pmTOR/mTOR ratio level and
increased expression of the p70s6K ribosomal downstream protein of mTOR pathway in
IRBC incubated macrophages confirms the mTOR/s6K pathway mediated autophagy

inhibition in enhanced iRBC incubated macrophages.

Ehrlichia bacteria polarize macrophages into the M1 phenotype which induce
proinflammatory conditions through mTORC1 dependent manner. External stimulation
modulates intracellular signals like NFkB and mTOR regulates the macrophage polarization.

Autophagy inhibition enforces M2 polarized macrophages to M1 macrophages by activating
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the NFKB signaling (173). In our study, we found increased pro-inflammatory cytokines IL-
1B and TNF-a level in macrophages incubated with a high ratio of iRBC (1:100 and 1:200)
compared to fewer number (1:10 and1:50) and cRBC (1:200) incubated macrophages. At the
same time we couldn’t observe any alteration in M2 macrophages secreted anti-inflammatory
cytokine TGF-B level indicates that robust iRBC phagocytosis induces M1 polarization in
macrophages. As autophagy activation plays an important role in the induction of
macrophage M2 polarization, our findings infer that autophagy inhibition in enhanced iRBC
phagocytosis might induce macrophages' M1 polarization. Macrophage autophagy inhibition
and increased p62 level induce their infiltration into the kidney during diabetic nephropathy
(164). Autophagy activator rapamycin-treated cancer cells shown less migration activity

confirms the role of autophagy in cell migration (174).

We estimated the infiltration of vascular leukocytes into brain parenchyma in
cerebral malaria pathogenesis. P. berghei ANKA infected C57BL/6 mice induce cerebral
malaria symptoms on 7-10 days of post-infection with 25-30 percentage of parasitemia. We
found CD45+ peripheral leukocytes in day 5 and 7 of post-infection mice brain compared to
day 1, 3, and control mice brain, indicating that phagocytosis of iRBC might induce the
macrophage migration causes cerebral malaria pathology by infiltrating into brain tissue.
Immunomodulatory drug FTY 720 prevents the recruitment and infiltration of macrophages.
It protects mice from cerebral malaria death further supports the immunomodulation in iRBC

phagocytosed macrophages and their infiltration in our study (175).

Treatment of macrophages with IFN-y, a major inflammatory cytokine secreted in
bacterial infection, induces TAG containing lipid droplets (176). LPS activation increases the
lipid droplets in macrophages by a mechanism of increased CD36 expression increases the
fatty acid uptake and accumulates those in TAG (177). Our study found increased lipid

droplet numbers with increasing iRBC ratio incubation with Raw 264.7 macrophages, where
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we found active proinflammatory conditions. In Chagas disease, the macrophages recruited to
the heart were shown to increase lipid droplets (178) supports the lipid droplet that might
play a role in macrophage migration. Our study observed increased intercellular adhesion
molecule expression -1 (ICAM-1) on IRBC incubated macrophages compared to cRBC
incubated macrophages. It supports the ability of IRBC phagocytosed macrophages migration
by binding through cell adhesion molecule expressed on the membrane. TLR-2 mediates the
induced lipid droplets in Chlamydia pneumoniae infected macrophages that further adhere to
the vascular endothelial cells and cause atherosclerosis to support the lipid droplet mediated

macrophage cell adhesion (179).

Plasmodium berghei infected mice exhibited lipid droplets accumulation in
targeted organs like kidney and liver (180, 181). We observed the infected macrophages
infiltration into the brain in cerebral malaria. We are interested in analysing the lipid droplets
accumulation in cerebral malaria brain section by Bodipy staining. We observed lipid droplet
accumulation in the lateral ventricle ependymal cell layer of CM infected mice brain. Further
study is required to know which brain cells specifically have this lipid droplet accumulation.
Simultaneously, we observed the deformation of choroid plexus morphology by GFAP
staining in cerebral malaria infected brain sections compared to the control mice brain.
Epithelial cells of choroid plexus form the BCSFB and protect toxins' infiltration into CSF
from the blood capillaries. The lateral ventricle ependymal cells are continuous with choroid
plexus epithelial cells and separate the brain parenchyma from CSF. Our study indicates that
the choroid plexus deformation and lipid droplets induction on ependymal cells of lateral
ventricles may induce the permeability of lateral ventricles which allows the transport of
toxins into the Dbrain parenchyma and aggravates cerebral malaria symptoms.
Immunofluorescence of cerebral malaria infected brain sections with GFAP exhibited intense

staining of astrocytes near the subventricular zone (SVZ) and along with the ependymal cell,
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layer represents reactive astrocytosis. The experimental mouse stroke induces the ependymal
cell, and SVZ GFAP expression indicates that neurodegenerative disease activates SVZ
astrocytosis for neurogenesis (182). Further study is required to analyze the function of SVZ

activated astrocytes in cerebral malaria.
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4A. Anti-parasitic activity of penicinoline alkaloids and

their mechanism of action against Plasmodium falciparum
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4A.1 Introduction

Nature is a rich source of biologically potent bioactive substances which are structurally
unique. Natural products contain complex ring systems and certain hetero atoms which may
be responsible for their pharmacological activity. Alkaloids are a class of naturally occurring
compounds that contain at least one nitrogen. They have a wide range of pharmacological
activities including anti-malarial example is quinine, the first anti-malarial drug. It is
extracted from the bark of Cinchona tree. In a quest to discover a substitute of quinine,
chloroquine was synthesized which belongs to a class of amino quinolines. Quinolones are
structurally derived from the quinoline a heterobicyclic aromatic compound and possess
broad-spectrum antibiotics that act against different bacteria. Quinolones contains a bicyclic
core structure with 4-oxo-1,4-dihydroquinoline skeleton (183). Nalidixic acid was the initial
quinolone discovered as a by-product while synthesizing the anti-malarial quinine compound
and used against urinary tract infection (UTI) caused by gram negative bacterium (184, 185).
Quinolones also functions as anti-cancer (186), anti-viral (187) and, as anti-oxidants (188).
Casimiroa edulis seeds isolated casimiroine exhibits anti-cancer activity (189). 4-quinolone
alkaloids isolated from plants and microbes show antibacterial activity against Helicobacter
pylori (190-192). Some of the scaffolds displayed anti-malarial activity (193). Quinolones
mainly target the gyrase a type Il topoisomerase of the parasite, and inhibits the DNA
synthesis (194). Endochin acts against the cytochrome bcl complex of the avian malaria
parasite. Quinolones are found in many natural resources such as plants, animals, and
microbes. Plant-derived quinolones contain 2(1H)-quinolone and 4(1H)-quinolone derived
from 2-hydroxyquinoline and 4-hydroxyquinoline, respectively to form the alkaloid core
structure (195). 4(1H)-quinolones are explored on the multiple developmental stages of
parasite life cycle (196-198). Current drug therapy for malaria as recommended by WHO

uses artemisinin in combination with other antimalarial drugs. Emerging resistance of
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parasite to currently available drugs necessitates the development of new compounds.
However, no antimalarial activity of penicinoline alkaloids have been reported so far in
literature. This coupled with our past experience in screening of bioactive compounds
prompted us to probe the efficacy of alkaloids for their antimalarial efficacy.

4A.2 Materials and Methods

4A.2.1 Parasite culture

P. falciparum 3D7 cultures were maintained by the bell jar candle method at 37 °C in RPMI
1640 medium supplemented with 0.5% Albumax | (Invitrogen) and 0.1M hypoxanthine

containing 5% red blood cells (RBC)
4A.2.2 Compounds preparation

Compounds was dissolved in 100% dimethyl sulfoxide (DMSO) for the drug assays, two fold
serial drug dilutions were made in medium and added to 96-well culture plates at 100 pl per
well. Synchronized mature Trophozoite stage Parasites was diluted to a 2 x stock consisting
of 0.6% to 0.9% parasite and 2% haematocrit in medium, and 100 pL are added per well
already containing 100 pL of medium with or without compound present at different
concentrations. Plates was then maintained by the bell jar candle method at 37 C for 48 h and
the parasitemia was measured after 48 h by using Giemsa stain method and by flow

cytometry
4A.2.3 Giemsa staining

After 48 h of incubation, a thin blood smear slide was prepared, air dried, methanol fixed, and
stained in Giemsa solution (1:5 ratio) for 20 min. After staining, slides was washed in tap
water and air dried. The Giemsa stained slides was examined for counting the number of
parasites in random adjacent microscopic fields, equivalent to about 5,000 erythrocytes at 100

x magnification.
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4A.2.4 Flow cytometry

After 48 h of incubation culture was transferred into tubes containing 100 pl of PBS-EtBr at
10 pg/mL and Incubated in darkness for 45 mins, centrifuged the tubes at 1200 rpm, 1 minute
to pellet cells, and removed supernatant, washed the pellet in PBS, resuspend the parasites
into 300 pL of PBS and transferred samples to FACs tubes to measure parasitemia on flow

cytometer (199).

4A.2.5 Cytotoxicity assays (MTT)

Cytotoxicity of compounds was determined by using 3-(4, 5- dimethylthiazol-2- yl )-2,5-
diphenyltetrazolium bromide (MTT). Cells was seeded at 1x10 4 in each well of 96-well
plates. After 24hr cells were treated with different concentrations of compounds (0.48uM to
500uM) in two fold serial dilution or vehicle (0.25% DMSO) for 24 h. After 24 h of
treatment, 200l of medium containing MT (0.5mg/ml) was added to each well of 96 well
plates and incubated for 4 h in CO2 chamber at 37° C. Reduced formazan crystals were
dissolved in 100ul of DMSO and absorbance was measured at 570 nm on a multi plate reader
(Teccan infinite-200). All treatments were performed in triplicate and repeated thrice; results

were expressed as mean = SEM (200).

4A.2.6 B-hematin polymerization assay

Compound were serially diluted in water (20 pL) and solutions were added to the 96 well
microtiter plate in the order of NP-40 stock solution (5 uL), acetone (7 uL), and heme
suspension (25 pL). The NP-40 stock solution (348uM) was prepared in water. A 25 mM
stock solution of hematin was prepared by dissolving hemin chloride in DMSO followed by
one minute of sonication. The heme solution was then filtered through a 0.22 um PVDF
membrane filter unit. From this solution, the heme suspension (228 puM) was addedto a2 M

acetate buffer at pH 4.9 and vortexed for 5 s. The plate was then incubated for six hours in a
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shaking water bath at 45 rpm and 37 °C. Following incubation, the microtiter plate was
removed from the water bath and the assay was analysed using the pyridine-ferrochrome
method. Following the addition of 15 pL of acetone to each well of the plate, 8 puL of a
pyridine solution was added (50% pyridine, 20% acetone, water and 200 mM HEPES, pH
7.4) so that the final concentration of pyridine was 5% (v/v). Following 30 min of shaking to
facilitate the solubilisation of free heme, the absorbance of the resulting complex was
measured at 405 nm using spectrofluorometer plate reader (Teccan infinite F-200,
Switzerland).

4A.2.7 Stage- specific growth assessment

Synchronized P. falciparum 3d7 culture was aliquoted into ring, trophozoite and schizont
stages and treated with the compounds transiently and observed the growth morphology as

described in chapter 1 materials & methods section.

4A.3 Results

4A.3.1 P. falciparum growth inhibition effect of penicinoline alkaloids

The antimalarial property of penicinoline alkaloids, such as penicinoline E, marinamide and
methyl marinamide were evaluated in vitro against the drug-sensitive Plasmodium falciparum
3D7. Microscopic evaluation of parasitemia was studied by Giemsa stain method?' and
percentage inhibition of parasitemia in relation to control was calculated. Drug response
graph of percent parasitemia inhibition was plotted for all three alkaloids to determine 1Cs
value as shown in Figure 4A.1B, 4A.2B, 4A.3B. Penicinoline E and methyl marinamide had
an 1Csp of 1.5 pM while marinamide had 1Csy of 25uM against chloroquine sensitive strain
(pf3d7) and 4.68uM, 2.34uM and 25uM respectively against chloroquine resistant strain
(pfDd2) of Plasmodium falciparum. Inhibition of parasite growth by alkaloids was further

confirmed by flow cytometry using EtBr, Where EtBr binds to the parasite nucleic acid of
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infected erythrocytes and emits fluorescence enabling quantification (red dots) and uninfected
erythrocytes due to lack of nucleus do not fluoresce (black dots) as shown in Figure 4A.1C,

4A.2C, 4A.3C. With increasing concentration of penicinoline E, methyl marinamide and

marinamide, parasitized erythrocytes decreased.

% Inhibition
0 20 40 60 80 100

HN

Penicinoline E 1
c 0 03 0.7 LS 31 6.2 12.525.050.0
Concentration in pM

Vehicle Control

Unstained Control stained Control

2.34 uM

Figure 4A.1 Penicinoline E inhibits the P. falciparum growth. (A) Structure of Penicinoline E
showing its functional groups. (B) Inhibition of P. falciparum 3D7 by penicinoline E. Synchronized
trophozoite stage parasites were incubated with increasing doses of penicinoline E for 48 h.
Parasitemia levels were determined by microscopy using Giemsa stain, and percent inhibition was
calculated. Mean and standard errors from three experiments were plotted. (C) Parasitemia was
determined by FACS using EtBr-based fluorescence measurement, where red dots represent
Plasmodium falciparum infected erythrocytes and black dots are uninfected erythrocytes.
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Figure 4A.2 Marinamide inhibits the P. falciparum growth (A) Structure of marinamide showing
its functional groups. (B) Inhibition of P. falciparum 3D7 by Marinamide. Synchronized Trophozoite
stage-specific parasites were incubated with increasing doses of Marinamide for 48 h. Parasitemia
levels were determined by microscopy using Giemsa stain, and percent inhibition was calculated.
Mean and standard errors from three experiments were plotted. (C) Parasitemia was determined by
FACS using EtBr-based fluorescence measurement, where red dots represent P. falciparum infected

erythrocytes and black dots are uninfected erythrocytes.
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Figure 4A.3 Methyl marinamide inhibits the P. falciparum growth. (A) Structure of methyl
marinamide showing its functional groups. (B) Inhibition of P. falciparum 3D7 by Methyl
marinamide. Synchronized trophozoite stage-specific parasites were incubated with increasing doses
of Methyl marinamide 3 for 48h. Parasitemia levels were determined by microscopy using giemsa
stain, and percent inhibition was calculated. Mean and standard errors from three experiments were

70



plotted against the concertation. (C) Parasitemia was determined by FACS using EtBr-based
fluorescence measurement, where red dots represent Plasmodium falciparum infected erythrocytes
and black dots are uninfected erythrocytes.

4A.3.2 Cytotoxicity of penicinoline alkaloids against Raw 264.7 macrophages

To compare the selectivity of the alkaloid compounds for malaria parasites versus normal
cells, cytotoxicity tests were carried out using mice macrophages RAW 264.7 cells. MTT
assay was used as a colorimetric assay for cellular growth and survival. Penicinoline E and
methyl marinamide had a CCsy of 500uM and 250 UM respectively as shown in Figure
4A4A & 4A.AC, whereas marinamide hasn’t shown any toxicity as shown in Figure 4A.4B

towards the mice cell line.

A B

B) Marinamide
A) Penicinoline E ,

Absorbance at 570 nM

Absorbance at 570 nM

048 057 19 33 7.8 156 312 625 1
Concentration in uM
Contr vc 0.48 097

19 39 78 156 312 625 1258 250 500
Concentration in pM

VC = Vehicle Control (DMSO

C

Absorbance at 570 nM

048 097 19 3.9 7.8 156 31.2 625 125
Concentration in uM

Figure 4A.4 Cytotoxicity assay for the compounds against RAW 264.7 macrophages. Cells were
incubated with increasing doses of compounds for 24h. A, B and C represents the ICs, of compounds
penicinoline, marinamide and methyl marinamide respectively measured by using MTT (0.5mg/ml)
reagent, absorbance was measured at 570 nm on a multi plate reader (Teccan infinite-200). All
treatments were performed in triplicate and repeated thrice; results were expressed as mean + SEM.

4A.3.3 B-hematin synthesis inhibition of penicinoline alkaloids.
Hemozoin assay was done to determine the effect of alkaloids on hemozoin formation which

is unique to Plasmodium. Hemozoin crystal is formed by biomineralization of
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ferriprotoporphyrin 1X (heme) the free toxic byproduct of erythrocyte haemoglobin
degradation by Plasmodium parasite. The neutral lipid particles of parasite digestive vacuole
plays important role in the formation of this crystal. To mimic these conditions and to study
the potentiality of alkaloid compounds to inhibit hemozoin formation, lipophilic detergent
NP-40 was used to mediate the formation of B-hematin, the synthetic analog of hemozoin. In
principle NP-40 incubated with synthetic hemin at 37 C facilitates the synthesis of hemozoin
crystal, the free hemin reacts with pyridine and forms brown color that can be quantified
using spectrophotometer at 405 nm wavelength. As evident from Figure 4A.5 increasing the
concentration of alkaloids increases the free hemin in reaction mixture which fails to convert
into hemozoin thereby increasing the optical density values. In this experiment penicinoline E
and methyl marinamide have shown ICsy of hemozoin synthesis at 62.5 pM which is similar
to the chloroquine a positive control of inhibitor for hemozoin synthesis whereas marinamide

has shown ICs of hemozoin synthesis at 250 pM.

Absorbance at 405nm

9 3.9 .8 15.6 31.2 62.5 125 250 500

Concentration in uM

amme DMSO vehicle control
Penicinoline
Marinamide

Methyl marinamide
Chloroquine diphosphate

Figure 4A.5 B-hematin polymerization inhibition effect of penicinoline alkaloids. NP-40
polymerizes free synthetic hemin into f-hematin. Increasing the concentration of compound inhibits
the polymerization reaction. The brown color formed by the reaction of free hemin in reaction mixture
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with pyridin measured at 405nm using a multi plate reader (Teccan infinite-200). Mean and standard
errors from three experiments were plotted against the concertation.

4A.3.4 P. falciparum stage specific growth inhibition of penicinoline alkaloids.

Tightly synchronized parasite culture was aliquoted into ring, trophozoite and schizont
stages. Each stage was specifically and transiently treated with 1C90 concentration of
penicinoline alkaloid compounds for 12h. After the treatment culture was washed and
supplemented with complete media and parasitemia was estimated for every 12 h up to 60 h
of post infection. As shown in Figure 4A.6, 4A.7, and 4A.8 trophozoite stage parasite culture
treated with penicinoline alkaloid compounds didn’t infect fresh erythrocytes and showed the
trophozoite stage morphology similar to the unremoved culture, whereas the ring stage and
schizont stage treated cultures were infected fresh erythrocytes and exhibited ring stage
morphology at 48 h of post infection similar to the untreated culture. At 60 h of post infection
the marinamide and methyl marinamide treated trophozoite stage culture could recover the
growth and infected fresh RBC showed ring stage morphology with 12 h delay in growth
compared to the untreated parasite culture, whereas the penicinoline E treated trophozoite
stage culture couldn’t recover and remained in the trophozoite stage similar to the unremoved

culture.
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Figure 4A.6 Effect of transient treatment of penicinoline E at various plasmodial stages. Giemsa
stained images represent the morphology of the parasite treated with penicinoline E compound at
various stages corresponding to ring (Ring + PE), trophozoite (Trophozoite + PE) and schizont
(Schizont + PE) stages for 12 hr. after that compound is washed off and the growth of parasite was

Penicinoline E treated

monitored up to 60 h of post infection for every 12 h.

74

Penicinoline E
unremoved

& =

I ("apo%”
Y905, 0 o
a2 g0



Cycle
times
(hours)

12

36

60

Figure 4A.7 Effect of transient treatment of marinamide at various plasmodial stages. Giemsa
stained images represent the morphology of the parasite treated with marinamide compound at various
stages corresponding to ring (Ring + ME), trophozoite (Trophozoite + ME) and schizont (Schizont +
ME) stages for 12 hr. after that compound is washed off and the growth of parasite was monitored up
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to 60 h of post infection for every 12 h.
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Figure 4A.8 Effect of transient treatment of methyl marinamide at various plasmodial stages.
Giemsa stained images represent the morphology of the parasite treated with methyl marinamide
compound at various stages corresponding to ring (Ring + MME), trophozoite (Trophozoite + MME)
and schizont (Schizont + MME) stages for 12 hr. after that compound is washed off and the growth of
parasite was monitored up to 60 h of post infection for every 12 h.
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4A.4 Discussion

We have estimated the antiplasmodial activity of penicinoline E, marinamide and methyl
marinamide which are total synthesized by Suzuki-Miyaura coupling followed by
dearomatization with overall yield of 70-97%. Compared with marinamide, penicinoline E
and methyl marinamide were potent against P. falciparum 3d7 with an IC50 value of 1.56
MM. Chloroquine belongs to the quinolone family inhibits the growth by inhibiting the
hemozoin synthesis of Plasmodium parasite (201). We found penicinoline E and methyl
marinamide potently inhibited the NP-40 induced B-hematin synthesis with an IC50 of 62.5
MM similar to the chloroquine further supports their antiparasitic activity. Hemozoin
synthesis occur maximum at trophozoite stage of Plasmodium parasite. When we transiently
treated the Plasmodium falciparum at ring, trophozoite and schizont stages with penicinoline
alkaloids, penicinoline E inhibited the trophozoite stage treated parasite growth irreversibly
supports the hemozoin synthesis inhibition activity of penicinoline E. Methyl marinamide
treatment delayed the trophozoite stage treated parasite growth compared to untreated
parasite culture. The ring and schizont stage parasite culture treated with penicinoline
alkaloids didn’t show any alteration compared to untreated culture indicates the specific

action of penicinoline alkaloids against trophozoite stage of P. falciparum.
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4B. Thiazolyl derivatives as a class of antimalarial agents
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4B.1 Introduction

Thiazole scaffolds are found in many natural products (202) and possess diverse medicinal
and pharmaceutical applications such as antitubercular (203, 204), anticonvulsant (205),
anticancer (206), antiviral (207), antimicrobial (208), antimalarial (209) and anti-
inflammatory activity (210). Coumarin is a vital pharmacophore having many applications in
the fields of medicinal chemistry as well as pharmaceuticals like antifungal (211), anti-HIV
agents (212), anti-Alzheimers (213) and also acts as a luminescent material (214). When the
coumarin ring is attached with the thiazole ring, it exhibits improved biological activities like
being an anti-inflammatory and anti-analgesic agent (215). On the other hand, thiadiazines
are also versatile, biologically important heterocyclic molecules (216) with proven
applications as an antidepressant (217), antihypertensive (218), and antiproliferative agents
(219). Furthermore, thiazoles attached to coumarins, thiadiazine, and thiosemicarbazones are
documented to exhibit an enhanced spectrum of biological activities (220, 221). Here we
analysed the coumarinyl hydrazino thiazole and coumarinyl hydrazino thiadiazine moieties

antiplasmodial activity and their mechanism of action against P. falciparum.

4B.2 Materials and Methods

4B.2.1 SYBR green fluorescence-based antiplasmodial assay

Antiplasmodial activity was estimated using SYBR green fluorescence compound as stated in

chapter-1 material & methods section.

4B.2.2 Cytotoxicity assay (MTT)

The toxicity of the compounds against normal cells was estimated using the J774.2

macrophage cell line as described in chapter-4A material & methods section.
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4B.2.3 Stage-specific growth assessment

Synchronized P. falciparum 3d7 culture was aliquoted into ring, trophozoite and, schizont
stages and treated with the compounds transiently and observed the growth morphology as

described in chapter-2, materials & methods section.

4B.2.4 Lactate dehydrogenase (LDH) assay

LDH assay was conducted to measure the cytotoxicity of compounds 4h, 4i, 4k, and 4l
against synchronized P. falciparum 3D7 culture in vitro. The culture was adjusted to 1-1.5%
parasitemia and 2% hematocrit in a 96-well plate containing serially diluted compounds and
grown for 48 hr. Later, the percentage of cytotoxicity was estimated using a Cayman’s LDH
cytotoxicity assay kit. The LDH released from the P. falciparum due the action compounds
reduces NAD+ to NADH and H+ by oxidation of lactate to pyruvate. Using NADH and H+,
diaphorase reduced a tetrazolium salt (INT) to 7colored formazan, which has a maximum

absorbance at 490-520 nM.

4B.3 Results

4B.3.1 In vitro antimalarial activity and cytotoxicity of compounds

The antimalarial properties of all derivatives were evaluated in vitro against the chloroquine
(CQ) resistant (Dd2) and CQ-sensitive (3D7) strains of P. falciparum parasite. Thirteen
compounds exhibited half-maximal inhibitory concentration (IC50) values below 6.30 uM
against both sensitive and resistant 3D7 and Dd2 strains. All IC50 values against CQ-
sensitive and -resistant strains were tabulated in Table 3. Compound 6g showed an 1C50
value of 12.5 £ 0.12 uM and the remaining nine compounds showed no activity (>24 uM) in
the 3D7 strain. Four compounds 4h, 4i, 4k, 41 showed reasonable activity with an IC50 value

of 3.2, 2.7, 2.7, and 2.8 pM against the CQ-sensitive strain of P. falciparum. These
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compounds also showed inhibition of the CQ-resistant strain with an IC50 value of 3.25,
3.25, 3.13, and 3.5 uM (Table 4). Furthermore, lactate dehydrogenase (LDH) assay was
conducted to measure the cytotoxicity of 4h, 4i, 4k, and 4l against synchronized P.
falciparum 3D7 culture in vitro. These four compounds showed IC50 at 3.12 puM
concentration against P. falciparum 3D7 culture as showed in table 2. Only three compounds
from this series (6b, 6¢, and 6e) showed activity around 6.15-6.25 uM against the CQ-
sensitive strain of P. falciparum. Hence, in both series, the active compounds were 4h, 4i, 4k,
and 41. The 1C50 of chloroquine against 3D7 is 26 + 2.5 nM and that of Dd2 is 184 + 10.6
nM whereas the antimalarial activity of these four compounds cannot be compared to that of
chloroquine, the functional group modifications at thiazole or coumarin moiety have
tremendous prospects in further development and this work is in progress in this laboratory.
To check the toxicity of the compounds against normal cell cytotoxicity, tests were carried
out against mice macrophage J774.2 cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric method. Compounds 4i and 4k had a
cytotoxic concentration 50 (CC50) of 500 uM, whereas 4h and 41 showed a CC50 of 250 uM,

respectively as shown in Table 4.

S.NO Compound IC50(uM) IC50(uM)
Name 3d7 strain Dd2 strain
1 4a 6.37+0.87 6.73+0.21
2 4b 5.35+0.37 6.25+0.15
3 4c 5.71+0.39 5.85+0.83
4 4d 5.35+0.37 6.25+0.41
5 4e >50 nd*
6 4f 4.16+0.83 5.22+0.35
7 49 4.66+0.83 5.12+0.20
8 4h 3.20+0.43 3.25+0.88
9 4i 2.70+0.20 3.25+0.31
10 4j 5.37+0.37 6.12+0.20
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11 4k 2.70+0.22 3.13+0.42
12 41 2.85+0.20 3.52+0.31
13 6a 25.00+0.18 nd
14 6b 6.15+0.28 7.32+0.43
15 6¢c 6.15+0.10 6.53+0.22
16 6d 26.00+0.44 nd
17 6e 6.25+0.78 nd
18 6f 25.8+0.26 nd
19 69 12.50+0.12 nd
20 6h 26.20+0.40 nd
21 6i 25.20+0.24 nd
22 6] 24.00+0.13 nd

Table 3 Compound structures (4a-l, 6a—k) and half-maximal inhibitory concentration (1C50)
values with 3D7 strain and Dd2 strain

Note: IC50 of chloroquine against 3D7 is 26 = 2.5 nM and Dd2 is 184 £ 10.6 nM. Abbreviation: nd,
not determined.

ICso (LM)* CCso (HM)b
Compound pf3D7 pfDd2 1774.2
4h 3.208+0.43 3.25+0.88 250
4i 2.706+0.20 | 3.251+0.42 500
4k 2.708+0.20 | 3.138+0.42 500
4] 2.8510.20 3.521+0.31 250

Table 4 Antimalarial activities of active compounds against blood-stage parasites and in vitro
cytotoxicity

Abbreviations: CC50, cytotoxic concentration 50; 1C50, half-maximal inhibitory concentration.

*Blood-stage antiplasmodial activity was determined against the CQ sensitive strain 3D7 and CQ-
resistant strain Dd2 of P. falciparum.

"Cytotoxicity was determined against a mouse macrophage (3774.2) cell line; data are expressed as
the CC50, which is the concentration required to reduce cell viability by 50%.
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4B.3.2 P. falciparum stage specific growth inhibition

To check the growth inhibition activity of compounds 4h, 4i, 4k and 4l against P. falciparum,
the parasite culture was treated with an 1C90 concentration at their corresponding stages, that
is, ring (R), trophozoite (T), and schizont (S) stages for 12 hr. The compound was removed
after 12 hr by several washes and supplemented with complete Roswell Park Memorial
Institute (RPMI) media for further growth of the parasite. The parasitemia was estimated
from Giemsa stained smears. Figure 4B.3A shows that there is no increase of parasitemia at
48 hr in the ring stage treated culture (R + 4l) similar to unremoved culture (UR + 4l) when
compared to control. The survived parasites of ring stage treated and unremoved cultures
were further grown and infected fresh red blood cell (RBC) forming rings at 48 hr after
removal of the compound as shown in Figure 4B.3B, but we found they could not grow
further, and the morphology remained at the ring stage even after 60 and 72 hr when
compared with the control. The control attained the trophozoite stage at a similar cycle time.
Trophozoite (T + 4l) and schizont (S + 4l) stage treated parasites have more parasitemia than
the ring stage treated culture and their growth morphology is similar to control at 60 and 72
hr. The compounds 4h and 4k have shown ring stage growth inhibition of the parasite in
unremoved culture as shown in Figure 4B.1 and 4B.2 but they did not show growth inhibition
in transiently treated cultures at the specific stage of the parasite with 1C90 concentration.
These results show that the compound 4l is more active in inhibiting the growth of the ring

stage of the P. falciparum 3D7.
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Figure 4B.1 Effect of compound 4h transient treatment at various plasmodial stages. Giemsa
stained images represent the morphology of the parasite treated with compound 4h compound at
various stages corresponding to ring (Ring + 4h), trophozoite (Trophozoite + 4h) and schizont
(Schizont + 4h) stages for 12 hr. after that compound is washed off and the growth of parasite was
monitored up to 72 h of post infection for every 12 h.
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Figure 4B.2 Effect of compound 4k transient treatment at various plasmodial stages. Giemsa
stained images represent the morphology of the parasite treated with compound 4k compound at
various stages corresponding to ring (Ring + 4Kk), trophozoite (Trophozoite + 4k) and schizont
(Schizont + 4k) stages for 12 hr. after that compound is washed off and the growth of parasite was
monitored up to 72 h of post infection for every 12 h.
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Figure 4B.3 Effect of compound 4l transient treatment at various plasmodial stages. (A) Growth
of parasitemia after treatment with compound 4l at various Plasmodium falciparum 3D7 growth
stages; 12 hr post-infection cultures were treated with compound 4l at various stages corresponding to
ring (R + 41), trophozoite (T + 4l) and schizont (S + 4l) stages. After that, the compound was removed
and the parasitemia was monitored for up to 72 hr post-infection. Results are represented as the mean
of three individual experiments + standard error. (B) Giemsa stained images represent the morphology
of the parasite at the corresponding stages. Representation used is R + 4l (closed circles), T + 41 (open
circles), S + 41 (open square), unremoved 4l (open diamond), control (closed diamond).
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4B.4 Discussion

Combinatorial drug synthesis is a major interest in medicinal chemistry to discover new
drugs. Hence we analyzed the coumarin and thiazole ring combined synthetic compounds
anti- malaria activity. We found coumarinyl hydrazino thiazole showed potent antiplasmodial
activity compared to coumarinyl hydrazino thiadiazine moieties. In general, the thiazolyl
hydrazonothiazolamine series having halogenated and electron-rich coumarin substituents
showed good activity compared with simple phenyl substituted thiazolyl
hydrazonothiazolamines. Interestingly coumarinyl hydrazino thiazole compounds are active
after 48 h incubation and inhibiting the second cycle growth of P. falciparum. Tetracyclins
are effective after 96 h of incubation indicates their slow-acting nature. Doxycycline treated
parasites are failed to synthesize merozoites at the end of the second cycle, further supports
the coumarinyl hydrazino thiazole 41 compound action against parasite ring stage growth
inhibition in the second cycle (222). In contrast, 4h and 4k compounds couldn’t inhibit the
parasite growth in partially treated stage-specific cultures, but in unremoved parasite culture,

they did inhibit the ring stage growth in a second cycle similar to the compound.
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Abstract

Novel thiazolyl hydrazonothiazolamines and 1,3,4-thiadiazinyl hydrazonothiazola-
mines were synthesized by a facile one-pot multicomponent approach by the reaction
of 2-amino-4-methyl-5-acetylthiazole, thiosemicarbazide or thiocarbohydrazide and
phenacyl bromides or 3-(2-bromoacetyl)-2H-chromen-2-ones in acetic acid with good
to excellent yields. These new compounds were screened in vitro for their
antimalarial activity; among them, four compounds, 4h, 4i, 4k, 4l, showed moderate
activity with half-maximal inhibitory concentration (ICsg) values of 3.2, 2.7, 2.7, and
2.8 and 3.2, 3.2, 3.1, and 3.5 uM against chloroquine-sensitive and -resistant strains of
Plasmodium falciparum, respectively. Compound 4l inhibited the ring stage growth of
P. falciparum 3D7 at an ICyq concentration of 12.5uM in a stage-specific assay
method, where the culture is incubated with specific stages of P. falciparum for 12 hr,
and no activity was found against the trophozoite and schizont stages, confirming

that 4l may have potent action against the ring stage of P. falciparum.

KEYWORDS
2-amino-4-methyl-5-acetylthiazole, antimalarial activity, bithiazoles, multicomponent reactions,
thiazolothiadiazines

1 | INTRODUCTION

Malaria is a parasitic disease transmitted to humans by the female
Anopheles mosquito and continues to remain a lethal infectious
disease. According to WHO 2017 report,m an estimated 216 million
cases of malaria occurred worldwide in 2016, and India accounts for
6% of it. Plasmodium falciparum, the most virulent species of this
parasite has developed resistance to most available antimalarial
drugs. This has been a constant challenge to malaria control
initiatives necessitating the search for novel and structurally diverse
antimalarial drugs as a viable strategy to combat this issue.
Multicomponent reactions (MCRs) are modern methods for the
synthesis of drug molecules.”) The advantages of MCRs are
convergent, one pot and sequential assembling of starting materials
to get the final product in a short time. MCRs play a vital role in

modern organic synthesis. MCRs are good synthetic approaches for

functionalized heterocyclic compounds without any side products.>#

Thiazole scaffolds (Figure 1) are found in many natural products!®

and possess diverse medicinal and pharmaceutical applications such as

(671 anticonvulsant,[B] anticancer,[9] antiviral,[lo] antimi-

[13]

antitubercular,
crobial,*¥ antimalarial®*? and anti-inflammatory activity.

Coumarin is an important pharmacophore having many applica-
tions in the fields of medicinal chemistry as well as pharmaceuticals
like antifungal,* anti-HIV agents,!*! anti-Alzheimers!*®’and also acts
as a luminescent material.'*”! When the coumarin ring is attached with
the thiazole ring, it exhibits improved biological activities like being an
anti-inflammatory and anti-analgesic agent.!*®! On the other hand, thia-
diazines are also versatile biologically important heterocyclic mole-

190 with proven applications as antidepressant,’?® antihyperten-

[22]

cules'
sivel?Y and antiproliferative agents.

Arch Pharm Chem Life Sci. 2019;e1900079.
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Syntheses of unusual pyrrole alkaloids Penicinoline E, Marina-
mide and Methyl marinamide were successfully achieved in
two steps from easily accessible starting materials with
excellent overall yields 70-97%. The Suzuki-Miyaura coupling
followed by dearomatization represents the key step in the
synthesis of title compounds. The structure of Penicinoline E
was unequivocally confirmed by single X-ray analysis. The
antiplasmodial activity of alkaloids was evaluated and shown a

The quinolones are biologically important scaffolds due to their
wide spectrum of properties. In general, quinolones are
classified into two categories. One is, 2(1H)-quinolone, and the
other is 4(1H)-quinolone which can be obtained from 2-hydroxy
and 4-hydroxy quinolones respectively.” In 1962, George
Lesher et.al. isolated a compound called Nalidixic acid 4 for the
first time as a minor impurity during the synthesis of
antimalarial agent chloroquine. Nalidixic acid 4 (Figure 1) has a

Nalidixic acid

Incorrect structure of marinamide

Figure 1. Structures of Penicinoline alkaloids 1-3 and chemical structures of
4 and 5.
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good antimalarial activity against human malaria parasite
Plasmodium falciparum in vitro. Against chloroquine sensitive
(pf3d7), both Penicinoline E and Methyl marinamide displayed
ICs, value of 1.56 uM and Marinamide displayed ICs, value of 25
uM respectively. In addition, against chloroquine resistant strain
(pfDd2) of plasmodium falciparum they have also shown 4.68
uM, 2.34 uM and 25 uM respectively.

quite interesting bioactive property and used for the treatment
of urinary infections in human almost a decade, which proves
the importance of quinolones.”’ Subsequently, quinolones have
been found in many natural sources such as plants, animals,
microbial® and used as antiviral, antiurinary, antiinflammatory,
antimicrobial, antimalarial and antibacterial drugs (more than
100 antibacterial agents). Furthermore, quinolones have also
been used as a Multi drug resistance (MDR) drugs.”’ Due to
their fascinating bioactivities turned to be one of the main
focus of chemists and biochemists. Moreover, it has been
explored that 4(1H)-quinolones is being explored on the
multiple developmental stages of parasite life cycle."e/5-7
Malaria is one of the life-threatening complications mainly
affecting the developing and developed countries. In 2015,
approximately 214 million new cases of malaria were reported
while 438,000 people died of this disease worldwide.”!! The
most prevalent and lethal form of malaria is caused by
Plasmodium falciparum and the rapid spread of drug-resistant
plasmodium contributes to the deteriorating malaria situa-
tion® ™. To combat drug resistance WHO recommends artemi-
sinin-based combination therapy and hence the need to
develop new drug combinations is an ongoing effort. Antima-
larial activity of Penicinoline alkaloids has not been reported so
far in the literatures.

In 2006, Yongcheng Lin et al, isolated marinamide alkaloid 2
and proposed the incorrect structure of the pyrrolylquinolinone
5.[12]

Subsequently, in 2010, She, Lin and co-workers isolated
again marinamide alkaloid 2 from mangrove endophytic
fungus." Finally, in 2011, Kénig et al rearranged the structure
of marinamide alkaloid 2 by using crystal proof structure of
methyl marinamide 3.'¥ Recently, Li and co-workers isolated
and confirmed Penicinoline E 1 along with known compounds
marinamide 2 and methyl marinamide 3 from marine-derived
fungus Penicillium sp.ghq208 as a yellow powder." Till date, to
the best of our knowledge, no total synthesis and antimalarial
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