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1.1 An overview

The leishmaniasis remains a severe public health problem, mostly in developing
countries (Desjeaux 2001). The control measures are still highly dependent on research
progress to obtain better tools and a more cost-effective strategy for case management and
vector control. With valuable field tools available for step-by-step elimination, which should
become feasible especially in anthroponotic foci where a man is a sole reservoir. Parasitic
diseases pose a heavy burden for mankind. Diseases caused by protozoan parasites threaten
the lives of nearly one-quarter of the human population worldwide. Leishmaniasis is ranked
among the six major parasitic diseases identified by WHO
(http://www.who.int/leishmaniasis/en). Visceral leishmaniasis (VL) causes more than
70,000 deaths per year and second in most deaths associated with the parasitic infection
after malaria. Leishmaniasis is neglected tropical disease, which is commonly associated
with poverty (Alvar et al.,, 2006). The disease is widespread in several areas, as a
consequence of massive rural-urban migration and its association with AIDS. According to
WHO, Leishmania-HIV co-infection is considered as a major threat in Spain and
Mediterranean countries in south Western Europe
(www.who.int/inffs/en/fact.html.factsheet-116, 2000).

Leishmania spp. is a digenetic obligatory intracellular protozoan parasite that thrives
in hostile environments like the midgut of the sand fly and the phagolysosome of the
macrophages (Pearson et al., 1996). Only about 30 different species of Phlebotomine
sandflies transmits the disease to humans out of 200 species reported. This disease is
considered as a major public health issue in tropical and subtropical regions of the world.
Major characteristics of this disease are its diversity and complexity (Herwaldt, 1999) due to
which in 88 countries around the world about 350 million men, women and children are
affected. Every year about 12 million people are currently infected with 1-2 million new

cases arise each year. (www.who.int/leishmaniasis). Leishmaniasis represents a complex

disease with clinical and epidemiological diversity. VL is highly prioritized than cutaneous
leishmaniasis (CL) because of its fatal nature with the absence of treatment.
1.2 Historical background

In the 10™ century, Arab physicians including Avicenna described them as Balkh
sore (Cox, 2002). In 1756, Alexander Russell gave the first detailed clinical description of
the disease after examining a Turkish patient. As for the new world, evidence of a cutaneous

form of the illness were depictied as skin lesions and deformed faces on pre-inca potteries
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(http://www.who.intitdr/diseases/leish). Physicians in the Indian subcontinent would
describe it as Kala-azar. In Jessore, India the Kala-azar first came to the attention of
Western doctors in 1824. The name kala-azar for VL, which is the Hindi for “black fever”,

was given due to the darkening of the skin.

Order Kinetoplastida
Family Trypanosomatidac

Genus Crithidia Leptomonas Herpetomonas  Blastocritidia  Leish Sauroleish Tryp Phy Endotrypanum
Subgenus Leishmania Viannia
LT l [ | 1
Complex L. donovani [ lm(m'a L. major L. aethiopica L. mexicana L. braziliensis L. guyanensis L. naiffi 1. lainsoni
Species L archibaldi L. killicki 1. major L. aethiopica L. amazonensis L. braziliensis L. panamensis L. naiffi . lainsoni
L. chagasi L. iropica 1. gamh . . L. peruviana L. guyanensis
L. infantum L. mexicana : Non pathogenic for : L. shawi ' No final
i humans i classification
L. donovani L pifanot % 01d wortd i L colombiensis
L. venezuelensis | I arabica | i L. equatorensis
. L Xt’fhl”l | ARRRISINS——
L foraiinii L. turanica

' New World H
| L. aristidesi |
i L enriei
5 L deanei |
| L hertigi |

Figure 1.1: Taxonomy of Leishmania

Source: Based on the scheme published by the WHO, 1990

The genus Leishmania can be classified as:
Phylum: Sarcomastigophora
Sub. Phylum: Mastigophora
Class: Zoomastigophora
Order: Kinetoplastida
Sub-order: Trypanosomatina

Family: Trypanosomatidae

1.3 Geographical distribution

Till date, 350 million people are at risk and 20 million people are infected worldwide
with leishmaniasis and an estimated of 1-2 million new cases occur each year
(Leishmaniasis control, www.who.int/health-topics/leishmaniasis.htm, update 2007) with

annual incidence of 1-1.5 million cases of CL and 500,000 cases of VL. In 88 countries,
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Leishmaniasis is considered to be endemic (WHO, 2005) on five continents namely Asia,
Africa, Europe, North and South America (22 in new world and 66 in old world) (Desjeaux
2001) (Figurel.2). This parasitic disease gained much importance due to the emergence of
Leishmania/HIV co-infection in countries like Spain, Italy, France and Portugal (Berhe et
al., 1999) (Figure 1.3).

Around 66 countries have reported the confirmed VL cases, of which Bangladesh,
Brazil, India, Nepal and Sudan contribute to 90% of VL cases and some countries from
Africa and South America contribute to 90% of CL cases (Desjeux, 2004; Modabber ef al.,
2007). Climate change and other environmental changes also have an impact on expanding

the geographic range of the vectors and transmission of leishmaniasis (Patz et al., 2000).

Cutaneous / Mucocutaneous

Figure 1.2: Status of leishmaniasis worldwide. (http://www.fp7-rapsodi.eu/150/)
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Countries reporting leishmaniasis/HIV co-infection

Sowce WHOCTD, 1997

Figure 1.3: Countries reporting leishmania/HIV co-infection. (WHO/CTD, 1997)

1.4 Prevalence of leishmaniasis in India

In the Indian sub-continent, the eastern parts of the country viz. Bihar, West Bengal,
eastern districts of Uttar Pradesh, are the endemic zone of the VL (Marin kelle, 1980). VL
disease not only depends on the poverty but also on its adverse social impact (Muniaraj,
2014).

The situation is pathetic particularly in the state of Bihar, India, known as the
“heartland of kala-azar” where 52 districts of Bihar state, 8 districts of West Bengal and 2
districts of eastern Uttar Pradesh are severly affected (Guerin et al., 2002). In Bihar, atleast
75% of VL cases live below the poverty threshold of less than one dollar a day (Figurel.4).
Countries such as Nepal (12 districts) and Bangladesh (45 districts) are also affected
(Sundar and Rai, 2002a; Alvar et al., 2006). Bhutan has recently joined the list of countries
affected by VL (Bhattacharya et al., 2010).
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]

Affected districts in

[] Bihar

. Uttar Pradesh
I:] West Bengal
. Jharkhand

N
A

150 300 MI
—, —
150 300 KM

Figure 1.4: Areas affected with VL in india Source: Muniaraj, 2014

In a recent study, which shows that 68,358 VL cases between 1990 to 2008 were
reported in Muzaffarpur district (Malaviya et al., 2011).
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MAP OF BIHAR SHOWING ENDEMICITY OF KALA-AZAR
[ HYPERENDEMIC [—] MESOENDEMIC [Z] LOW ENDEMIC

Jharkhand

Figure 1.5: Distribution of resistance to pentavalent antimonials in leishmaniasis endemic areas of Bihar,

India. (Simon et. al., 2006)

1.5 Disease manifestations

The leishmaniasis causes considerable morbidity and mortality. In man, the disease
occurs in at least 5 major forms: Cutaneous, Diffuse cutaneous, Mucocutaneous, Visceral
and Post kala-azar dermal leishmaniasis.

1.5.1 Cutaneous leishmaniasis (CL)

It is frequently self-healing but creates a aesthetic stigma when the lesions are
multiple and disabling with a disfiguring scar. Recidivans leishmaniasis is the most severe
form, which is long lasting, destructive, difficult to treat and disfiguring. The
clinicopathological picture of cutaneous leishmaniasis is variable depending upon several

host-parasite related factors.
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Figure 1.6: Lesions of cutaneous leishmaniasis which are mainly on the exposed parts of the body,

particularly the face. (Kassi et al., 2008)

1.5.2 Diffuse cutaneous leishmaniasis (DCL)

This occurs in individuals with a defective cell-mediated immune response.
This disease is characterised by disseminated lesions, which never heal spontaneously and
cases of relapse are seen after treatment with any of the currently available drugs. Because
of the devastating consequences to the patient, it is recognized as a serious public health
problem. DCL is caused by L. mexicana species. Lesions like papules, nodules, or ulcers are

characteristic of DCL and it responds well to the classic treatment.
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Figure 1.7: Diffuse cutaneous leishmaniasis showing asymptomatic papulonodular lesions on

face. (Chaudhary et al., 2008)

1.5.3 Mucocutaneous leishmaniasis (MCL)

It is referred as 'espundia’ in South America. It is caused by L. braziliensis, L.
panamensis and L. guyanensis in the new world but L. donovani, L. major and L. infantum
are also reported to cause mucosal lesions in immunosuppressed patients in old world
(Desjeux, 1996). The parasite infects the mucocutaneous region and spread to the
oronasal/pharyngeal mucosa, which leads to erosion of the soft tissues and cartilage of the
oronasal/pharyngeal cavity. These lesions do not heal spontaneously when compared to
cutaneous leishmaniasis. The patient undergoes severe suffering and mutilation and as a
result, death occurs due to bronchopneumonia or malnutrition. A substantial part of the

disfigurement is possibly due to immunological mechanisms.
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Figure 1.8: Clinical features of mucocutaneaous leishmaniasis (www.itg.content-e.eu)

1.5.4 Visceral leishmaniasis (VL)

In Bihar, only one in eight cases is reported through official channels and
approximately 20% of mortality cases are undiagnosed. It is caused by L. donovani complex
i.e. L. donovani donovani (India, Africa), L. d. infantum (The Middle East and some parts of
Asia) and L. d. chagasi (South America). These species are morphologically
indistinguishable but have been identified by molecular methods, predominantly multilocus
enzyme electrophoresis. The disease can be acute, sub-acute or chronic, but most cases are
asymptomatic (Bittencourt et al., 1995). The asymptomatic cases are characterized by
positive serology to Leishmania and positive intradermal test.

It is characterized by fever, weight loss, splenomegaly, hepatomegaly and/or
lymphadenopathies, anemia and blackness of skin, hence the name Kala-azar or black fever
(Desjeaux 1996; WHO 1996). As the disease advances, an increase in splenomegaly, which
is followed by concomitant hepatomegaly, severe anemia and cachexia. It causes large-scale
epidemics with high fatality rate. After treatment and recovery, the patients may develop

chronic cutaneous leishmaniasis that requires long and expensive treatment.
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Figure 1.9: Clinical features of visceral leishmaniasis (www.pixshark.com)

1.5.5 Post kala-azar dermal leishmaniasis (PKDL)

Post kala-azar dermal Leishmaniasis is a consequence L. donovani infection. L.
infantum, L. donovani, and L. tropica causes this disease in old world (rare; also may
produce the atypical viscerotropic disease) and L. chagasi in the new world. The disease is
characterized by skin lesions, nodules or papules, frequently on the face has been well
characterized in India and Sudan. This disease develops after one or two years of antimonial
treatment as non-ulcerative cutaneous lesion in about 10% of kala-azar patients (Zijlstra et

al., 1991).

10
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Figure 1.10: Patient with post kala-azar dermal leishmaniasis (Salotra et al., 2013)

1.6 Epidemiology

Leishmaniasis occurs in poorest segments of populations in Asia, Africa, South
America and in lesser degree in Europe (Yamey & Torreele, 2002). Malnutrition,
displacement, poor housing, illiteracy, gender discrimination, and weakness of the immune
system and lack of resources are the major risk factors for this disease. The disease gets
transmitted to humans only when they enter the sylvatic habitat. In domestic cycles, humans
or dogs are the major infection reservoir. Female sand fly of genus Phlebotomus in the Old
World and Lutzomyia in the New World are the vectors for transmission of the disease
(Berman, 1997). In India, Phlebotomus argentipes is the only proven vector for the disease.
Infection occurs by blood meal taken up by female sand flies (Phlebotomus and Lutzomyia
spp) from infected human beings or terrestrial mammals. Amastigotes from the blood meal
enter into the sand fly gut, transform and replicate as promastigotes and reach the salivary
glands where they mature into infective metacyclic promastigotes, which are regurgitated

and injected into the skin of the host during the blood meal to complete the cycle (Rogers &

11
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Titus, 2004). Vector competence is achieved by most species through parasite’s ability to
resist proteolytic enzymes during blood meal digestion and avoid excretion by binding to
midgut epithelium. Binding to the gut wall is mediated by lipophosphoglycan present on the
promastigote surface, and the phosphoglycan domains differ between species (Sacks, 2001).
Sand fly saliva promotes experimental cutaneous infection by altering the local host
immune responses (Sacks & Noben-Trauth, 2002). The major transmission of the infections
are zoonotic, but some cases are reported for transmission of L. donovani from human to
human.

1.7 Leishmania life cycle and morphology

Leishmania parasite leads digenetic life cycle between the invertebrate sand fly and
vertebrate host and differentiates into insect-stage, which are flagellated promastigotes and
mammalian-stage called as intracellular amastigotes.

1.7.1 Promastigote stage (Invertebrate host)

Promastigotes measure about 15-20 pm by 1.5-3.5 pm characterised by long and
slender body with a 15-28 pum anterior flagellum which functions in locomotion and
attachment to the insect gut wall (Herwaldt, 1999; Bogitsh & Cheng, 1990). The membrane
has molecules such as glycoproteins and mannose receptors that are essential for the uptake

of promastigotes by macrophages.

Flagellum
Pocket Flagellum
opening

Posterior end

Figure 1.11: Ultrastructure representation of promastigote stage of L. donovani parasite (KP Chang,

http://dna.kdna.ucla.edu)
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1.7.2 Amastigote stage (vertebrate host)

Amastigotes are non motile, non-flagellated and smaller in size compared to
promastigotes. They are ovoid in shape and measure approximately 2-4pm in diameter. This
stage is found in parasitophorous vacuole of macrophages. The outer membrane has

polysaccharide component, but there is no surface coat (Herwaldt, 1999).

Figure 1.12: Bone marrow biopsy showing the L. donovani amastigote forms

(http://www.idimages.org/atlas/organism)

1.7.3 Lifecycle
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Figure 1.13: Life cycle of Leishmania. A schematic explaining the life cycle of Leishmania alternating
between the promastigote stage in the sandfly and the amastigote stage in host macrophages. (Adapted

from Sacks D et al. (2002) Nat. Rev. Immunol.)

1.7.4 Infection to host macrophages

After the sand fly blood meal, amastigotes reach the lumen of the sand fly where
they differentiate into promastigotes and replicate by longitudinal binary fission.
Approximately four days after ingestion, through metacyclogenesis the promastigotes
convert into metacyclic promastigotes. These forms are characterised by being longer and
narrower, have a longer flagellum, and display changes in surface coat proteins, which make
the parasite adapting to infect macrophages of the host (Spath & Beverley, 2001).
Metacyclic promastigotes migrate to the salivary glands and deposited on the skin of the

host through the sandfly's proboscis during the next blood meal. The cells are then
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phagocytosed by macrophages. The parasite undergoes transformation inside the

endocytotic parasitophorous vacuole into amastigote form. These cells divide and increase

in number by binary fission inside the macrophages, ultimately they rupture and release the

amastigotes, which then infect the neighbouring macrophages. This cycle continues with the

above steps (Bogitsh & Cheng, 1990).

1.7.5 Diagnosis

The clinical features in various forms of leishmaniasis are nonpathognomonic and

these can mimic several other conditions.

The serological diagnosis was based on IFAT and ELISA and had severe limitations
for their use at the district level. DAT could be used at the periphery but needs cold
chain (Sundar and Rai, 2002b; Oskam et. al., 1998).

Molecular diagnosis: PCR needs to be more suitable for field use and less expensive
(Maurya et al., 2005).

Parasitological diagnosis existing tools (spleen, bone marrow or lymph nodes
aspirates) are invasive methods, very difficult to decentralize and their average
sensitivity varies from 95% (spleen), 70% (bone marrow) to 58% (lymph node).
Spleen aspirate due to its high sensitivity (95%) and its specificity is considered as
the gold standard for VL diagnosis. However, it requires the help of physician and
the laboratory technician needs to be highly expertise, which is difficult to get
outside a tertiary reference hospital or a specialized center. Splenic aspirate has some
contraindications: severe anemia, pregnancy and bleeding tendency.

A dipstick called K39, which is also commercially available (FDA approval). It is
based on a recombinant surface antigen highly specific for VL. It is particularly
relevant for field use (Sundar et al., 1998).

A new latex agglutination test (KATEX), useful to detect antigens in urine. It is of

great value for immuno-suppressed patients (Attar et al., 2001).
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2.1 Immune response in visceral leishmaniasis

Visceral leishmaniasis (VL) is a vector-borne disease transmitted by sandflies
belonging to genus Phlebotomus in old world and the genus Lutzomyia in new world.
Usually most human pathogenic Leishmania species reside in macrophages of the skin and
skin-draining lymph nodes but Leishmania donovani and Leishmania infantum spread
systemically to propagate in macrophage of visceral organs like liver, spleen, bone marrow,
and lymph nodes. The symptoms of VL typically involves fever, enlarged spleen and liver,
loss of weight, and hypergammaglobulinemia (Badaro et al., 1986). Other symptoms of VL
include hypoalbuminemia, severe cachexia and bleeding, if left untreated. VL patients
become immunosuppressed due to the loss of leucocytes and the common cause of death are
due to bacterial infections in lethal cases of VL. Moreover, loss of leucocytes eventually
makes VL patients generally immunosuppressed, and bacterial infections are a common
cause of death in lethal cases of VL. Untreated VL will in most cases ultimately lead to

death.
2.2 Various hosts for VL

The susceptibility and resistance to infection is dependent on the host genetic
background and Th1/Th2 pattern of immunity. The best suited animal models for VL caused
by L. infantum are dogs, which are also the natural reservoirs (Alvar et al., 2004). Strikingly,
the infections caused by L. donovani complex are subclinical, but infection can result in
severe life-threatening visceral disease (Alvar et al., 2004), while in canine VL it can also
cause keratitis and skin pathology, which is not seen in human disease (Baneth et al., 2008).
Usually, small rodents are preferred as models in experimental VL while dogs are used in
limited extent due to high costs and ethical concerns.

2.2.1 Mouse/Rodent host

Mouse are preferred models to study both L. donovani and L. infantum infection.
Murine VL infection has a genetic basis such as genetically resistant mouse (e.g., CBA)
carries a functional Slc/lal gene that encodes a phagosomal component. It localizes to
endosomes/lysosomes, solute carrier also known as Nrampl, confers the ability to control
the early infection (Crocker et al., 1984; Blackwell et al., 1989). Susceptible strains
(BALB/c) are not able to control the parasite multiplication in the liver during the initial
phase of infection due to the mutant Slc//al gene (Crocker et al., 1984; Vidal et al., 1995).
The resolution rate of disease in these strains is determined by MHC class II haplotypes (H-

2loci; Blackwell, 1983). Murine VL can be considered as a model for subclinical infection
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as susceptible mice can control the disease as compared to the model of disseminated
visceral disease and parallels to overt human VL disease. The parasite growth is controlled
in the liver after first weeks of infection by the granulomatous response and cell-mediated
immune response following intravenous or intracardial infection (primarily using
amastigotes). Over a period of 2—3 months the infection is eventually cleared by mice from
the liver and becomes resistant to re-infection (Murray et al., 1987). In spleen the parasites
persist and infection slowly progress for longer periods as compared to liver infection.
Eventually, the parasite numbers are controlled in spleen and parasites are maintained at a
constant levels (Engwerda et al., 2004). The presence of parasites in spleen leads to
splenomegaly and remodeling of splenic architecture with atrophy of lymphoid follicles
(Engwerda et al., 2004). The immune response can be compared between the murine and
human spleen, which is characterized by a mixed regulatory and inflammatory response.
TNF-a, which is necessary for the protective immunity in liver is elevated in spleen along
with IL-10 levels (Murray et al., 2000) and these elevated TNF-a levels cause destruction of
the marginal zone macrophages and the gp38+ stromal cells (Carrion et al., 2006; Stanley
and Engwerda, 2007). IL-10 is involved in immune regulation, like protecting the tissue
from damage due to excessive inflammation, has suppressive effects on immune function.
IL-10 is induced as a result of high levels of TNF-a (Ato et al., 2002), which prevent the
tissue damage caused by TNF-a, but IL-10 has a role in the parasite persistence by
inhibiting macrophage activation (Belkaid et al., 2001) by making it unresponsive to
activation signals and also downregulates the CCR7 expression on dendritic cells (DCs),
thereby loosing migratory capacity preventing them from proper accession to T-cell areas
and efficient priming of T-cells responses (Ato et al., 2002). Enhanced granuloma formation
in the liver and parasite killing is due to IL-10 receptor blockade, (Murray et al., 2002)
which resulted in increased IFNy production and enhanced expression of inducible nitric
oxide synthase (iNOS) in infected tissue (Murray et al., 2003b). Given in combination with
antileishmanial therapy (SbV), blockade of IL-10R was shown to enhance the effectiveness
of SbV (Murray et al., 2005).

2.2.2 Hamster host

Similar to human VL, hamsters can develop progressive VL, eventually causing
mortality (Ghosh and Ghosh, 1987; Requena et al., 2000; Melby et al., 2001). Hamsters
show elevated expression of Thl-associated cytokine mRNA like IFN-y, IL-2 and TNFa in
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the spleen, but induction of IL-4 m-RNA is limited as seen in humans (Melby et al., 2001).
In comparison to humans, hamsters are also poor producers of NO. In response to IFN-y, the
expression of NOS 2 mRNA is downregulated, which may be due to reduced NOS2
promoter activity in L. donovani-infected hamsters (Perez et al., 2006). This might lead to
defective parasite killing seen in hamsters due to failure in the induction of iNOS (Melby et
al., 2001; Wilson et al., 2005). Due to deposition of parasite immune complexes in kidneys,
hamsters develop severe ascites and glomerulonephritis, which results in renal failure and
nephritic syndrome ultimately causing death (Sartori et al., 1992). Hamsters are always an
efficient model for testing the experimental drugs against VL, but the lack of reagents
hamper this process.
2.2.3 Human host

Human VL symptoms range from fatal visceral disease to asymptomatic infection
which is defined as the presence of Leishmania-specific antibodies or positive skin test to
Leishmania antigen without any symptoms of the disease. However, factors responsible for
an individual to precisely develop VL is still largely unclear. Peripheral blood mononuclear
cells (PBMCs) from some but not all subclinical or asymptomatic patients produce IL-2,
IFNy, and IL-12 in response to stimulation with leishmanial antigen (LAg) (Carvalho et al.,
1992). Neutralizing IL-12 cytokine abrogates both proliferation and IFN-y production in the
naturally exposed healthy individuals (Ghalib et al., 1995). Interestingly, recent studies have
demonstrated that blood cells from whole blood (instead of purified PBMCs) from VL
patient maintain capacity to produce IFNy in response to soluble Leishmania antigen
(Ansari et al., 2011; Gidwani et al., 2011a). Initially VL was associated with Th2 skewing
response with elevated levels of IL-4 and/or IL-13, but most studies implicate that there is
no clear Th2 skewing in human VL (Sundar et al., 1997; Nylen et al., 2007). During the
acute phase of infection, IFN-y mRNA is elevated in the spleen and bone marrow (Nylen
and Sacks, 2007). These observations show that Th2 skewing is not involved in the
pathogenesis of VL, instead there exist other mechanisms. Clinical studies demonstrate the
role of IL-10 in the pathogenesis of VL (reviewed in Nylen and Sacks, 2007). High serum
IL-10 and elevated IL-10 mRNA in the spleen, lymph nodes and bone marrow are found in
patients with active VL (Nylen et al., 2007; Ansari et al., 2011). The presence of IL-10 can
only be detected in whole blood cell cultures but not in PBMCs from VL patients after
Leishmania antigen stimulation (Ansari et al., 2011).

IL-10 functions as conditioning the host macrophages for parasite persistence in VL.
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It also down-regulates TNF-a and NO production, which in turn inhibits the killing of
amastigotes. Apart from this IL-10 renders macrophages unresponsive to activation signals.
In human VL, IL-10 inhibition in serum inhibit the parasite replicationin macrophages and it
enhances IFN-y response in antigen-stimulated PBMC (Ghalib et al., 1995; Nylen et al.,
2007). Recent reports prove the host-protective effect of IL-10 neutralization in lesional
tissue, which provides evidence that overproduction of IL-10 directly contributes to the

pathogenesis of human VL (Gautam et al., 2011).
2.3 Immune mechanisms and regulation

2.3.1 Innate immunity

Immediately after the parasites are injected into the skin, a local inflammatory
process is initiated, which involves the accumulation of neutrophilic and eosinophilic
granulocytes to clear damaged tissue, followed by inflammatory macrophages and to initiate
wound healing. IFN-y production after activation by both parasite antigens and IL-12 from
natural killer cells (NK cells) play an important role in parasite containment (Laskay et al.,
1995). Humans also have NK cell-mediated mechanisms in the early defense to Leishmania
infection similar to the murine model. A role of NK cells in the maintenance of the healing
process in addition to initial response in naive individuals is speculated (Maasho et al.,
1998). IFN-0/p cells and iNOS2 also play a role in dissemination and containment of the
parasite. There is a dramatic change in the lymph nodes (LN) in the first 16-24 h of
infection namely increase in LN cells with a relative decrease of CD4+ cells and increase of
B cells. This increase in cell number is not due to in situ proliferation after parasite entry but
rather the consequence of influxing cells from the peripheral blood.
2.3.2 Adaptive immunity
2.3.2.1 Antigen presentation

The prerequisite for protective anti-Leishmania immune response is presentation of
appropriate antigens by antigen-presenting cells, the induction and expansion of CD4" Thl-
T cells, and the activation of macrophages for efficient killing of the parasites. For immune
evasion, Leishmania parasites interfere with the intracellular loading of MHC class II
molecules with antigenic peptides. It is seen that during the transformation process of
Leishmania from its promastigote form to intracellular amastigote stage, parasite antigens
are sequestered from the MHC class II pathway of antigen presentation, which then can
result in evasion of T cell activation.

2.3.2.2 Role of T cells
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Understanding of the regulation of immune response involved in host resistance and
susceptibility to Leishmania infection has improved by the usage of murine models
(Mossman and Moore 1991). T-cell mediated macrophage activation is the major protective
mechanism; resistance to infection is associated with a Thl cytokine profile characterized
principally by subsets of CD4" T cells producing IFN-y, IL-2, TNF-o and IL-12 production,
whereas susceptibility is dependent on Th2 cytokines with secretion of IL-4, IL-5, IL-6 and
IL-10 (Kemp et al., 1996, Miralles et al., 1994, Heinzel et al., 1995). Later studies have
shown that treating a BALB/C susceptible mouse with anti-IL-4 after infection with
Leishmania resulted in recovery. Therefore, inhibiting IL-4 leads to clearing of the
pathogen. Resistant C57BL/6 mice were treated with anti-IFN-y after infection with
Leishmania resulted in their death (Sadick ef al., 1990), suggesting these cytokine profiles is
related to the phenotype of disease expression. Conversely, IL-4 and IL-I0 equip the
immune response towards the clearance of extracellular pathogens. Thl cells control the
activation of cytotoxic CD8" T cells, cytotoxic NK cells and macrophages while Th2 cells
are responsible for the activation of eosinophils and the induction of B cells to produce
antibody.

There are two subsets of CD8+ T-cells based on the cytokines that it produces.
CD8+ cells are not solely the effector cells involved in target cell killing but are also
involved in the cytokine control of the immune response. These findings were concluded by
various experiments. For example, CBA mice resistant to L. major infection were found to
have much more CD8+ T cells compared to susceptible BALB/C (Titus et al., 1987). The
protective effect could be either due to direct lysis of infected macrophages or by the
production of IFN-y and other cytokines, which would in turn stimulate the macrophages to
kill the parasite. The cytokines produced by CD8+ T cells (Tcl and Tc2) are essentially the
same as for Thl and Th2 cells. As recent reports point out the role of both CD4+ and CD8+
T cells in immunity against the parasite (Liew and O’Donnell 1993). In humans too, levels
of IL-10 and IFN-y were found to be significantly elevated with active VL (Karp et al.,
1993, Ghalib et al., 1993, Holaday et al., 1993). Increased IL-10 production is associated
with the pathology of VL as it is a potent inhibitor of macrophage activation and IFN-y
secretion in particular (Mosmann and Moore 1991; Howard and O’Gara 1992). It was also
seen that at early stages of infection with L. donovani, lack of IFN-y production by PBMC
predicts progression of disease while individuals with high quantities of IFN-y usually

remain asymptomatic (Kemp et al., 1996). In the recent study they suggest that CD8+ T
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cells are driven to anergy/exhaustion with elevated expression of CTLA-4 and PD-1
mRNAs in human VL which is affecting their inherent ability to contribute to protective
immune response against parasite (Gautam et al., 2014).

2.3.2.3 Co-stimulatory molecules

In addition to the antigen-specific interaction between antigen presenting cells
(APC) and T-cells, the latter require co-stimulatory molecules for activation. Infection of
macrophages with L. donovani both in vivo and in vitro failed to trigger expression of CD80
molecule needed for the activation of T cells. Modulation of co-stimulatory signals leads to
significant modification of antileishmanial T-cell responses (Kaye, 1995). Both CD80 (B7-
1) and CD86 (B7-2) interact with CD28 and with the structural homolog CTLA-4 (CD152)
expressed on T-cells. The binding affinity of CTLA-4 to B7 molecules is significantly
higher than that of the CD28 molecule. In contrast to CD28, CTLA-4 was suggested to play
a role in the negative regulation of T-cell activation (Krummel and Allison, 1995; Walnus et
al., 1994). CTLA-4 engagement is likely to play a significant role in the T-cell
unresponsiveness, characteristic for chronic visceral Leishmania infection.

Early studies established the role CD40: CD40L interactions in effective humoral
response, but its importance in cell-mediated immunity is still being explored (Van Kooten
and Banchereau, 2000; Banchereau et al., 1994; Danese et al., 2004). Apoptosis regulation
in T cells (Blair et al., 2000), upregulation of co-stimulatory molecules like B7-1 and B7-2
in APCs and CD58 in DCs (Caux et al., 1994) is mediated by CD40 ligation and IL-12
production by DCs (Cella et al., 1996) is important during Leishmania infection (Heinzel et
al., 1993; Sypek et al., 1993). Apart from the production of IL-12, CD40 signaling also
mediates the production of IL-10 from the macrophages which favor the parasite persistence
(Marovich et al., 2000; Foey et al., 2000). The amount of IL-10 and IL-12 produced by
macrophages is dependent on the strength of CD40 as shown previously (Mathur et al.,
2004), hence CDA40 signaling maintains balance between IL-12 and IL-10 production, which
determines the disease resolution or progression in a given infection model (Alexander et
al., 1999). IL-10 production and Treg cell development is modulated by CD40 signaling
(Martin et al., 2010).
2.3.2.4 Role of nitric oxide

Analysis of murine model has shown that recovery from Leishmania infection relies
on induction of a Thl response (Holaday et al., 1991; Belosevic et al., 1989), with

production of IFN-y, which in turn activates macrophages to a microbicidal state. This leads
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to intracellular death of the parasite as a result of enhanced expression of nitric oxide
synthase and ensuing production of NO (Liew et al., 1991; MacMicking et al., 1997), a
highly toxic molecule for Leishmania (Mauel et al., 1997; Zangger et al., 2002). The NO-
pathway appears to be a common mechanism for Leishmania killing since not only murine
but also human monocytes/macrophages were able to control L. major in an NO-dependent
manner (Vouldoukis et al., 1995). NO is formed by the oxidative deamination of the amino
acid L-arginine by NOS. There are two isoforms of NO synthase: constitutive and inducible
forms. Constitutive NO synthase is found in a variety of cells, but iNOS occurs only in
activated macrophages. NO produced by activated macrophages is a potent antimicrobial
compound and is able to kill a range of organisms from bacteria to helminth worms by
covalently reacting on iron-sulphur clusters in macromolecules. This represses DNA
synthesis and inhibits iron-containing enzymes including those involved in respiration. NO
can also react to form other reactive free radicals such as NO* and hydroxyl radical (OR),
which in turn might be responsible for killing the parasite (Liew and O’Donnell 1993).
While IFN-y, TNF-a, MIF lead to induction of NOS in infected macrophages, 1L-3, IL-4,
TGF-p, and IL-I0 inhibit its expression (Liew 1991). NO is, therefore, a key molecule in the
immune response, whose production and activity is favored by Th1 responses and inhibited
by Th2 responses.

2.4 Th1/Th2 paradigm

Thl and Th2 cells exist in a feedback relationship with each other. When an antigen
stimulates an immune response, it does not activate both the humoral and cell-mediated
responses equally. One response usually predominates and influences the potency of the
secondary response. In the murine model, the cytokine pattern present in the animal at the
time of infection can determine whether a Thl or a Th2 response will develop. In other
words, the polarization of the response towards one or the other T-cell subset is itself
conditioned by the early cytokine environment. Studies from human and murine in vitro
cells hace established the role of certain cytokines, (e.g. IFN-y, IL-12) which favor the
maturation of Thl responses whereas others (e.g. IL-4, IL-10) support Th2 development.
The polarization of Thl or Th2 subsets in CL takes place very early in infection (3 days in
mice). The immune response is arrested in either Thl or Th2 after its generation, even when
it is harmful to the host (Kemp et al., 1996). Thl cells activate cell-mediated immunity,
primarily by inducing macrophages and dendritic cells to secrete IL-12, a potent immune

activating cytokine. Th2 cells, on the other hand, secrete immune cytokines that help B-
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lymphocytes to synthesize antibodies. Th3 cells are a recently discovered population that
secretes transforming growth factor beta (TGF-B), an immune cytokine with both immune
activating and inhibiting properties. Both Thl and Th2 cells can reciprocally inhibit the
activity of the other. Th3 cells can inhibit the activity of both cells, although TGF-f is
primarily known for inducing the release of IgA (mucosal) antibodies, a Th2 response, and
the inhibition of Thl cell activity (Weiner 2001). TGF -B and IL-10 both deactivate
macrophages and inhibit the release of IL-12 (Kemp et al., 1996; Karp et al., 1993). IFN-y,
on the other hand, inhibits the release of IL-10. In humans, the balance of cytokines is also
influenced by the regulator, autoantibodies (Bendtzen et al., 1990), steroid, hormones and
prostaglandins (Rook et al., 1993). The clear Th1/Th2 pattern of disease development
demonstrated for L. major and L. mexicana has not been observed in VL caused by L.
donovani in mice and humans (Kaye et al., 1991, Kemp et al., 1996, Miralles et al., 1994). It
has been suggested that it is the lack of a Thl response rather than the presence of a Th2
response, which determines disease susceptibility in VL (Engwerda et al., 1998; Kaye et al.,
1991). Several studies have shown that IL-4 can prime for IL-12 production (Cua et al.,
1997; D'Andrea et al., 1995; Takenaka et al., 2002; De Waal Malefyt et al., 1993). In
addition to its effects on innate IL- 12 production, small amounts of IL-4 may be needed not
only to drive Th1 differentiation (Kamogawa et al., 1993, Nakumura et al., 1997) but also to
maintain IFN-y production by activated T cells (Noble et al., 1995; Platzer et al., 1992a). It
is also shown that IL-4 plays a crucial role in maintaining IFN-y production following drug
therapy (Alexander et al., 2000). Thus, IL-4 plays no counter protective role in L. donovani
infection.
2.5 Chemotherapy against visceral leishmaniasis

Conventional therapies against Leishmaniasis which include pentavalent
antimonials, amphotericin B, and pentamidine continue to play an important role, but it is
evident that new drugs or strategies must thwart the limitations, such as a long-term usage,
high toxicity, high cost and resistance to these drugs. One of the most promising new oral
drug miltefosine was approved for treatment of visceral leishmaniasis with only slight
adverse effects. The nature of drugs, their mode of action is discussed below.
2.5.1 Pentavalent antimonials

The first line of treatment for VL include N-methylglucamine antimoniate
(Glucantime) and sodium stibogluconate (Pentostam) since the 1940s. Antimony still

remains as therapeutic regimen in all regions except Bihar State, India, and Southern
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Europe. In Bihar only 35% cure rate was observed and in southern Europe secondary
resistance developed in patients who had relapse has ended the usage of antimony as first
line of treatment (Sundar et al., 2000). Sodium stibogluconate and meglumine antimoniate
at 20 mg/kg/day to a maximum of 1275mg over 20 or 30 days were given intramuscularly.
The active intracellular reduced trivalent form alterates the parasite bioenergetic pathways
and trypanothione inhibition (Ephros et al., 1999; Wyllie et al., 2004). Antimonials have
severe side effects like cardiac arrhythmia and acute pancreatitis, which are life threatning.

(Chappuis et al., 2007).
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Fig 2.1. Chemical structure of Glucantime (A) and Pentostam (B)

Source www.aventis.com and www.sigmaaldrich.com

2.5.2 Pentamidine Isothionate

Pentamidine, an aromatic diamidine is the second line of treatment for VL, but its
mode of action on the parasite is unknown. It is predicted that its leishmanicidal activity is
through its effect on polyamine biosynthesis and mitochondrial membrane potential since it
is a competitive inhibitor of arginine transport and noncompetitively inhibits putrescine and
spermidine. In Sb" resistant kala-azar cases in India, Pentamidine was initially proven to be
effective (kala-azar unresponsive to antimonial were treated with pentamidine in a dose of 4
mg/kg body weight alternatively for 20 days) but due to high cost and severe toxicity which
ranges from irreversible insulin dependent diabetes mellitus, death and it’s declining

efficacy (as only about 70% patients could be cured), has led to it’s being totally abandoned
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in India (Sundar & Chatterjee, 2006).
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Fig 2.2. Chemical structure of pentamidine isothionate

Source www.scielo.br

2.5.3 Amphotericin-B and its Formulations

Amphotericin B (AmB) is routinely used as a fungal antibiotic. The mode of action
is through interaction with ergosterol in the cell membrane, altering the ion balance through
pore formation and ultimately cell death (Roberts et al., 2003). Leishmania parasites have
abundant ergosterol in their cell wall, which makes AmB an extremely effective drug. In the
endemic areas in India where resistance to pentavalent antimonials is high, AmB is being
used as first line of treatment for VL in spite of its high cost. The recommended dosage
consists of 15 doses of 1 mg/kg on alternate days (Pape, 2008). Oral dosage amphotericin B
is currently in Phase I trials and also undergoing (animal) efficacy studies for VL (Den Boer
et al., 2009). There have been some reports on the emergence of amphotericin B resistance
in L. infantum/HIV-infected cases in France, as it is prefered choice of drug for treating VL
(Di Giorgio et al., 1999). A micellar formulation of AmB showed 100 fold less EDs, than
the normal AmB formulation against an AmB L. donovani-resistant line (Espuelas et al.,
2000). The resistance factor cannot be overlooked by the increasing use of amphotericin B
in lipid formulations that have longer half-lives. AmBisome® has a longer half life as it
accumulates in tissues and is slowly released and excreted (Bekersky et al., 2000). Till date,
no cases of no in vivo resistance has been reported despite the extensive use in VL. This
might be due to the rapid killing of parasites by AmBisome®, and thus they get little
opportunity to develop resistance. The main purpose of using AmBisome® is to increase

solubility and thermal stability and decrease the systemic toxicity of amphotericin B.
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Fig 2.3. Chemical structure of Amphotericin B

Source www.ambisome.com

2.5.3.1 Liposomal Amphotericin B

The development of lipid formulations of AmB (L-AmB) has significantly enhanced
the efficacy of AmB. The liposomal amphotericin B formulation, AmBisome®, is registered
treatment for visceral leishmaniasis (Meyerhoff, 1999). The advantages like higher cure
rate, lesser relapse cases, better convenience to the patients, it has over the conventional
AmB and it has increased its efficacy but its use is hindered by high cost in the VL endemic
areas. However, the cost has been reduced by now 10% of its original price by WHO under
the national elimination program. AmBisome® is given at a dosage of 20mg/kg (total dose)
in different parts of the world for treating VL patients but lower doses may be sufficient for
the Indian subcontinent. A study from India have showed 91% cure rate when patients were
given a single dose of 5 mg/kg of AmBisome® (Den Boer et al., 2009). With the recent
decrease in pricing offered by the manufacturers, it is possible that AmBisome® could
become economically feasible for treatment, even in resource-poor countries (DNDi Annual
report 2007- 2008).
2.5.3.2 Other commercial Amphotericin B

Several other lipid forms such as Abelcet® (an amphotericin B lipid complex) and
Amphocil® (amphotericin B colloidal dispersion) have been evaluated against VL at the
dosage of 1-5 mg/kg epr day and 1 mg/kg per day respectively. But no studies has compared
the efficacy these lipid formulations with AmBisome® in a clinical trial. Berman et al.,

(1998) also reported the effectiveness of unilamellar liposome formulation of AmBisome®,
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against VL in immunocompetent adults and childrens in Europe, Sudan, Kenya, and India.
Solid nanoparticles of amphotericin B deoxycholate at a dose of 5mg/kg/day given for 5
days have shown cure rates upto 99% after being injected intraperitoneally into L. donovani
infected hamsters (Manadhar et al., 2008). Oral administration of novel lipid-based AmB at
doses of 10 and 20 mg/kg twice daily for 5 days has reduced L. donovani parasite burden by
99.5% and 99.8% respectively in mice models (Wasan et al., 2009). N-(2-hydroxypropyl)
methacrylamide- GFLG-amphotericin B copolymer conjugates showed cure rates up to 94%
in the liver of L. donovani infected BALB/c mice (Nicoletti et al., 2009). This approach was
extended to investigate poly (HPMA)-GFLG-amphotericin B-alendronic acid conjugates for
the treatment of VL in models (Nicoletti et al., 2010).
2.5.4 Paromomycin

PM or aminosidine is an aminoglycoside is a broad-spectrum antibiotic against
bacteria and an oral agent against intestinal protozoa. The first successful usage was in the
1980s against human VL in Kenya (Chunge et al., 1990). This drug went for the
development in India, which was sponsored by WHO, but later its has been retracted due to
the lack of funding (Thakur et al., 1992; Davidson et al., 2009). After the adoption by
1OWH, this drug showed an excellent safety profile in phase III trial in India at a dose of 15
mg/kg intramuscular injections daily for 21 days after the International Dispensary
Association (The Netherlands) brought it back into production (Sundar et al., 2007b). PM
should be used in combination with other drugs, as the monotherapy in Sudanese VL
showed low efficacy rates but compartively the Ethiopian VL responded well. (El-On J et
al., 2007; Fong et al., 1994; Maarouf et al., 1998). In cutaneous leishmaniasis, secondary
resistance were reported after 60days of PM injections (Teklemariam et al., 1994). PMs

efficacy and safety in co-infected patients are still unknown.
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Fig 2.4. Chemical structure of Paromomycin

Source www.sigmaaldrich.com

2.5.5 Miltefosine

Hexadecylphosphocholine (HPC), an analog of phosphatidylcholine (PC) is also
called as Miltefosine. In the late 1980s, Croft and their group had demonstrated that
miltefosine was effective against Leishmania promastigotes from culture, which was
initially developed as an anticancer agent. Attention to this compound led to preclinical and
clinical studies conducted for leishmaniasis (Croft et al., 1987). In 2002, miltefosine was
registered in India for the treatment of VL, in Germany in 2004 and in 2004 in Colombia for
both cutaneous and visceral leishmaniasis (Croft et al., 2006a). In 1982, the treatment of VL
using miltefosine was started with the focus on the metabolism of phospholipids in L.
donovani promastigotes (Hermann et al., 1982), where it was concluded that ethers of
lysophospholipids (LPAs) completely eliminated the parasites after less than 5 h of
exposure to 25 uM. In vivo studies in BALB/c mice infected with L. donovani and L.
infantum, oral administration of miltefosine at 20mg/kg bodyweight dosage reduced the
parasite burden by 95% (Kuhlencord et al., 1992). The results led to the completion of first
phase I/II clinical program in India for VL in 1997. (Sundar et al., 1998; Murray, 2000;
Escobar et al., 2001).
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In mammalian cells, LPA inhibits phosphocholine biosynthesis by the induction of
programmed cell death (Wieder et al., 1999). Miltefosine inhibits alkyl specific acyl-CoA
acyltransferase which is an important enzyme for ether lipid remodeling which may affect
the cellular growth of L. mexicana (Lux et al., 2000). The mode of action of miltefosine in
the parasites is through programmed cell death, which explains the selective antiparasitic

effects of this compound in vivo (Paris et al., 2004).
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Fig 2.5. Chemical structure of Miltefosine

Source www.mpibpc.mpg.de

2.5.6 Sitamaquine (WR6026)

Sitamaquine (WR6026) belongs to 8-aminoquinoline family, which is currently in
clinical trails by Glaxo Smith Kline for oral treatment of VL (Yeates, 2002). Synthetic
chemistry department at the Walter Reed Army Institute for Research (WRAIR) discovered
Sitamaquine having antileishmanial effects (Tekwani & Walker, 2006). Phase II dose-
ranging studies in India and Kenya showed an 83% and 87% cure rates Kenyan patients
(Wasunna et al., 2005) and Indian patients respectively after 180 days of treatment. The side
effects being abdominal pain and headache in the Kenyan study and vomiting, dyspepsia
and cyanosis by the Indian investigators. Methemoglobinemia was only reported in Indian
patients (Jha et al., 2005). Cytochrome P-450 metabolizes sitamquine into having desethyl
and 4- CH,OH derivatives, studied using rat and hamster liver microsomes (Theoharides et
al., 1985; Yeates, 2002). 8-aminoquinolines metabolism involves important steps such as
side chain oxidation and 5-hydroxylation (Idowu et al., 1995; Yeates, 2002). Presystemic
elimination of sitamaquine in the liver with low systemic availability was observed in
Beagle dogs (Taylor et al., 1991). In humans, the half-life was estimated to be 26.1 hours.
Desethyl species being the minor metabolite and 4- CH,OH derivatives is the major urinary
metabolite in humans. (Yeates, 2002). This drug induced morphological changes both in
macrophages and L. tropica amastigotes (Langreth et al., 1983). The collapse of

mitochondrial membrane potential in L. donovani promastigotes has also been shown

29



CHAPTER I REVIEW OF LITERATURE

(Vercesi et al., 1992) as well as alkalization of acidocalcisomes (Vercesi et al., 2000).
Recently antileishmanial activity has been demonstrated as unrelated to sitamaquine
accumulation in this organelle (Lopez-Martin et al., 2008) The interaction of sitamaquine
with membrane lipids of L. donovani promastigotes has been assessed and described as a

two-step process (Duenas-Romero et al., 2007).
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Fig 2.6. Chemical structure of Sitamaquine

Source www.parasite-trends.com

2.6 Plants as a source of drugs for leishmaniasis

In the search for new antiprotozoal drugs, plants provide a repertoire for starting
material and most of the biological activity from plants has been attributed to compounds
belonging to diverse chemical groups including alkaloids, flavonoids, phenylpropanoids,
steroids, and terpenoids (Iwu et al., 1994; Rocha et al., 2005; Wang et al., 2008). Different
strategies are employed to obtain a herbal medicine or an isolated active compound, among
them, investigation of the traditional use, the chemical composition, the toxicity of the
plants, or the combination of several criteria (Rates, 2001). The extraction of the compounds
is done using different plant parts and different solvents. There is always scope for the
improvement in the extraction methodologies for screening for biological activity of the
plant extracts as there exist a wide variety of techniques to prepare extracts (Eloff, 1998;
Beutler, 2009). Solvent polarity gradients are widely employed for the plant extractions. The
pure compound can be sequentially extracted into fractions from the parent extracts using
bioassay guided fractionation, which further will be tested for biological activity and
toxicity. This strategy is simple, reproducible, rapid, and low-cost (Beutler, 2009; Sereno et

al., 2007).
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All the forms of Leishmania can be used to screen for biologically active plant
substances. In vitro grown axenic amastigotes represent a useful model for testing of drugs
as these are easy to manipulate and quantify (Sereno et al., 2007; Hodgkinson et al., 1996;
Croft et al., 2006a). The methods for quantification of amastigotes in the laboratory include
cell counter, a colorimetric method with Alamar blue or acid phosphatase activity, MTT-
based method for viability and using a fluorescent dye such as propidium iodide (Sereno et
al., 2007; Callahan et al., 1997; Mikus and Steverding, 2000; Ganguly et al., 2006 ).
Interestingly, green fluorescent protein (GFP) or luciferase expressing transgenic
Leishmania strains has opened up new alternatives for the development of drug-screening
tests (Chan et al., 2003; Monte-Alegre et al., 2006). Screening of new antileishmanial drugs
in the clinical isolates can be done using colorimetric-lactamase assay (Mandal et al., 2009).
Table 1 compares some antileishmanial activities that have been reported in the last 5 years.

In vitro screenings represent the first step in evaluating the efficacy and safety of
medicinal plants for application in the treatment of leishmaniasis. In addition, variation in
the effectiveness of drugs in treating leishmaniasis may often result from differences in the
drug sensitivity of Leishmania species, the immune status of the patient, or the

pharmacokinetic properties of the drug (Croft et al., 2006b).
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Family/Plant
species

Extracts or
Compounds

Leishmania
species

ICso(Hg/
ml)

Pm

References

Aloe nyeriensis Methanolic extract L. major 68.4 ND Kigondu et al.,
Aqueous extract L. major 53.3 ND 2009
Annona coriacea Total alkaloids extract L. chagasi 41.6 ND Tempone et al.,
2005
Annona crassiflora | Total alkaloids extract L. chagasi 24.9 ND Tempone et al.,
2005
Annona muricata Ethyl acetate extract L. amazonensis 25.0 NT Osorio et al., 2007
Guatteria australis | Total alkaloids extract L. chagasi 37.9 ND Tempone et al.,
2005
Polyalthia Methanolic extract L. infantum 1.8 8.6 Lamidi et al., 2005
suaveolens
Pseudomalmea Ethyl acetate extract L. amazonensis 48.9 NT Osorio et al., 2007
boyacana
Rollinia exsucca Hexane extract L. amazonensis 20.8 NT Osorio et al., 2007
Rollinia pittieri Hexane extract L. amazonensis 12.6 NT Osorio et al., 2007
Xylopia aromatica | Methanolic extract L. amazonensis 20.8 NT Osorio et al., 2007
Himatanthus Ethanolic extract L. amazonensis 20.0 5.0 Castillo et al.,
sucuuba 2007
Pagiantha cerifera | Dichloromethane L. amazonensis 25.0 12.5 Billo et al., 2005
extract
Achillea Essential oil L. amazonensis 7.8 6.5 Santos et al.,
millefolium 2008
Anthemis Anthecotulide L. donovani NT 8.18 Karioti et al., 2009
auriculata 4- L. donovani NT 3.27
Hydroxyanthecotulide L. donovani NT 12.5
4-Acetoxyanthecotulide
Baccharis Crude extract L. donovani 45.0 NT Silva Filho et al.,
dracunculifolia Hautriwaic acid lactone | L. donovani 7.0 NT 2009
Ursolic acid L. donovani 3.7 NT
Uvaol L. donovani 15.0 NT
2a-Hydroxy-ursolic acid | L. donovani 19.9 NT
Calea montana Ethanolic extract L. amazonensis NT 10.0 Valadeau et al.,
2009
Elephantopus Dichloromethane L. donovani NT 0.6 Gachet et al.,
mollis extract 2010
Tanacetum Plant powder L. amazonensis 490 74.8 Tiuman et al.,
parthenium Dichloromethane L. amazonensis 3.6 2.7 2005a
extract L. amazonensis 0.37 0.81
Parthenolide L. amazonensis 2.6 ND Tiuman et al.,
Guaianolide 2005b
Silva et al., 2010
Vernonia Methanolic extract L. amazonensis 4.0 NT Braga et al., 2007
polyanthes
Carica papaya Ethanolic extract L. amazonensis NT 11.0 Valadeau et al.,
2009
Maytenus Methanolic extract L. major 60.0 ND Kigondu et al.,
putterlickoides 2009
Calophyllum (-) Mammea A/BB L. amazonensis 3.0 0.88 Brenzan et al.,
brasiliense 2007
Kalanchoe pinnata | Quercetin diglycoside L. amazonensis NT 45.0 Muzitano et al.,
2006
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Acacia tortilis Agueous extract L. major 52.9 ND Kigondu et al.,
2009
Albizia coriaria Agueous extract L. major 66.7 ND Kigondu et al.,
2009
Copaifera Oleoresin L. amazonensis 5.0 15.0 Santos et al.,
reticulata 2008
Laetia procera Casearlucine A L. amazonensis 11.1 5.98 Jullian et al., 2005
Caseamembrol A L. amazonensis 11.0 10.5
Laetiaprocerine A L. amazonensis 10.9 47.4
Laetiaprocerine D L. amazonensis 50.9 30.3
Butanolide L. amazonensis 111.0 129.0
Ginkgo biloba Isoginkgetin L. amazonensis NT 1.9 Weniger et al.,
2006
Scaevola balansae | Dichloromethane L. amazonensis 8.7 NT Desrivot et al.,
extract 2007
Hyptis lacustris Ethanolic extract L. amazonensis NT 10.0 Valadeau et al.,
2009
Ocimum Essential oil L. amazonensis 135.0 100.0 Ueda-Nakamura
gratissimum Eugenol L. amazonensis 80.0 NT et al., 2006
Methanolic extract L. chagasi 71.0 NT
Braga et al., 2007
Premna Dichloromethane L. amazonensis 4.4 NT Desrivot et al.,
serratifolia extract 2007
Careya arborea Arborenin L. donovani 15.0 12.5 Mandal et al.,
2006
Asparagus Methanolic extract L. major 58.8 ND Kigondu et al.,
racemosus Aqueous extract L. major 56.8 ND 2009
Lophanthera LLD3 L. amazonensis NT 0.41 Danelli et al.,
lactescens 2009
Dysoxylum Chloroform fraction L. donovani 50.0 ND Lakshmi et al.,
binectariferum Rohitukine L. donovani 100.0 ND 2007
Cissampelos Total alkaloids extract L. chagasi 63.9 ND Tempone et al.,
ovalifolia 2005
Minquartia Dichloromethane L. donovani NT 2.8 Gachet et al.,
guianensis extract 2010
Bocconia n-Hexane extract L. donovani NT 1.8 Gachet et al.,
integrifolia Dichloromethane L. donovani NT 0.5 2010
extract L. donovani NT 0.7
Methanol extract
Piper auritum Essential oil L. donovani 12.8 22.3 Monzote et al.,
2010
Piper dennisii Ethanolic extract L. amazonensis NT 10.0 Valadeau et al.,
2009
Piper hispidum Ethanolic extract L. amazonensis 69.0 5.0 Estevez et al.,
2007
Piper regnellii Eupomatenoid-5 L. amazonensis 9.0 5.0 Vendrametto et
al., 2010
Piper strigosum Ethanolic extract L. amazonensis >100 7.8 Estevez et al.,
2007
Piper sp Dichloromethane L. donovani NT 2.2 Gachet et al.,
extract 2010
Cymbopogon Essential oil L. amazonensis 1.7 3.2 Santin et al., 2009
citratus Citral L. amazonensis 8.0 25
Gouania Dichloromethane L. donovani NT 1.9 Gachet et al.,
lupuloides extract L. donovani NT 2.9 2010
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Gouania Dichloromethane L. donovani NT 1.9 Gachet et al.,
lupuloides extract L. donovani NT 2.9 2010
Methanol extract
Galipea Coumarin compound 1 | L. panamensis NT 9.9 Arnago et al.,
panamensis Coumarin compound 2 L. panamensis NT 10.5 2010
Phebalosin L. panamensis NT 14.1
Artifact murralongin L. panamensis NT >100
Murrangatin acetonide | L. panamensis NT NT
Scoparia dulcis Dichloromethane L. donovani NT 1.8 Gachet et al.,
extract 2010
Scrophularia Crypthophilic acid A L. donovani NT 12.8 Tasdemir et al.,
cryptophila Crypthophilic acid C L. donovani NT 5.8 2008
Harpagide L. donovani NT 2.0
Acetylharpagide L. donovani NT 6.9
Buddlejasaponin llI L. donovani NT 6.2
Brugmansia sp Dichloromethane L. donovani NT 3.0 Gachet et al.,
extract 2010
Ferula szowitsiana | Auraptene L. major 5.1 NT Iranshahi et al.,
Umbelliprenin L. major 49 NT 2007
Lantana sp Ethanolic extract L. amazonensis NT 10.0 Valadeau et al.,
2009

NT: Not tested; ND: Not determined; ICs: Concentration in mg/ml that inhibits growth of 50% of the cells; Pm: Promastigote; Am:

Amastigote Ref: Tiuman et al., 2011

Table 2.1: Plant crude extracts, fractions, isolated compounds, and essential oils evaluated against the

Leishmania genus

2.7 Immunomodulators

Immunomodulators are agents that may augment the immune responses or restore
the effector mechanism of host leading to the establishment of a balance between
therapeutically desirable and undesirable host reactions. Immunomodulators act in a
biphasic manner, either by stimulating or inhibiting the immune response.
Immunomodulators of microbial origin include methanol extractable residue of BCG,
glucose from saccharomyces, lentinan from Basidiomycetes, krestins, and endotoxins.
Immunomodulators, which are synthetically originated, involve levamisole,
polyribonucleotides, maleic anhydride, vinyl ether and tuftsin. Immunomodulators of
cytokine origin include interferons, interleukins, TNF, and GM-CSF. Immunomodulators
physiologically  originated include perforins, antibodies, complement, etc.
Immunorestorative agents possess no direct cytotoxic effects. They restore or stimulate the
depressed antigen response, and cellular immune functions e.g. are thymopoietin, thymosin,
etc. Immunosuppressive agents include cyclosporine A, Tacrolirnus (FK5006),

Adrenocortical steroids, cytotoxic drugs and antibody reagents.
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2.7.1 Immunomodulators of plant origin

Plant secondary metabolites belonging to different groups like flavonoids,
isoflavonoids, alkaloids, etc and various herbal formulations are known to be good
immunomodulatory agents in different diseases (Thatte and Dahanukar 1988; Shukla et al.,
2011). Plants as a natural reservoir for many compounds have been extensively explored for
bioactive leishmanicidal and immunomodulatory compounds. Plant extracts being a
storehouse for many biomolecules which can perform the dual action of simultaneously
killing the Leishmania parasites and also exerting immunostimulatory properties, on
otherwise depressed immune system during the diseased state. Immunomodulatory effects
of plant extracts or compounds usually have a skewing effect on the immune system from
Th2 (diseased state) to Thl (cure) causing the up or downregulation of proinflammatory and
anti-inflammatory cytokines respectively. The immunomodulatory effect in the
leishmaniasis is production NO, which being the principle effector molecule in killing
Leishmania amastigotes.

For example in the case of Viscum album the active peptide component is
responsible for various immunomodulatory functions like macrophage activation, antibody
production, natural killer cell activity and antibody dependent cellular cytotoxicity (Kuttan
and Kuttan 1992). Similarly, an extract from the plant Picrorhiza kurroas could enhance
phagocytosis, lymphocyte proliferation complement, and neutrophil activation. (Thatte and
Dahanukar 1986). Polysaccharides and saponin from Pannx ginseng are responsible for
antibody production, an increase in serum complement content and IgG levels. Asparagus
racemosus, Azadirachta indica, Ocimum sanctum, Tinospora cardiflora are plants with
promising immunomodulatory activity (Thatte and Dahanukar 1988). Curcumin from the
plant Curcuma longa has been shown to be a good immunostimulant in normal as well as
tumor bearing mice.

Ayurveda being a traditional system of medicine from the ancient times (Hersch
1982) lays emphasis on the promotion of health, a concept to strengthening host defense
against different diseases. Several plants are labeled as rasayanas such as Tinospora
cardiflora, Asparagus racemosus, Piper longum and Withania somnifera etc. Withania
somnifera is the major component of Ashwagandha Rasayana used in cancer therapy. It
performs various functions like improving health and used as an immunostimulant. Roots of
Asparagus racemosus also known as Shatavari is used in the treatment of cancer, dysentery,

inflammation and diseases of the eye. Tinosporn cordifolia and Ashwagandha Rasayana
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have been found to stimulate macrophages as evidenced by an increase in phagocytosis. It
was also found to produce leucocytosis with a predominant neutrophilia and prevented
varying degrees of leukopenia induced by cyclophosphamide (Thatte and Dahanukar 1988).
Curcumin longa has been found to stimulate the immune system through the increase in
total WBC count. Piper longum and Zingiber officinalis have been found to effective
against gastric ulceration. Oral administration of Brahma rasayana was found to enhance
total WBC count, bone marrow cellularity and a-esterase positive cells, as well as cytokines
such as IFN-y, IL-2 and GM-CSF in normal and radiation, treated mice. It is used as an

immunostimulant in ayurvedic formulations.

2.8 Withania somnifera

In India and Southeast Asian countries, Ayurveda is still prevalent as one of the
ancient medicinal systems. This system was in full practice from 6th century B.C. The
Ayurvedic texts describe a set of rejuvenating measures to impart biological sustenance to
the bodily tissues. These remedies are called ‘rasayana’ which are organ and tissue specific.
Those specific to brain tissue are called "'medhya rasayana’, which retard brain aging and
help in regeneration of neural tissues besides producing anti-stress, adaptogenic and
memory enhancing effects.

Ashwagandha (Withania somnifera Dunal) (WS) has been safely used for centuries
for the treatment of different ailments is one of the examples for medhya rasayana. In
Sanskrit “ashwa” means horse and “gandha” means odor and the relieving stress avtivity
comes from the Latin name "somnifera” which means "sleep-inducer" (Singh et al., 2008;
Ven Murthy et al., 2010).

W. somnifera is an erect, evergreen shrub with long tuberous roots. Different
chemotypes of the herb are widely cultivated in India (Kaul et al., 2005). The fruit is orange
colored when ripen, usually has many seeds and also has a membranous covering. Genus
Withania is readily distinguishable as Withania somnifera and Withania coagulans (Singh
and Kumar, 1998). WS is also known as winter cherry, or Indian ginseng. It belongs to the
Solanaceae family, its various parts (berries, leaves, and roots) are being in the folk
remedies. Currently, WS isa part of health supplements, tonics, to promote health and
quality of life. In modern days, many of the medicinal herbs which are used traditionally
have received considerable scientific attention, and WS is one such herb, which is being

validated for its traditional medicinal usage (Singh et al., 2010). A total of 62 and 48 major
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and minor primary and secondary metabolites has been identified from leaves and roots
respectively using metabolic profiling of crude extracts. Structural elucidation of ten
withanolides (steroidal lactones) from Withania somnifera extract were done by ESI-

QqTOF-MS/MS technique (Musharraf et al., 2011).

Fig 2.7: Withania somnifera plant with leaves and dried roots (Source: Internet)

Withania somnifera leaves consists of Cys-steroidal lactone triterpenoids compounds
called as withanolides as the major chemical constituents, having an intact or rearranged
ergostane backbone, functionalized at carbons 1, 22 and 26, and the lactone ring is formed
from the oxidation of C,; and Cy6 (Chatterji et al., 2010; Namdeo et al., 2011; Srivastava et
al., 2008; Pretorius et al., 2009). From the roots of WS a bioactive dimeric thiowithanolide,
Ashwagandhanolide, was isolated (Subbaraju et al., 2006). Withanolides are synthesized de
novo possess various biological and pharmacological activities (Sangwan et al., 2008;
Mirjalili et al., 2009; Chen et al., 2011).

The comprehensive report on the diverse activities of WS was published (Winters
2006). The whole plant possesses anti-inflammatory, immunomodulatory and anti-stress
activities. Out of all activities, the anti-tumor activity of WS is most promising. Antitumor
mechanisms of WS reveal its potential to upregulate phase II liver enzymes, cell cycle
proliferation, tumor apoptosis, inhibition of angiogenesis; NF-KB suppression enhanced the
immune system. WS has been used in different forms, such as dried powder of root and leaf.

In the majority of studies, water or a solvent derived extract, or one of its withanolide
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constituents have been used.
2.8.1 Neuroprotective activity

Neuroprotection is one prominent effects of WS (Kumar and Kumar, 2009; Kumar
et al., 2010; Rajasankar et al., 2009; Jeyanthi and Subramanian 2009), which include
activities against Parkinson's and Huntington's syndromes (Kumar and Kumar, 2009;
Rajasankar et al., 2009; Kasture et al., 2009), and anxiety disorder (Andrade, 2009). The
other pharmacological properties include cognitive improvement (Banerjee, 2010), anti-
cholinesterase (Vinutha et al., 2007), GABA-mimetic (Bhattarai et al., 2010), anti-fibriloid
against B-amyloid (Jayaprakasam et al., 2010), and anticonvulsant (Kulkarini et al., 2008;
Akula et al., 2009). WS also has protective role in attenuation of morphine, alcohol and
benzodiazepines addiction and in the management of ethanol withdrawal reactions, and
in stress induced neurological disorders (Kasture et al., 2009; Gupta and Rana, 2008; Lu et
al., 2009; Bhatnagar et al., 2009). WS has sleep-promoting effect in sleep disturbed state
with the Involvement of GABAergic mechanism (Kumar and Kalonia, 2008). WS possess
antidepressant and mood stabilizer effect (Gupta and Rana, 2007). The anti-stress activity of

WS in both acute as well as chronic stress models is well documented (Tuli et al., 2009).

2.8.2 Immunomodulatory activity

WS is also an excellent anti-stress and immunomodulatory agent (Yadav et al.,
2010; Patil et al., 2010; Yamada et al., 2011). WS controlled azoxymethane-induced colon
cancer by altering the level of leucocytes, lymphocytes, neutrophils, immune complexes and
immunoglobulin’s (Ig) A, G and M (Muralikrishnan et al., 2010b). The immunologic effects
of WS were observed in the expression of CD4 on CD3+ T cells, activation of CD56+ NK
cells by increasing the expression of the CD69 receptor, inducing immune cell activation
(Mikolai et al., 2009). WS also enhanced total WBC count, inhibited delayed type
hypersensitivity reaction and increased phagocytic activity of macrophages (Gupta and
Rana, 2007).

Bani et al, (2006) showed potential immunoprotective and immunoadjuvant
activities of WS aqueous root extract using flow cytometry. WS upregulated the Thl
response by increasing the number of CD4 and CDS cells compared to cyclosporin A, with
a faster recovery of CD4+ T cells in immune suppressed animals. Cellular and humoral
responses were stimulated by the WS extracts which were comparable to levamisole under

immune suppressed conditions. This study proved that WS had selective Thl up-regulating
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activity and suggested use for selective Th1/Th2 modulation. Khan et al., (2009) identified
WS components which activate the immune system, demonstrating a significant role. /n-
vitro Con-A primed splenocytes treated with WS showed enhanced Thl cytokine IFN-y
expression. WS caused proliferation of T cells in dose-dependent manner in mice sensitized
with ovalbumin with Freund's adjuvant and also increased the secretion of IL-2 and IFN-y,
but had no effect/very less Th2 cytokine IL-4 secretion. Further, WS upregulated the
expression of beta-integrins LFA (CDl1la) and Mac-1 (CD11b) in immunized mice
splenocytes.
2.8.3 Anticancer activity

Anticancer potential of WS has been underrated by numerous studies, but among
WS and its constituents the most promising being withaferin A for its anti-tumor properties.
WS exhibited growth-inhibitory activity on primary cells from patients with lymphoblastic
and myeloid leukemia showing (Mandal et al., 2008a), human lung cancers (NCI-H460)
(Choudhary et al., 2010), U937 cells (Oh et al., 2008; Kalthur and Pathirissery, 2010;
Mayola et al., 2011), human breast cancer (Stan et al., 2008; Thaiparambil et al., 2011;
Hahm et al., 2011; Lee et al., 2010), colon cancer (Koduru et al., 2010) and cervical cancer
(Munagala et al., 2011; Pretorius et al., 2009). WS was found to prevent azoxymethane-
induced colon cancer in mice (Muralikrishnan et al., 2010; Choi et al., 2011; Yang et al.,
2011). WS showed the apoptotic effect on both myeloid and lymphoid cells and also on
primary cells derived from leukemia patients (Mandal et al., 2010). Existence of
antiproliferative, differentiation-inducing and anti-migratory/anti-metastasis activities has
been reported in neural cells (Kataria et al., 2009; Shah et al., 2009) and in cell lines from
pancreas (Yu et al., 2010). WS showed its effect on adipocytes by reducing cell viability
and induced apoptosis (Park et al., 2008). One report has shown its anti-tumor and anti
aging effects (Widodo et al., 2009). WS also affect on benzo(a)pyrene-induced lung cancer
in mice (Senthilnathan et al., 2006). WS was active against active against acute
lymphoblastic leukemia through L-asparaginase enzyme (Oza et al., 2009; Oza et al., 2010;
Mulabagal et al., 2009). It has been speculated that WS or its bioactive constituents kill
cancer cells (Widodo et al., 2008).
2.8.4 Other activities

WS is also attributed for its antibacterial, antimalarial, anti-fungal, anti-stress etc
(Owais et al., 2005; Heyman et al., 2009; Krishnamurthy et al., 2008; Geeta and Murugan,
2008; Muregi et al., 2007; Kirira et al., 2006; Ali and Meitei, 2011; Nakajima et al., 2011;
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Ganesan et al., 2011; Kumar et al., 2011; Malviya et al., 2011; Hahm et al., 2011; Sinha et
al., 2011; Modak et al., 2007; Anwer et al., 2008; Udaykumar et al., 2009; Jatwa and Kar,
2009; Udayakumar et al., 2010a; Das et al., 2010) and antileishmanial activities (Pramanick
et al., 2008; Sharma et al., 2009).

It also shows effects on male reproductive system (Mahdi et al., 2009; Ahmad et al.,
2010; Shukla et al., 2011), and gentamicin-induced nephrotoxicity (Jeyanthi and
Subramanian, 2010). Many other effects of WS are also documented (Maitra et al., 2009;
Sumantran et al., 2008; Oh and Kwon, 2009a; Pretorius et al., 2009; Pawar et al., 2011,
Sandhu et al., 2010; Panjamurthy et al., 2008; Mohanty et al., 2008; Priyandoko et al.,
2011).

2.9 Objective of the study

Leishmaniasis is a serious public health issue in parts of India, and the development
of resistant parasites to existing drugs has created a need to understand the host-parasite
relationship and to develop new combating strategies. Impairment of cell-mediated
immunity in L. donovani infected macrophages is one of the mechanisms by which parasite
evades intracellular killing. Thus, altering the immune status represents an attractive target
to restore the macrophage functions. Altering the immune status of the cell using
immunomodulators represent a new strategy for treating Leishmania infection.

In L. donovani, which is the cause of VL in India subcontinent, protection is thought
to be T-cell mediated with both CD4+ and CD8+ T cells required to resolve Leishmania
infections after immunization. Resistance against Leishmania infection is dependent on the
development of a Thl response. Thus in order to confer better protection against L.
donovani infection, the cell-mediated response has to be improved. Thl immune modulation
helps in the resolving the infection by the production of IFN-y, iNOS, which are main
players of resistance to Leishmania infection. Immunomodulators modulate the immune
response of the host according to the requirement of the cell. Plant-based products are
gaining much importance in the present scenario due it’s fewer side effects and more
potency.

Withania somnifera is a herb, which is widely used by practitioners in the folk
medicines as immune boosting agent. Several parts like root, leaves and fruits are
commonly utilized in the tonics and health supplements. The various medicinal activities

from plants have been attributed due to the presence of steroidal lactones called as
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withanolides. Bani et al., (2006) showed potential immunoprotective and immunoadjuvant
activities of WS aqueous root extract using flow cytometry. WS upregulated the Thl
response by increasing the number of CD4 and CDS cells compared to cyclosporin A, with
a faster recovery of CD4+ T cells in immune suppressed animals. Cellular and humoral
responses were stimulated by the WS extracts which were comparable to levamisole under
immune suppressed conditions. This study proved that WS had selective Thl up-regulating
activity and suggested use for selective Th1/Th2 modulation. Khan et al., (2009) identified
WS components which activate the immune system, demonstrating a significant role. /n-
vitro Con-A primed splenocytes treated with WS showed enhanced Thl cytokine IFN-y
expression. WS caused proliferation of T cells in dose-dependent manner in mice sensitized
with ovalbumin with Freund's adjuvant and also increased the secretion of IL-2 and IFN-y,
but had no effect/very less Th2 cytokine IL-4 secretion. These results pointed out the Thl
immune modulating capacity of WS leaf extract.

So we postulated our hypothesis by addressing the immunomodulatory activity of WS
leaf extract in case of L. donovani infection both in vitro and in vivo. In addition to this we
also evaluate the potential of WS leaf extract to possess a potent antileishmanial activity
against both the stages of the parasites. By the above literature we framed the following
objectives:

1. Isolation and identification of withanolides from Withania somnifera leaf extracts
and antileishmanial effect in vitro.

2. Antileishmanial and immunodulatory effects of withanolides ex vivo.

3. Invivo antileishmanial and immunomodulatory activities of withanolides.

4. Evaluation of mode of action of withaferin A on L. donovani parasites.
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3.1 Parasites, cell lines and Animals

L. donovani strain LEM138 (MHOM/IN/0000/DEVI) was kindly provided by Prof.
Shyam Sundar, Infectious Disease Research Laboratory, Institute of Medical Sciences,
Banaras Hindu University, Varanasi, India, and DD8 (MHOM/IN/80/DD8) was procured
from ATCC, USA. J774A.1 mouse macrophages were obtained from National Centre for
Cell Science, Pune, India.

Inbred female BALB/C 4-6 weeks old used for the study were obtained from
National Centre for Laboratory Animal Sciences, Hyderabad, India and were maintained in

animal house of School of Life Sciences, University of Hyderabad, India.
3.2 General chemicals and reagents

All the biochemicals and immunochemical used for the study were of analytical
grade with highest purity. RPMI-1640, M-199 media, Penicillin/Streptomycin antibiotic
mixture, CaCl,, D-glucose, FBS, sodium bicarbonate, IPTG, Anti-mouse IgG ALP
conjugate produced in goat, betaine, Imidazole, BCIP/NBT solution premixed, propidium
iodide, 6-biopterin, sodium acetate buffer solution, Withaferin-A, protease cocktail inhibitor
were procured from Sigma chemicals, USA. Sodium pyruvate, skimmed milk broth,
thioglycollate broth, Tris buffer, glycine, SDS, triton X-100, glycerol, hydroxyurea, NaCl,
tween-20, acrylamide, kanamycin sulphate, agar agar, peptone, yeast extract powder,
Giemsa stain, ammonium bicarbonate, NADPH, MTT, sodium lauroyl sarcosine, proteinase
K, DNase I were procured from Hi-Media, Mumbai, India. Dream Taq polymerase, Phusion
high fidelity polymerase, protein molecular weight markers, DNA ladders, ligase, restriction
enzymes were procured from Thermo Scientific inc. Ethidium bromide, ponceau S,
coomassie Blue G-500, immersion oil for microscopy, B-mercaptoethanol, PMSF, EDTA,
TEMED, BSA, bis-acrylamide, tris-saturated phenol, isopropyl alcohol, isobutanol, glacial
acetic acid disodium hydrogen orthophosphate anhydrous, sodium dihydrogen
orthophosphate,  dipotassium  hydrogen orthophosphate, potassium  dihydrogen
orthophosphate, bromophenol blue were procured from SRL, India. Plasmid purification kit,
PCR, and gel cleanup kit, RNA isolation kits were purchased from Machery-Nagel. DMSO,
chloroform, silica gel mesh 100-200 were purchased from Merck (India). JC-1 dye,
Annexin-V apoptosis kit was obtained from e-Bioscience, USA. PCR primers were
purchased from Integrated DNA Technologies, USA. HPLC grade methanol, ethyl acetate
and water, hydrochloric acid, sulphuric acid, paraformaldehyde was purchased from

Qualigens. Seakem LE agarose for gel electrophoresis was purchased from Lonza, USA.
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pET 28a expression was obtained from Novagen, USA. Ni-sepharose 6 fast flow procured
from GE healthcare. Sybr green and cDNA synthesis was procured Takara. H,DCFDA and
anti-his antibody were procured from life technologies, USA. Cell culture flasks, dishes,
serological pipettes were procured from Corning India.

3.3. Culture media

Before use, all the media prepared were sterilized and handled under aseptic
conditions.

3.3.1 Growth media for Leishmania donovani promastigotes

10.6 g of M-199 and 0.35 gm of sodium bicarbonate was dissolved in 800 ml of
autoclaved double distilled water. The pH was adjusted to 7.4. The final volume was
adjusted to lliter by adding autoclaved double distilled H,0 and labeled as an incomplete
medium. To make 1liter complete medium 150 ml of heat inactivated FBS and 10 ml of
penicillin/streptomycin antibiotic mixture was added and the rest of the volume was
adjusted with the incomplete medium. The resulting media was then sterilized by filtering it
through a membrane filter of 0.22um pore size and stored at 4°C prior to use.

3.3.2 Growth media for culturing macrophages

16.4 g of RPMI 1640 and 2 g of NaHCO; were dissolved in 800 ml of double
autoclaved distilled water. The pH of the solution was adjusted to 7.5 and volume was
adjusted to 1 liter with double distilled water and labeled as an incomplete medium. To
make I-liter complete medium 100 ml of heat inactivated FBS and 10 ml of
penicillin/streptomycin antibiotic mixture was added and the rest of the volume was
adjusted with the incomplete medium. The resulting media was then sterilized by filtering it
through a membrane filter of 0.22um pore size and stored at 4°C prior to use.

3.3.3 Growth media for bacterial culture
3.3.3.1 Luria Bertani broth (LB)

10 g of peptone, 5 g of yeast extract and 5 g of NaCI were dissolved in 800 ml of
double distilled water, and the pH was adjusted to 7.4 with 10N NaOH. The volume was
adjusted to 1000ml, and the medium was sterilized by autoclaving for 15 min at 15lbs
pressure.
3.3.3.2 LB agar plate

To each liter of LB, 15 gm of agar-agar was added and sterilized by autoclaving. The
media was cooled to 50°C, kanamycin antibiotic solution at a final concentration of 50ug/ml

was added and was poured into 100mm plates (25-30 ml per plate). The plates were kept for
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at least 30 min under the laminar flow for solidification and drying (Sambrook, et al., 1989).
3.4 Culturing of Leishmania
3.4.1 In vitro

Promastigotes were maintained in M-199 with 15% FBS at 25°C. Subculturing was
done every third day when the promastigotes attained log phase of growth. The amount of
inoculum for DDS strain of Leishmania donovani during sub-culturing varied from 10-20%
of the total volume. For various in vitro and in vivo experiments, late log phase or stationary
phase promastigotes were harvested by centrifugation at 5000rpm for 20 min.
Determination of the cell number was done by immobiling the promastigotes with 4%
formalin and counted in a hemocytometer.
3.4.2 In vivo

The virulent strain of Leishmania DD8 was maintained in BALB/c mice by
passaging every 3-4 weeks. Each mouse received a tail vein dose of 1 x 10° promastigotes in
phosphate buffered saline (PBS). After 1-month post infection, parasites were isolated from
the lesions from the infected spleen of BALB/c mice. The spleen was removed aseptically,
hand homogenized under sterile conditions and suspended in M-199 with 10% FBS. This
suspension was incubated at 25°C for 48 to 72 h. Freshly transformed promastigotes were
checked under the microscope and counted. To remove the splenic debris, the suspension
was centrifuged at 100 x g for 10 min at 4°C and the cells were pelleted down at 800 x g for
15 min at 4°C. The pellet was resuspended at a concentration of at a 10° cells/ml in PBS
(PH 7.4). 100ul of this freshly transformed promastigotes (10°cells/ml) were injected into
the tail vein of 2-4 weeks old mice.

3.5 Maintenance of macrophages

3.5.1 Isolation of mouse peritoneal macrophages (PMM)

Mice were given an intraperitoneal injection of 4% sterile thioglycollate broth before
48hrs of harvesting. After the time interval mice were dissected to open the abdomen
without puncturing the peritoneal cavity. Into this cavity 2ml of ice-cold RPMI 1640 media
with 10% FBS was injected and massaged for sometime for the cells to detach from
peritoneal cavity walls, and then the injected media was collected into a new tube. The cell
suspension was centrifuged at 400g for 10min at 4°C, and 10° cells were plated in 100mm
culture dish and incubated at 37°C and 5% CO, for 24hrs for macrophage adhering. These
macrophages were used for L. donovani infection studies.

3.5.2 Culturing J774A.1 macrophages
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The J774A.1 macrophages were maintained at 37°C in RPMI-1640 medium
with10% FBS in a CO, incubator with 5% CO,. The macrophages were seeded at a density
of 1 x 10° cells/plate in tissue culture plates (100 mm or 60 mm) and incubated for 24 h
before being used in the infection studies.

3.6 Extraction of withanolides

The Withania somnifera plant leaves were collected from Central Institute for
Medicinal and Aromatic Plants (CIMAP), Hyderabad, India. The leaves were collected once
in the spring season of the year 2010.

3.6.1 Preparation of plant extract

The leaves of Withania somnifera under study were collected and shade dried at
room temperature for 5-10 days. After shade drying, plant materials were coarsely
powdered, separately using a mechanical grinder. All the dried materials were stored at
room temperature until required. The powdered plant material (30g) was placed in a Soxhlet
apparatus, which is on top of a collecting flask beneath a reflux condenser. The hot
extraction was carried out successively with organic solvents from non-polar to polar, which
were added to the flask and refluxed. The steam of the solvent, which comes into the contact
with material dissolves metabolites and brings them back to the flask. Solvents used were n-
hexane, ethyl acetate, ethanol, and water successively. Continuous extraction was carried
out for a period of 8-10 h at a temperature not exceeding the boiling point of the solvent
with about twenty refluxes or till the solvent in siphon tube of soxhlet apparatus become
colourless (Lin et al., 1999). Each time before extracting with the next successive solvent, it
was ensured that the plant material being extracted was free from previous organic solvent.
The solvents in the round-bottomed flask were collected, filtered using Whatman filter
paper (No.1) and concentrated to dryness in a flash evaporator (Buchii, USA) under reduced
pressure and controlled temperature [35-40°C]. Water extracts were prepared by soaking
10g powder of respective plant material in 100 mL of distilled water for overnight at room
temperature. The extracts were centrifuged at 2000 x g for 10-20 min at room temperature.
The supernatant volumes were collected and subsequently concentrated by lyophilisation,
and the water was removed by freeze-drying (Tilak et al., 2004). On concentration, it
yielded respective solvent extracts and weights of the different extracts obtained were
recorded and used for percentage yield calculations. The extracts were named as WSH,
WSEt, WSE and WSW for W. somnifera hexane, ethyl acetate, ethanol and water extracts

respectively.
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3.6.2 Column chromatography

Column chromatography was used as a fractionation step for crude extracts, which
provided a partial separation of chemical compounds from mixtures of different compounds.
A sintered glass column of internal diameter 40 mm and length 100 cm was packed with
200g of silica gel G (100-200 mesh) as stationary phase prepared as a slurry in hexane. The
clear solvent from the column was drained after 24h of stabilization of the silica gel. The
active crude extracts were adsorbed on silica gel by preparing the slurry in ethanol, and the
solvent was recovered under reduced pressure. This slurry was loaded on the stationary
phase of the column. Further, varying solvent combinations of increasing polarity were used
as the mobile phase for the separation of the fractions from the active crude extracts.
3.6.3 Column chromatography separation of ethanol extract of W. somnifera

The WSE crude extract (~5 g) was subjected to column chromatography to separate
the extract into its component fractions. The elution was carried out with systems of
gradually increasing polarity using hexane (Hex), ethyl acetate (EA) and ethanol (EtOH).
The elution process was done using the sequential ratios of solvent combinations; Hex:EA;
100:0, 80:20, 50:50; 0:100 EA:EtoH; 100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60,
30:70, 20:80, 10:90 and 0:100 (v/v). A measured volume (500ml) of each solvent
combination was collected gradually poured into column each time. Eluents were collected
in portions of 50 mL volume were collected in numbered conical flasks. A total of 58
fractions of 25 ml each was collected and all the eluents were pooled into one flask
according to their chemical composition detected on pre-coated thin layer chromatography
(TLC) silica gel 60 F,s4 plates. The eluents were pooled and excess solvent was evaporated.
A total of 7 fractions were obtained and designated as F1, F2, F3, F4, F5, F6, and F7. The
fractions were weighed and stored at 4°C.
3.6.4 Analytical thin layer chromatography

The phytochemical profiles of each of the aforesaid fractions were monitored by pre-
coated thin layer chromatography (TLC) silica gel 60 F,s4 aluminum strips by spotting 10
pL. The strip was lowered into a small chromatographic jar containing the developing
solvent system. The plates were developed with ethyl acetate/ethanol at different ratios to
create eluting solvent of various polarities. The combinations within the parenthesis were
used:

EA:EtOH ( 90:10; 80:20;70:30; 60:40 v/v)
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The jars were covered with a glass lid to prevent the evaporation of developing
solvents. The solvent was allowed to till % of the length of the strip. The strip was removed
and dried by a hot air dryer and sprayed with a p-anisaldehyde sulphuric acid solution and
heated at 100°C for 5-10 min for visualizing the withanolides in purple color. All the major
subfractions obtained were further subjected to MTT assay against the promastigote stage of
the parasite. Fractions F5 and F6 were most active against the promastigotes and
concentrated stock solution of active fractions was prepared in DMSO and stored at -20°C
until required.

3.7 LC-MS/MS analysis of the fractions

High performance liquid chromatography coupled with mass spectrometry (LC-
MS/MS) is a key enabling technology for the detection and characterization of metabolites
of biological samples, providing the researchers with one of the most powerful analytical
tools of modern times (Ho et al., 2003).

3.7.1 Instrument

LC-MS/MS analysis was performed at the Metabolic facility of School of Life
Sciences, University of Hyderabad, Hyderabad on 6520 Accurate Q-TOF (Agilent Santa
Clara, CA) mass spectrometer coupled to HPLC equipped with UV-VIS detector.
Instrument control, data acquisition and processing were performed using Mass Hunter
workstation software (Qualitative Analysis, version B.03.01, Agilent). A Zorbax Eclipse
XDB-C 18, 4.6x50 mm, 1.8 u was used.

3.7.2 Sample preparation

The powdered material of F5 and F6 (1mg) were dissolved in HPLC-grade methanol

and filtered with 0.2 pm membrane filters. The obtained extract was used for LC-MS/MS

analysis.

3.8. In vitro antileishmanial activity

3.8.1 Antileishmanial effects of the fractions using propidium iodide dye

Exponentially growing (1x10° parasites/ml) L. donovani promastigotes were treated
with F5 and F6 in increasing concentrations for 72 hrs and the percentage of dead parasites
was analyzed by PI staining (1pg/ml) by flow cytometry. The percentage of PI-positive
parasites gives an indication for cytotoxicity of the above compounds. The ICsg
concentrations for each fraction were calculated from the graph (Chandrasekaran et al.,

2013).
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3.8.2 Morphological alterations using scanning electron microscopy

L. donovani parasites were treated with ICsy concentrations of F5 (60pg/ml) and F6
(15pug/ml) for different time intervals, i.e., 24, 48 and 72 hrs. Parasites were then harvested
and resuspended in phosphate buffer saline (PBS), pH 7.4 and fixed with 2.5% (v/v)
glutaraldehyde in PBS for 3 hrs at 4°C. After incubation, the cells were post-fixed in 1%
(w/v) osmium tetroxide for 30 min, and then processed in ethanol propylene oxide series.
Finally, the samples were point dried by utilizing liquid CO; and coated with gold particles.
These samples were observed and imaged using scanning electron microscope (Philips
XL30 ESEM).

3.8.3 In situ visualization of DNA fragmentation

In situ detection of DNA fragments by terminal deoxyribonucleotide transferase
(TdT)-mediated dUTP nick end labeling (TUNEL) was performed using the DNA
fragmentation assay kit (ApoAlert DNA fragmentation assay kit, Clontech). The treated
parasite samples were counterstained with 0.5ug/ml PI and visualized under a fluorescence
microscope. At least 5 microscopic fields were observed for each sample.

3.8.4 Flow cytometric analysis of sub Go/G; phase of cell cycle

The cell cycle of L. donovani parasites was synchronized with 5 mM hydroxyurea
for 12 hrs. Thus synchronized parasites were then washed once with PBS and resuspended
in media lacking hydroxyurea and were allowed to progress through the cell cycle. Both
treated (F5 and F6), and untreated parasites were harvested after different time intervals,
washed twice with PBS and fixed in ice-cold 70% ethanol overnight at 4°C. The parasites
were again washed twice with PBS and resuspended in 25ul of PI (Img/ml in PBS)
containing RNase A (500ug/ml) and the mixture was incubated for 45 min at 25°C in dark.
The fluorescence intensity was analyzed using BD™ FACS Calibur and CellQuest Pro
software.

3.8.5 Detection of phosphatidylserine externalization

Double staining for annexin V-fluorescein isothiocyanate (FITC)-PI was performed
using annexin-V apoptosis detection kit according to the manufacturer instructions. Briefly,
untreated and F5, F6 treated parasites were washed twice with PBS and centrifuged at 2000
x g for 20 min. The pellets were resuspended in 195ul of 1X binding buffer with Syl of
annexin V-FITC and incubated for 10 min at room temperature in the dark. Cells were then

washed once with 1X binding buffer and resuspended in 190ul of 1X binding buffer with
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10ul of PI. The intensity of annexin V-FITC was analyzed using BD™ FACS Calibur and
CellQuest Pro software.

3.8.6 Measurement of reactive oxygen species (ROS)

Cell permeable dye, H,DCFDA, was used to monitor the ROS levels in the L.
donovani parasites. Both untreated and F5, F6 treated parasites were washed once with PBS
and then incubated with 10uM H,;DCFDA in PBS for 15 min in dark at room temperature.
Green fluorescence of H,DCFDA was measured using flow cytometry and Mean
Fluorescence Intensity (MFI) was represented as a bar graph.

3.8.7 Measurement of mitochondrial membrane potential

Y, was estimated using a cell permeable dye, JC-1. The lipophilic dye, JC-1, exists
either in a monomeric state or in aggregates depending on ¥, of the cell. In case of normal
cells, where the mitochondrial membrane is intact with high ¥, JC-1 forms aggregates,
which emit red fluorescence at 590 nm. With the onset of apoptosis, the ¥y, decreases and
JC-1 remains as a monomer, which emits green fluorescence at 530 nm. The ratio 590/530
nm represents the relative W,,,. Briefly, parasites were harvested after treatment with F5 and
F6, resuspended in Hank’s balanced salt solution (HBSS) with 10pug JC-1 and incubated for
10 min in dark at 37°C. Cells were analyzed by flow cytometry and MFIs of red and green
fluorescence were recorded. The ratio of MFIs was represented as a bar graph, which
indicates Wp,.

3.8.8 Antileishmanial activity of Withaferin-A

To assess the antileishmanial activity of Withaferin-A against L. donovani parasites,
MTT assay was performed. Briefly, exponentially growing L. donovani (1x10°) parasites
were treated with varied concentrations of Withaferin-A (1uM to 10uM) in triplicates for 48
hrs at 25°C. After the incubation the plate was spun at 1000 x g for 5 mins, the media was
carefully aspirated and 200ul of new media was added. 20ul of Smg/ml MTT solution was
added to each well and further incubated for 4hrs at 37°C with 5% CO,. Then the plate was
spun after the incubation of 4hrs at 1000 x g for 5Smins, and the media was carefully
aspirated and discarded. To this 100ul of DMSO was added to dissolve the purple formazan
crystals and absorbance was taken at 540nm. The percentage viability was calculated using
the formula:

Absorbance of treated/absorbance of control x 100
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3.9 Cytotoxicity assay of the withanolides on mouse peritoneal

macrophages

The toxic effects of the F5 and F6 fractions on PMM were evaluated using MTT
assay. Briefly, 1x10° macrophages isolated from mouse peritoneal cavity was seeded in
200ul volume in 96 well plates for overnight for macrophage adhering and the remaining
cells were washed twice with 1x PBS. The withanolides (F5, F6 and Withaferin-A) were
added in different concentrations, and the plate was incubated for 72hrs at 37°C with 5%
CO,. After the incubation the plate was spun at 1000g for 5 mins, the media was carefully
aspirated and 200ul of new media was added. 20ul of Smg/ml MTT solution was added to
each well and further incubated for 4hrs at 37°C with 5% CO,. Then the plate was spun after
the incubation of 4hrs at 1000g for Smins and the media was carefully aspirated and
discarded. To this 100ul of DMSO was added to dissolve the purple formazan crystals and
absorbance was taken at 540nm. The percentage viability was calculated using the formula:

Absorbance of treated/absorbance of control x 100
3.10 Ex vivo infection of peritoneal macrophages

Ex vivo assessment of antileishmanial activity was done with PMM. After 24hrs of
incubation, unadhered cells were washed, and parasites were added at 1:10 ratio. Infection
was done for 16hrs, and uningested parasites were washed three times with serum-free
RPMI1640 medium. F5 (15ug/ml), F6 (10ug/ml) and Withaferin-A was added at different
concentrations (0.5, 1.0 and 1.5uM) and incubated for additional 72 hrs. The coverslips
were removed, fixed with methanol and Giemsa staining was done after 72 hrs of
incubation. The amastigotes were counted per 100 macrophages and compared with control
macrophages.
3.11 Nitric oxide assay

Peritoneal macrophages were isolated from peritoneal cavity lavage and seeded in 96
well plates (5x10°) and allowed for 24hrs for macrophage adhering at 37°C at 5% CO2. The
incubation was followed by treatment with F5 (15ug/ml), F6 (10ug/ml), Withaferin-A
(1.5uM) and LPS (1 ug/ml) and incubated at 37°C for another 48hrs. The supernatants were
collected for nitrite concentration after 48hrs and were assayed using an automated
procedure based on Griess reagent as described by (Stuehr and Nathan 1989). In brief,
100ul of culture supernatants were mixed with 100ul of Griess reagent (1% sulfanilamide,

0.1% N-[1-naphthyl]-ethylenediamine dihydrochloride in 2.5% H3PO,) and incubated at
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room temperature for 30 min. The absorbance was measured at 540nm (Green et al., 1982).
These results are representative of triplicate samples. NaNO, was used as standard to
determine nitrite levels.
3.12 Estimation of ROS in peritoneal macrophages

PMM were treated with F5 (15ug/ml), F6 (10ug/ml), Withaferin-A (1.5uM),
miltefosine (3.2uM) and LPS (100ng/ml) and incubated at 37°C for 6hrs. They were washed
in PBS once and transferred to FACS tube. Cells were incubated with H,DCFDA at a final
concentration of 10uM for 15 min at room temperature, washed once with PBS, acquired
and analysed by measuring their mean fluorescence intensity on BD LSR fortessa flow
cytometer.
3.13 Real-time PCR
3.13.1 RNA isolation

Total RNA was extracted from 5x10° peritoneal macrophages and 25mg of spleen
tissue using a Nucleospin RNA extraction kit (Machery-Nagel) following the instructions of
the supplier, and the total RNA content was measured in a spectrophotometer at 260 nm.
3.13.2 ¢cDNA preparation

900ng of total RNA was then transformed into cDNA by reverse transcription using
a First Strand cDNA synthesis kit (Takara). The cDNA samples were stored at -80°C until
use.
3.13.3 Program and data analysis

The resulting cDNA was then used for real-time PCR for iNOS and mouse cytokines
(IL-12, TNF-a, IL-10, IFN-y, IL-4 and TGF-fB) using an ABI 7500 real-time PCR system
(Applied Biosystems, UK) with the DNA binding SYBR green dye. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a reference. The forward and reverse
specific ~ primer sequences wused were as follows. iINOS, forward 5’-
CAGCTGGGCTGTACAAACCTT-3’ and reverse 5’-CATTGGAAGTGAAGCGTTTCG-
3’;  IL-10, forward 5’-GGTTGCCAAGCCTTATCGGA-3> and reverse 5’-

ACCTGCTCCACTGCCTTGCT-3’; IL-12p40, forward 5’-
GGAAGCACGGCAGCAGAATA-3’ and reverse 5’-
AACTTGAGGGAGAAGTAGGAATCG-3’; TNF-a, forward 5’-
CATCTTCTCAAAATTCGAGTGACAA-3’; and reverse 5°-
TGGGAGTAGACAAGGTACAACCC-3’; IFN-y, forward 5’-
TCAAGTGGCATAGATGTGGAAGAA-3’ and reverse 5’-
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TGGCTCTGCAGGATTTTCATG-3’; IL-4, forward 5’-ACAGGAGAAGGGACGCCAT-
3> and reverse 5 -GAAGCCCTACAGACGAGCTCA-3’; TGF-b, forward 5’-
TGACGTCACTGGAGTTGTACGG-3’ and reverse 5’-GGTTCATGTCATGGATGGTGC-
3’; and GAPDH, forward 5’-CAAGGCTGTGGGCAAGGTCA-3" and reverse 5’-
AGGTGGAAGAGTGGGAGTTGCTG-3". For real-time quantitative PCR, each reaction
contained 1X SYBR Green PCR master mixture (SYBR Green PCR Master Mix; Takara),
10 pmol of each primer and 1.0ul of cDNA in a final volume of 20ul. The reaction
conditions used were: initial activation step (10 mins at 94°C) and cycling step (denaturation
for 15s at 94°C, annealing for 1min at 60°C for 40 cycles) followed by melt curve analysis.
Detection of the dequenched probe, calculation of threshold cycles (Ct values) and further
analysis of these data were performed by the Sequence Detector software. Relative changes
in iNOS and cytokine (IL-12, TNF-a, IL-10, IFN-y, IL-4 and TGF-) mRNA expression
were compared with unstimulated control, normalized to GAPDH and were quantified by
the A2°%“* method. Thus, all the values for experimental samples were expressed as fold
differences between the sample mRNA and the calibrator (GAPDH) mRNA. The data are
represented as the means + SD of data from three independent experiments that yielded
similar results.
3.14 Assay of IFN-y and TNF-a using cytometric bead array

To evaluate the immune alterations, we have estimated the amount of cytokines in
culture supernatants of peritoneal macrophages. Briefly, after the various treatments the
culture supernatants were used to measure the amount of IFN-y and TNF-a using mouse
Th1/Th2 cytometric bead array (BD Biosciences) in BD LSR fortessa flow cytometer. The
amount of cytokines was represented as pg/ml by comparing with the standards of the
respective cytokines.
3.15 Cloning, expression and purification of L. donovani PTR1 gene.
3.15.1 PCR amplification of PTR1

PCR amplification was carried out using Phusion high fidelity Taq (Thermo
Scientific). Reactions were carried out in a Veriti 96 well thermal cycler, applied biosystems
with nuclear DNA as a template. The primers was designed based on the published L.
donovani PTR1 sequence (GenBank Accession No. XM 003860884) with EcoRI and Xhol
restriction sites at the 5’end of the forward and reverse primers, respectively. Primers
included: PTRF 5-ATTGGAATTCATGGCTGCTCCGACC-3> and PTRR 5’-
AATTCTCGAGTCAGGCCCGGGTAA-3’. The PTR1 coding region was amplified using
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the genomic DNA. The PCR mix contained 0.5 pg of DNA, 0.1mM dNTP, 10 picomoles
each of PTR1 specific primers, 1 unit of Taq DNA polymerase in a final volume of 25pl.
The PCR reaction was carried out using 35 cycles of 10s at 98°C, 30s at 56°C, and 30s at
72°C. The reaction solution was incubated for 30s at 98°C and 7min at 72°C before and after
PCR cycling, respectively. The PCR product was separated using a 1% agarose gel and then
stained with ethidium bromide. The PCR product was purified using nucleospin PCR clean
up/Gel extraction kit (Machery-Nagel) as per manufacturer’s instructions. The purified PCR
products were then used for ligation in pET28a+ cloning/expression vector (Novagen).
3.15.2 Ligation

The PCR amplified 867 bps product using primers having EcoRI and Xhol sites was
cloned into pET28a+ vector. Initially, the PCR product was double-digested with the above
enzymes for 4hrs at 37°C. The reaction mixture of the 10ul final volume contained: 2X
Ligation Buffer, pET28a+ vector, Insert DNA (PTR1 PCR product) T4 DNA ligase and
MilliQ The reaction was carried out at 22°C for 16hrs.
3.15.3 Preparation of Competent cells

Competent cells (DH5a and BL21DE3) were prepared for the transformation of the
desired plasmid. A single colony was inoculated into 5 ml LB medium and grown overnight
at 37°C with vigorous shaking in the absence of antibiotics. 50 ml of fresh LB medium
without antibiotics was inoculated with 200ul of overnight grown culture and incubated at
37°C till the O.Dggp of the culture reaches to 0.4-0.5. The culture was kept on ice to arrest
the growth, harvested at 2000 x g for 5 min at 4°C. Bacterial pellet thus obtained was
thoroughly suspended in 20ml of chilled 0.1M CaCl, with 15% glycerol solution and kept
on ice for 20 min. The cells were centrifuged at 2000 x g for 5 min at 4°C. Obtained pellet
was resuspended in 2ml of chilled 0.1M CaCl, with 15% glycerol solution. The resulting
competent cells were dispensed in 100ul aliquots and stored at -80°C until further use.
3.15.4 Determination of transformation efficiency

10ng of vector plasmid (e.g., pET28a) was added to 100 pl of competent cells and
heat shock was given at 42°C for 90s to which 400ul of LB broth was added. Different
aliquots of LB competent cell mix were taken and streaked onto LB-agar plates containing
kanamycin. The transformation efficiency was determined by a number of transformants
obtained/ug of DNA used. Usually, ~107 transformants/ug of DNA is considered as a good
transformation efficiency.

3.15.5 Transformation of ligated product
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For transformation, an aliquot of frozen competent cells (100ul) was thawed on ice
for 10min, mixed with 20ng of plasmid DNA and kept on ice for 30min. These cells were
then given a heat shock at 42°C for 90s. The tubes were then quickly transferred on ice for 5
min. Finally, 600ul of LB medium was added to the reaction tube followed by incubation at
37°C for 1hr with gentle shaking to allow the bacteria to express the antibiotic resistance
marker. The transformed cells were plated on LB plates containing the kanamycin
antibiotic.

3.15.6 Plasmid preparation and restriction digestion

Into 5ml of LB medium, selected clones were inoculated and allowed to grow in the
presence of 50pg/ml kanamycin at 37°C, 250 rpm, for overnight. Plasmid isolation was done
using nucleospin plasmid isolation kit (Machery-Nagel) according to the manufacturer’s
instructions. The plasmid DNA was checked for quality and quantity on 1 % agarose gel
electrophoresis. Around 1pg of plasmid DNA was digested with 1 unit of EcoRI and Xhol
restriction enzymes in a final volume of 20ul at 37°C for 4 hrs. Digested samples were
checked on 1 % agarose gel. The tested positive plasmids were mass prepared by the
nucleospin plasmid isolation kit (as per the manufactures protocol).

3.15.7 Gene sequencing

The cloned gene in the plasmid was then sequenced to match the identity with L.
donovani PTR 1 sequenced using T7 promoter primers.
3.15.8 Recombinant protein expression

The E. coli strain BL21 (DE3) was transformed with PTR1+pET28a+ plasmid and
selected on LB agar plate containing 50ug/ml of kanamycin. The transformed culture was
inoculated into 5 ml test tube and allowed to grow at 37°C in a shaker at 220 rpm. Cultures
in logarithmic phase (at ODgp of ~0.5-0.6) were induced for different time intervals with 1
mM isopropyl-p-D-thiogalactopyranoside (IPTG). After induction, cells were lysed in 2x
sample buffer (100 mM Tris-HCl pHS, 20% glycerol, 4% SDS, 2% 2-ME 0.2%
bromophenol blue) and analyzed by 12% SDS-PAGE (Laemmli, 1970). Gels were stained
with Coomassie brilliant blue R-250. Uninduced control culture was analyzed in parallel.
3.15.9 SDS-PAGE and Western blotting

Uninduced and induced protein samples were separated by 12% SDS-PAGE and
transferred to a nitrocellulose membrane. The nitrocellulose membrane (Pall life sciences)
was blocked in blocking buffer (1X TBS, 5% (w/v) skimmed milk) for 2h at room
temperature. The blot was washed three times with 1X TBS-T (TBS having 0.05% tween
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20) for 10 min each and incubated for 16h at 4°C with the anti-his antibody (1:2000) in 1X
TBS-T. Later, the blot was again washed three times with 1X TBS-T (10 min each) and
incubated for 1h with secondary antibody conjugated to ALP (Rabbit anti-mouse IgG
(Sigma), 1:10,000) diluted in 1X TBS-T followed by three-time washing with 1X TBS-T.
Bands were visualized by using BCPIP/NBT pre-mixed (Sigma) as a substrate.
3.15.10 Determination of protein solubility

To test the solubility of the recombinant protein, log phase culture was induced with
1.0 mM IPTG for 4 hrs at 37°C. The cells were harvested by centrifugation at 3500 x g for
10 min at 4°C. The cell pellet was resuspended in 5 ml of lysis buffer (50 mM Tris pHS.0,
0.5M NaCl, 5mM B-mercaptoethanol, 1% Triton X-100, 10% glycerol). The cell suspension
was sonicated (5x30 sec) with 40% duty cycle on the ice. The resulting cell lysate was
centrifuged at 8500 x g for 20 min at 4°C. The clear supernatant (soluble fraction) was
collected and remaining pellet (insoluble fraction), after centrifugation, which contains
inclusion bodies, was also resuspended in 1 ml of lysis buffer. Soluble and insoluble
fractions were analyzed on 12% SDS-PAGE gel.
3.15.11 Protein purification

Colonies from LB agar plates were used for preparing the pre-inoculum in LB media
containing 50ug/ml kanamycin. The pre-inoculum (~1 %) was used to grow 1 litre culture
of cells in LB media with 50ug/ml kanamycin at 37°C to ODggo of 0.6-0.8, followed by
IPTG induction (final concentration 1 mM) for 4hrs at 37°C. The cells were harvested by
centrifugation at 3500 x g for 10 min at 4°C. The cell pellet was resuspended in 5ml lysis
buffer containing protease inhibitor cocktail. The cell suspension was sonicated (5x30 sec)
with 40% duty cycle on the ice. The resulting cell lysate was centrifuged at 8500 x g for 20
min at 4°C and supernatant was stored at -20°C till protein purification The clear
supernatant was collected and used for protein purification. The recombinant protein was
purified based on its N-terminal Hise tag by affinity chromatography using a Ni-sepharose
fast flow beads (GE healthcare) with imidazole gradient.
3.15.12 Protein estimation

Protein concentration was measured by Bradford assay (Bradford, 1976). 100ul of
standards of bovine serum albumin (ranging from 2-10ug) and samples were taken and
900ul of Bradford reagent was added to each. Bradford reagent was prepared by mixing 100
mg of coomassie brilliant blue G-250 in 50 ml of 95% ethanol, to which 100 ml of 85%

phosphoric acid was mixed, and the volume was made up to one litre with double distilled
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water. After mixing the Bradford reagent to the samples and standards, the tubes were kept
at room temperature for 5 min and the absorbance was read at 595 nm. The standard curve

was plotted, and the protein concentration of the samples was computed (Murray, 1990).

3.16 Docking Analysis

3.16.1 Software

Python 2.7, Cygwin c:\program, Python 2.5, Molecular graphics laboratory (MGL),
AutoDock4.2 and Discovery studio visualizer 2.5.5 was retrieved from online sources. The
docking of Withaferin-A into the binding site of the Pteridine reductase 1 (PTR1) protein
was explored using Autodock software. The docking accuracy of Withaferin-A into the
binding site was validated using molecular modeling programs.
3.16.2 Protein Preparation for Docking

The 3D structure of L. donovani PTR1 (PDB ID: 2X0OX) was retrieved from Protein
Data Bank (PDB) (http: //www.pdb.org/pdb/home/home.do). Before the initiation of
docking simulations, all non-protein molecules were removed from PTR1. Using Autodock
4.0 all the docking calculations were performed. PTR1 docking was done by adding polar
hydrogen’s and by keeping rigid throughout the process, whereas all the torsional bonds of

ligands were set free by ligand module in Autodock Tools.

3.16.3 Ligand Preparation for Docking

The ligand Withaferin-A was built using Chemsketch and optimized using “Prepare
Ligands” in the AutoDock 4.2 for docking studies. The conformation of binding site was
constructed manually to accommodate Withaferin-A. The validation accuracy was done
using docking of Withaferin-A into the binding site of PTR1. AutoDock binding affinities
of the Withaferin-A into PTR1 and the binding free energies (kcal/ mol), inhibition
constants (Ki), hydrogen bonds, and RMSD values were calculated.
3.17 PTR1 enzyme activity

3.17.1 In vitro inhibition assay of recombinant enzyme (LdPTR1)

Reductase activity (LdPTR1) was assayed in 1ml quartz cuvettes, and the volume of
each reaction was 500ul. The reaction was started with the addition of substrate after
incubation at 30°C for 45mins at time zero, and the rate were measured for 1min intervals
for 3 min. At 340nm, NADPH oxidation was monitored. LdPTRI inhibition was performed
at 30°C in the presence of NADPH (100uM) and several fixed concentrations (0 to 120uM)

of substrate biopterin at pH 4.8 in 20 mM sodium acetate buffer (Sigma). Pteridines exhibit
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absorbance changes when reduced and the extinction coefficient 7,230 M"'cm™ was used for
the coupled oxidation/reduction of NADPH/biopterin (Bello et al., 1994). The kinetic
parameters Km and Vmax for the Pteridine substrates were evaluated by fitting the
Michaelis-Menten equation. For inhibition studies, recombinant LdPTR1 was incubated
with Withaferin-A, and NADPH and substrate biopterin addition was used to initiate the
reaction. Lineweaver-Burk plots were used to determine the mode of inhibition by the
inhibitor, examining ligand competition under conditions where [inhibitor] << [enzyme] and
[biopterin].
3.17.2 PTR1 enzyme assay in treated crude lysates of L. donovani parasites

L. donovani promastigotes (1x10°) were treated with Withaferin-A at ICsg
concentration for different time intervals and total protein was isolated from the parasites.
Briefly, the parasites were resuspended in 180pul of milliQ water and six freeze-thaw cycles
were repeated at -80°C. Further to this lysate, 20ul of proteinase inhibitor cocktail (1X) was
added and sonication at 20% amplitude was performed. The total protein concentration was
estimated using Bradford method. The PTR1 enzyme assay was performed as described
above.
3.18 In vivo studies
3.18.1 BALB/C mice infection with L. donovani and treatment

Female BALB/c mice (20-30 g) were injected via the tail vein with 1x10% L.
donovani stationary phase promastigotes. F5 (25, 50 mg/kg/day, for 10 days), F6 (25, 50
mg/kg/day, for 10 days), Miltefosine (5mg/kg/day for 10 days) was administered orally,
Withaferin-A (2mg/kg/day for 10 days) was administered intraperitoneally starting after
28days of infection. Removing liver and spleen from 6-week post infection/ 2-weeks post
treatment mice were assessed for visceral infection using multiple impression smears and
stained with Giemsa. Blood was collected to separate the serum and stored at -80°C.
3.18.2 Preparation of soluble antigen from promastigotes

L donovani promastigotes strain DD§ (MHOM/IN/80/DD8) were harvested and
washed thrice with PBS, pH 7.2 at 4°C followed by six sonications at 40% amplitude for
30s each with 45s interval using an ultrasonicator. The lysate was centrifuged at 400 x g at
4°C for 5 min. The supernatant was collected, and centrifuged at 8500 x g at 4°C for
20mins. The supernatant was collected and the protein was estimated by Bradford method
as described above. This soluble leishmanial antigen (SLA) was used in ELISA and

splenocyte proliferation assay.
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3.18.3 Determining organ parasite load

After 6 weeks of infection and 2 weeks of treatment post infection, mice were
sacrificed and liver and spleen touch biopsies were microscopically examined after fixing
and staining the slides with Giemsa. In order to quantitate levels of infection, Leishman-
Donovan units (LDU) were calculated as: (number of amastigotes/number of organ nuclei)
X weight of organ in grams (Das et.al 2001).
3.18.4 Splenocyte proliferation assay

Spleens were aspectically removed from mice in a sterile dish containing RPMI
1640 media. Single cell suspensions were prepared by grinding the spleen with disk bottom
of the plunger of 10 ml syringe. 5-10 ml of RPMI 1640 media was added to it, and the dish
was kept undisturbed for two minutes and the clear supernatant was pipetted out slowly.
Cells were pelleted by centrifugation at 4°C at 400 x g for 10 min. The pellet containing
erythrocytes and splenocytes were collected. The RBC was lysed using 1x erythrocyte lysis
buffer. The remaining cells were resuspended to a density of 2.5 x 10° cells/ml in RPMI
1640 containing 10% FBS and 0.05mM 2-mercaptoethanol. After addition of SA (50ug/ml)
and ConA (10ug/ml) the plates were incubated for 72hrs for the cytokine secretion. The
supernatants were collected and stored at -80°C till further analysis.
3.18.5 ELISA for determining the IgG levels

The level of IgG antibody and its isotypes in sera samples of mice of different
experimental groups was measured (Samant et.al 2009). Briefly, 96-well ELISA plates were
coated with SLD (0.2pug/100ul/well) overnight at 4°C and blocked with 1.5% bovine serum
albumin at room temperature for 2hrs. Mouse sera were used as primary antibody at a
dilution of 1:100 for IgG1 and IgG2a and kept for 1hr at 37°C. HRP conjugated rat anti-
mouse IgG1 and IgG2a were added at a dilution of 1:10,000 for 1hr at 37°C (AbCam) for
lhr. Finally, the substrate TMB/H,O, was added, kept in dark for 30mins and 50ul stop
solution was added and the plate was read at 450 nm.
3.18.6 Histopathological examination

Livers from control and treated groups were isolated and fixed in 10% formal saline.
Wax blocks were made, and sections were stained with hematoxylin/eosin stain to study the
histology.
3.18.7 Real-time PCR analysis of cytokines genes from spleen tissue

Quantitative real-time PCR (qRT-PCR) was performed to assess the expression of

mRNAs for various cytokines and iNOS in splenic cells. Total RNA from splenic tissues
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was isolated using Nucleospin RNA kit (Machery-Nagel) and cDNA was synthesized using
a first-strand cDNA synthesis kit (Takara). The real-time PCR analysis was carried as

described above.
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4.1 Elucidation of withanolides

The withanolides from W. somnifera leaves were extracted using soxhlet method
(Figure 4.1 A), which utilizes the sequential extractions of the compounds using different
polar solvents. For the extraction of withanolides, we used solvents namely n-Hexane, ethyl
acetate, ethanol and water in the increasing order of their polarity (Figure 4.1 B). We found
that there was the absence of withanolides in all the extracts except ethanolic extract as
previously reported (Khan et al., 2009). We determined the antileishmanial effect of all
these extracts on the promastigote stage of the parasite using MTT assay and found that only
ethanolic extract was showing profound inhibitory activity with half maximal inhibitory
concentration (ICsp) in the range of 100-200ug/ml (Table 4.1). We further enhanced the
antileishmanial activity of this extract by bioassay-guided fractionation using silica gel

chromatography.

-
Coolant (H20) out

Condenser ———

Coolant (H20) in
-

Paper thimble

Solid material
being extracted

Solvent passes
through the
thimble wall

Figure 4.1 (A): Pictorial representation of soxhlet apparatus used for the extraction procedure
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Withania somnifera leaves

!

Water (500mL, 48 hrs) Hexane (500mL, 20 refluxes) l

Water Extract
(No activity)
Hexane Extract Residue

(No activity)
Ethyl acetate (500mL, 20 refluxes)

Yd Ethyl acetate Extract
Residue (No activity)

Ethanol (500mL, 20 refluxes)

A 4
Alcohol Extract

IC;, >100pg/ml

Figure 4.1 (B): Schematic representation of sequential extraction procedure for the leaves using the
solvents with increasing polarity

Extract Activity against L. donovani parasites

Hexane No activity

Ethyl acetate | No activity

Ethanol Active (ICsp= >100ug/ml)

Water No activity

Table 4.1: Activity of crude leaf extracts of W. somnifera against L. donovani promastigotes

This method gave an added advantage of separating the withanolides from other
entities in this extract using the solvent gradient. We adsorbed the extract onto the column

with silica gel and loaded it on the silica gel column. Using different gradients of ethyl
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acetate: ethanol (100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60), we collected different
fractions, which we subsequently pooled into seven major fractions based on the separation
pattern on thin layer chromatography (TLC). The presence of withanolides in these seven
fractions was identified using separation on TLC and spraying with p-anisaldehyde
sulphuric acid solution specific for withanolides and was found that only Fraction 5 & 6 (F5

& F6) were having the withanolides which were compared with pure compound
(Withaferin-A) (Figure 4.2).

F5 F6 Withaferin-A

Figure 4.2: Thin layer chromatography of F5, F6 and Withaferin-A. The TLC plates are sprayed with p-

anisaldhehyde sulphuric acid to detect the withanolides

In order to determine the antileishmanial effect of all the seven fractions obtained,
we carried out the MTT assay and determined that only F5 and F6 were potent against the

parasites, while rest of the fractions didn’t show any effect (Table 4.2).
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Fraction number Incubation time (Hrs) I1Cs0 (ug/ml)

1 24 -
48 -
72 -

2 24 )
48 -
72 -

3 24 -
48 -
72 -

4 24 _
48 -
72 _

5 24 -
48 74
72 52

6 24 -
48 13.5
72 13.5

7 24 -
48 -
72 -

Table 4.2: Determination of antileishmanial activity of the fractions against the promastigote
stage of the parasite using MTT assay
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To identify the withanolides present in F5 and F6, we did an LC-MS/MS analysis of these
fractions and found seven and five compounds in F5 and F6 respectively (Table 4.3, 4.4).

The compounds obtained in LC-MS/MS analysis were compared using the MS fragments

with compounds present PubChem library and also with the available literature (Musharraf

etal., 2011).

Compound Name Retentio Molecular MS/MS fragments
n Time formula

Withanolide E 7.815 486.2631 | CasH330; 105,131,143,145,155,169,179,
183,197

Somniferanolide 8.399 468.2521 | Cy3H3606 105,131

6,7-Epoxy-17- 8.833 454.2731 | Cy3H3305 105,115,117,129,131,141,143,

hydroxy-1-oxo 145,155,169,181,183,195,197,

witha-4,24- 239

dienolide

27-Dehydroxylated | 9.051 452.2572 | Cy3H360s5 105,129,131,141,143,145,155,

withanolide 165,167,169,171,179,181,183
Withanolide 9.093 470.2676 | CsH3304 105,121,129,131,143,155,171,
D/Withanolide 183

A/Withaferin A

Withanolide F 9.43 488.2793 | CosH40O7 105,107,117,119,121,129,131,

133,141,143,147,155,159,165,
179,181,183

Withanolide G2 11.824 436.2623 | Cy3H3604 105,115,119,127,129,131,141,
143,153,155,165,171,179,193

Table 4.3: Compounds obtained in fraction 5 through LC-MS/MS analysis. Fraction 5 was subjected to LC-
MS/MS analysis using the methanol: water gradient in 0.1% acetic acid. The above table lists the retention
times, monoisotopic masses, molecular formulae and MS/MS fragments of the respective compounds. The
monoisotopic masses were used to identify the compounds from the PubChem library.
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Compound Retentio  Mass Molecular MS/MS fragments

Name n Time formula

Withanolide F | 9.474 488.2782 | CagHuoO~ 105,143

27- 10.191 452.2575 CygH3605 105,119,121,129,131,141,143,
?:hyd“”‘ylat 153,155,165,167,169,179,181,
withanolide 191,193,205,215,233,237
Withanolide 10.426 470.2686 CygH3505 105,107,121,129,131,143,165,
?QV ithanolid 171,179,181,193
6,7-Epoxy-17- | 12.736 454.2735 CygH3505 105,107,109,115,119,129,131,
hydroxy-1- 141,143,153,155,165,167.179,
oxo with a-

4,24-dienolide 193

Withanolide 16.607 436.2624 CygH3604 105,117,119,121,129,147,171
G2

Table 4.4: Compounds obtained in fraction 6 through LC-MS/MS analysis. Fraction 6 was subjected to LC-
MS/MS analysis using the methanol: water gradient in 0.1% acetic acid. The above table lists the
retention times, monoisotopic masses, molecular formulae and MS/MS fragments of the respective
compounds. The monoisotopic masses were used to identify the compounds from the PubChem library.

4.2 Antileishmanial effects of the fractions on the promastigote stage of the
parasite

In order to investigate the mode of inhibition of these fractions on the in vitro form
of the parasite i.e. promastigotes, we examined several marker features of the apoptosis. As
Leishmania belongs to eukaryotes, but it lacks the caspase enzymes for the initiation of the
apoptosis, so we investigated the other features, which are induced in the apoptosis
mechanism.

4.2.1 Determination of ICs of the fractions in vitro

To determine the ICsy of F5 and F6 fractions, PI dye exclusion test was performed.
An increase in PI fluorescence (red color) indicates the percentage of death in the
promastigotes as PI permeates only dead cells due to the disrupted plasma membrane.
Treatment of promastigotes with F5 shows a dose-dependent inhibition of parasite growth

with 52pg/ml of 1Csp and 90% death was observed at 70ug/ml concentration. Similarly,
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treatment with F6 exhibited a rapid and dose-dependent inhibition of the range of 0-10pg,

reaching 90% at 30pg/ml (Figure 4.3) with an ICsy concentration 13pg/ml calculated from

the graph. The graph represents the values of three independent experiments with standard

deviation. Thus, this data reveals the ICso concentration of the above fractions.
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Figure 4.3: Estimation of ICs, of F5 and F6 using Pl dye exclusion test.

4.2.2 Morphological alterations in parasites with F5 and F6 treatment

Scanning electron microscopic studies of untreated and F5, F6 treated promastigotes

showed certain morphological changes, which represent the characteristics of apoptotic-like

death. Promastigotes treated with an ICsy concentration of F5 showed a drastic change in the

morphology with no significant change in flagella size. On the other hand, F6 treated

parasites with 1Csy concentration at 24, 48 and 72 hrs exhibited size reduction from slender

to more ovoid shape and also the loss of flagella (Figure 4.4). Cell size shrinkage is a

hallmark of apoptotic death. The control parasites retained their normal features like slender

shape and long flagella at all time points. This observation reveals that treatment with

withanolide fractions results in morphological changes of L. donovani.
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Figure 4.4: Assessment of treated and untreated L. donovani promastigote morphology using scanning
electron microscope at 24hrs, 48hrs and 72hrs time interval. a, b, c indicate control parasites, d, e, f
indicates F5 treated parasites and g, h, i indicates F6 treated parasites.

4.2.3 Externalization of phosphatidylserine and Permeation of PI

Externalization of phosphatidylserine to the outer leaflet of the plasma membrane is
one of the hallmarks of apoptosis in the metazoans and unicellular cells. Annexin V exhibits
high binding affinity to phosphatidylserine externalized onto the plasma membrane of an
organism during apoptosis. Hence, it is commonly used for the detection of apoptotic cells.
But, there is also an equal chance of it binding to necrotic cells whose membrane integrity is
lost. The addition of PI provides a solution in overcoming this disadvantage by
discriminating apoptotic and necrotic cells, as it does not permeate the former.

To investigate whether the cell death triggered by withanolides is via apoptosis or
necrosis, promastigotes were treated with the withanolides (F5, F6) for 15 hrs and double
stained with annexin V-FITC and PI. As shown in Figure 4.5, a significant percentage of
cells (F5- 24.77%, F6- 36.77%) were single positively stained for annexin V (lower right
quadrant) which represent apoptotic cells with intact membrane and significant percentage
of cells (F5- 23.55%, F6- 5.46%) were double positively stained for annexin V and PI

(upper right quadrant) which signify late apoptotic or necrotic cells when compared to the
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control cells. Withanolides treated promastigotes showed higher percentage of annexin V-
stained (positive) cells compared to miltefosine treated (25uM for 72hrs) (11.32%) which
was used as a positive control for its antileishmanial activity via apoptosis. The lower left
quadrant symbolizes live parasites and upper left quadrant stand for dead cells, which are
only PI positive. These results provide evidence that withanolides from F5 and F6 exert

their antileishmanial activity by the externalization of phosphatidylserine.
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Figure 4.5: Determination of externalization of phosphatidylserine by flow cytometry. Parasites treated
with ICs5o concentrations of F5 (C) and F6 (D) are represented in a dot plot along with control (A) and
positive control Miltefosine (B) treated parasites. The lower left and right quadrants indicate the live
parasites and annexin V positive parasites respectively.

3.2.4 Cell cycle arrest at sub G0/G1 population in withanolides treated parasites

To determine the percentage of sub GO/G1 phase parasites present, promastigotes
were treated with ICsy concentrations of F5 and F6 for 6, 24 and 48 hrs, stained with PI and
then analyzed by flow cytometry. In comparison to control parasites, the percentage of F5
treated parasites in sub G0/G1 was observed to increase in time-dependent manner from

0.44% at 6 hrs to 6.7% at 48 hrs. Likewise, Fo6 treated parasites showed an increase in the
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percentage of sub GO/G1 parasites in a time-dependent manner from 2.44% at 6 hrs to
18.79% at 48 hrs. However, DMSO treated parasites showed no change compared to control
parasites (Figure 4.6). This data suggests that withanolides from F5 and F6 arrest cell cycle
of parasites at sub G0/G1 phase which ultimately leads to apoptosis.
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Figure 4.6: Quantification of apoptotic sub Gy/G; cells by cell cycle analysis using Pl staining. The above
bar graph depicts the percentage of sub Gy/G; cells of control and treated promastigotes at different
time periods. * indicates P<0.01.

4.2.5 DNA fragmentation analysis using TUNEL assay

DNA fragmentation by endogenous nucleases is another hallmark of apoptosis.
Fragmented DNA carries 3’ hydroxyl groups which forms substrate for binding of
fluorescein-dUTP using TUNEL assay and provide a better evaluation of DNA damage in
the cell. Treatment with ICsy concentrations of both F5 and F6 for 72 hrs induced DNA
fragmentation in parasites visualized by TUNEL assay. Miltefosine at a concentration of
25uM for 72 hrs was used positive control, which also showed significant DNA damage in
L. donovani promastigotes. DNA nicking in the treated parasites is visualized as orange to
yellowish in color (Figure 4.7). Thus, it shows that withanolides induce apoptotic-like death

by introducing DNA breaks in the genome of the parasite.

69



CHAPTER IV RESULTS

Figure 4.7 (A): Analysis of DNA fragmentation by TUNEL assay. Parasites were treated with ICs
concentrations of F5 and F6 for 72hrs and stained using TUNEL method. Parasites were visualized
under fluorescence microscopy. Merge image of FITC and Pl channel A- Control, B- F5, C- F6 and D-
Miltefosine.
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Figure 4.7 (B): Analysis of DNA fragmentation by TUNEL assay. Parasites were treated with ICsg
concentrations of F5 and F6 for 72hrs and stained using TUNEL method. Parasites were visualized
under fluorescence microscopy. Merge image of DIC and FITC/PI dual pass filter E- Control, F- F5, G-
F6, H- Miltefosine. The arrows indicate parasites having DNA nicks.

4.2.6 Depolarization of mitochondrial membrane potential

Oxidative damage to the cells results in the depolarization of mitochondrial
membrane due to the leaky membranes. In haemo flagellate protozoans, mitochondrial
dysfunction is one of the characteristic features of apoptosis and is succeeded by the DNA
fragmentation. The J-aggregates inside the mitochondria, which fluoresce red, indicate the
normal status of mitochondria whereas the monomers in cytosol indicate the disruption of
membrane potential. We have measured the JC-1 fluorescence using flow cytometry and
ratio of mean fluorescence intensity of 590/530 nm is expressed as a bar graph. As shown in
Figure 4.8, 24hrs treatment with both F5 and F6 a induced reduction in ¥m compared to the
control cells with the values being 16.1+0.3 and 13.5+0.34 versus 28.8+0.41 respectively.
At 48 hrs, Wm of treated cells decreased considerably compared to that of control cells with
the values being 39.1+0.3 and 24.5+0.39 versus 64.5+0.35 respectively. At 72 hrs, the

decrease was further drastic in treated compared to control cells being 51.5+0.5 and 53+0.26
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versus 130+0.48 respectively. The vehicle control, DMSO treated parasites, showed no
significant decrease in membrane potential compared to that of negative control during all
time points. Miltefosine, an antileishmanial drug, is used as a positive control at 25uM, and

it showed a significant decrease in membrane potential compared to control cells at all time

points.
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Figure 4.8: Estimation of W, (membrane potential) in L. donovani promastigotes. Control and
withanolide treated parasites were incubated for 24hrs, 48hrs and 72hrs respectively and subsequently
stained with JC-1 dye (10ug/ml). The change in the relative W, values are expressed as the ratio of
fluorescence measurement at 590nm versus 530nm. Miltefosine is used as positive control. * indicates
P<0.05, ** P<0.01, *** P<0.001.

4.2.7 Generation of ROS in withanolides treated promastigotes

To determine whether withanolides in F5 and F6 fractions are able to produce ROS
within promastigotes, we used a fluorescent probe, H_DCFDA, which fluoresce green upon
cleavage with H,O,, hydroxyl radicals, and O,H-. This green fluorescence is used as an
indicator of ROS production inside the cells. The MFI of the treated cells was compared
with that of control cells at 24 hrs, 48 hrs, and 72 hrs respectively. Initially, there was a
gradual increase in ROS production at 24 hrs in treated cells compared to that of control
cells (F5-108.14+0.41, F6-106.18+0.62 versus control 21.88+0.25). But, drastic increase in
ROS was observed at 48 hrs in treated cells when compared to that of control cells (F5-

160.88+0.33, F6-321.33+0.57 versus control 20.33+0.51) (Figure 4.9). Generation of ROS
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in the cells is an indication of a cell undergoing the process of apoptosis, and these results
indicate that withanolides are capable of inducing ROS in promastigotes during apoptosis.

These above markers indicate that withanolides present in F5 and F6 induce antileishmanial
activity through apoptotic-like death in the promastigote stage of the parasite. These results

affirm the investigation of these withanolides in the mammalian stage of the parasite i.e.

amastigotes.
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Figure 4.9: Generation of ROS (Reactive Oxygen Species) in L. donovani promastigotes. Treated and
untreated parasites were incubated with IC5, concentration of withanolides, positive control Miltefosine
for different time periods and subsequently stained with H,DCFDA. Dose dependent changes are
expressed as mean fluorescence intensity. * indicates P<0.01

4.3 Antileishmanial and immunomodulatory activities of F5, F6, and

Withaferin-A ex vivo

Amastigotes are the human form of the parasites, which resides in the macrophages
and mononuclear phagocytes. These parasite forms thrive in the harsh environment of
phagolysosomes inside these cells. The antileishmanial effect of any compound would
increase effect the macrophages microbicidal effector molecules like NO and ROS while the

immunomodulatory effect would increase the cytokines responsible for the activation of the
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macrophages. In this direction, we used the PMM as the model host system for evaluating
the antileishmanial and immunomodulatory effect of these fractions and also the pure

compound Withaferin-A, which being the abundant withanolide in WS leaves.

4.3.1 Cytotoxic effects of WS fractions and withaferin A on peritoneal macrophages

To test whether the WS fractions and withaferin A show any adverse effects on
naive PMM, we used MTT assay to determine the highest concentration till there is no
effect on the naive PMM. We used different concentrations of F5 (5, 10, 25, 50 and
75ug/ml), F6 (5, 10, 25, and 50pg/ml) and Withaferin-A (1-20uM) on PMM for 72 hrs. The
results indicated that treatment of F5 decreased the cell survivability of PMM by just 40% at
the highest concentration of 75ug/ml, in F6 treatment the decrease was about 40% at the
maximum concentration of 50ug/ml. In case of withaferin A there was decrease of
survivability by 2%, 10%, 12%, 12%, 15%, and 40% at 1, 2, 3, 4, 5 and 7.5uM
concentration respectively. After this, there was the more pronounced death of PMM with
an increase in Withaferin-A concentration. So we used the above concentrations for

determining its antileishmanial activity in PMM (Figure 4.10)
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Figure 4.10 (A): Cytotoxic assay on PMM using MTT assay with different concentrations of F5 & F6.
The results are represented as percentage viability compared to control (untreated PMM) on the y-
axis. Unpaired student t-test was performed between control and treated samples (*P<0.05,
*¥P<0.01 and ***P<0.001). The values are representative of three independent experiments.
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Figure 4.10 (B): Cytotoxic assay on PMM using MTT assay with increasing concentrations of
Withaferin-A. The results are represented as percentage viability compared to control (untreated
PMM) on the y-axis. Unpaired student t-test was performed between control and treated samples
(*P<0.05, **P<0.01 and ***P<0.001). The values are representative of three independent
experiments.

4.3.2 Intracellular parasite load in L. donovani infected PMM

PMM are used as best models for ex vivo macrophages. The efficacy of F5,
F6 and Withaferin-A in reducing the intracellular parasite load was monitored by counting
the number of amastigotes in the treated PMM after 72 hrs using Giemsa staining. We used
different concentrations of F5 and F6 treatment in infected PMM, we found that F5 at
15ug/ml was able to reduce the parasite load by ~50% (P<0.001) and F6 at 10pg/ml was
able to reduce ~ 60% (P<0.001) of parasite load compared to untreated infected PMM.
Further, in case of Withaferin-A, we observed a dose-dependent decrease in the amastigote
number with increase in concentrations (0.5, 1.0 and 1.5uM). The decrease was almost
~80% (P<0.001) with 1.5uM concentration and we used this concentration for further
studies as it showed minimum cytotoxicity against the naive PMM. These results indicate
that F5, F6 and Withaferin-A show antileishmanial activity on the intracellular stage of the

parasite with decrease in parasite load was more than 50% in all cases (Figure 4.11)
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Figure 4.11 (A): Ex vivo antileishmanial activity of F5 and F6 on intracellular amastigotes in PMM using
giemsa staining. The graph shows the amastigote numbers for 100 macrophages F5 (15ug/ml) & F6
(10pg/ml). The values are from three independent experiments and significance values between
controls and treated were calculated using unpaired student t-test (*P<0.05, **P<0.01 and

*%%p<0,001).
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Figure 4.11 (B): Ex vivo antileishmanial activity of withaferin A on intracellular amastigotes in PMM using
giemsa staining. The graph shows the amastigote numbers for 100 macrophages after Withaferin A
(0.5uM, 1.0uM & 1.5pM) treatment. The values are from three independent experiments and
significance values between controls and treated were calculated using unpaired student t-test (*P<0.05,

**p<0.01 and ***P<0.001).
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4.3.3 Nitric oxide (NO) levels in treated PMM supernatants

To identify the mode of clearance of parasites from host macrophages, we
measured the nitrite levels present in the culture supernatants of infected and treated
macrophages after 48hrs. Since NO and ROS are the major microbicidal molecules
responsible for clearance of Leishmania parasites in the macrophages, we estimated the
amount of NO produced by the treatment with F5, F6 and Withaferin-A. We used the same
concentrations used for the estimating the parasite load and found that there was no
difference between infected and treated macrophages in F5 and F6. In Withaferin-A
treatment, the dose-dependent increase in the concentration was also not able to induce any
significant NO levels when compared to its infected counterpart. LPS was used as a positive
stimulator for the NO production. So we concluded that the mode of action of the above

treatments was not through the induction of NO (Figure 4.12).
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Figure 4.12 (A): NO estimation using griess assay in control and F5 (15ug/ml) & F6 (10ug/ml) treated
PMM supernatants after 72 hrs of incubation. LPS was used as a positive stimulant. The values were
represented in concentration of nitrite (WM) produced. The values are represented from three
different experiments and significance was calculated between control and treated PMM (*P<0.05,
**p<0.01 and ***P<0.001).
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Figure 4.12 (B): NO estimation using griess assay in control and Withaferin A (0.5uM, 1.0pM & 1.5pM)
treated PMM supernatants after 72 hrs of incubation. LPS was used as a positive stimulant. The values
were represented in concentration of nitrite (M) produced. The values are represented from three
different experiments and significance was calculated between control and treated PMM (*P<0.05,
**p<0.01 and ***P<0.001).

4.3.4 Assessment of ROS production

ROS is one of the antimicrobicidal molecule employed by the macrophages for its
defense against the pathogens. Our study didn’t find any significant NO production in
treated macrophages, which prompted us to examine the ROS levels in the macrophages.
We treated the macrophages with F5, F6 and Withaferin-A for 6 hrs, and ROS production
was done using H_DCFDA dye. The results demonstrate considerable increase in the mean
fluorescence intensity (MFI) in F5 (850), F6 (914), Withaferin-A (724) compared to
infected macrophages (538). Miltefosine was used a positive control for treating Leishmania
infections was also able to induce ROS levels (917) in PMM. LPS being a bacterial cell wall
extracts was able to produce ROS in very large amounts. So, these results indicate that F5,

F6, and Withaferin-A show the antileishmanial activity by inducing the ROS (Figure 4.13).
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Figure 4.13: Estimation of ROS production in PMM using a fluorescence dye H,DCFDA. The graph shows the
MFI values of control (infected) and F5 (15ug/ml), F6 (10ug/ml), Withaferin A (1.5uM), Miltefosine (3.2uM)
and LPS (100ng/ml) treated PMM. The experiment was repeated three times showing the same trend and
the graph shows one such experiment.

4.3.5 Th1/Th2 cytokine estimation from PMM

The outcome of the Leishmania disease depends on the balance between Thl and
Th2 cytokines of which the Thl favors the clearance of the parasites from the macrophages.
For this, we have seen the expression of IFN-y (Thl) and IL-10 (Th2) cytokines using RT-
qPCR in infected and treated PMM. The increase in the IFN-y expression was found to be
insignificant among all the treated PMM compared to the infected PMM. But the expression
of IL-10, which is crucial for the parasite persistence in the macrophages was found be
significantly downregulated in the F5, F6 and Withaferin-A treated PMM when compared to
infected PMM (Figure 4.14A). When the ratio of IFN-y to IL-10 was taken into
consideration we found that there was increase in the ratio in all treated PMM when
compared to infected PMM, which clearly suggests that there is parasite clearance from the
macrophages and IFN-y/IL-10 ratio is considered as a good indication of the infection cure

(Figure 4.14B).
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Figure 4.14 (A): Imnmunomodaulatory effect of the withanolides in control (infected) and treated PMM ex
vivo. RT-qPCR analysis of IFN-y (Th1) and IL-10 (Th2) cytokine. Unpaired student t-test was performed
between the infected and other samples (*P<0.05, **P<0.01 and ***P<0.001).
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Figure 4.14 (B): Immunomodulatory effect of the withanolides in control (infected) and treated PMM ex
vivo. The graph shows the IFN-y/IL-10 ratio representing the parasite clearance from PMM. Unpaired
student t-test was performed between the infected and other samples (*P<0.05, **P<0.01 and
***p<0.001).
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We measured the cytokine levels (IFN-y & TNF-y) in culture supernatants of PMM
using CBA kit. In accordance with our RT-qPCR results, we didn’t find any significant
increase in IFN-y levels in the treated PMM compared to infected PMM. In case of TNF-a
levels, only F6 was able to induce significant levels compared to the infected PMM. Other

treatments didn’t induce any TNF-a (Figure 4.14C).
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Figure 4.14 (C): Immunomodulatory effect of the withanolides in control (infected) and treated PMM ex
vivo. The graph represents IFN-y and TNF-a protein levels in PMM culture supernatants assessed using
CBA analysis.

81



CHAPTER IV RESULTS

4.4 In vivo evaluation of antileishmanial and immunomodulatory potential

of withanolides

BALB/C mice are used as the animal model for visceral leishmaniasis studies which
being susceptible to parasite infection compared to C57BL/6. The parasite mainly resides in
the visceral organs like spleen, liver and bone marrow. The chronic infection in the mice
sets in 4 weeks after the infection resides in spleen forever, but in the liver the host clears
the infection after 8 weeks by the granulomatous response. During this infection there is
suppression of critical cytokines like IFN-y, IL-12 from macrophages, which helps in the
resistance against the disease and increase in production of immunoregulatory cytokine, like
IL-10 which helps in propagation and dissemination parasites by deactivating the
macrophages. So any compound, which is able to perform the dual action of killing the

parasite and restoring the cell-mediated immunity, is the need for the hour.

4.4.1 In-vivo assessment of infection

The efficacy of F5, F6, and withaferin A were evaluated in BALB/C model
of chronic visceral leishmaniasis by estimating the splenic and hepatic burden after 45days
post infection/post treatment period. The results demonstrate that there was no decrease in
the splenic parasite burden when treated with F5 (25mg/kg/b.wt) but it showed significant
reduction in hepatic parasite burden (P<0.05), but when we administered F5 (50mg/kg/b.wt)
it showed significant decrease in splenic (P<0.001) and hepatic parasite burden (P<0.001).
F6 (25mg & 50mg/kg/b.wt) showed significant decrease in both splenic (P<0.001) and
hepatic parasite burden (P<0.001, P<0.01). Withaferin-A (2mg/kg/b.wt) showed a drastic
decrease in hepatic burden (P<0.001) compared to splenic burden (P<0.01). Miltefosine was
used a positive control drug showed a very drastic reduction in parasite burden in spleen and
liver (Figure 4.15A, B). Further, we calculated the percentage reduction in parasite burden
in spleen and liver compared to infected group (0%). The reduction of parasite in spleen and
liver was 2% and 30% in F5 (25mg/kg/b.wt), 50% and 75% in F5 (50mg/kg/b.wt), 44% and
55% in F6 (25mg/kg/b.wt), 50% and 65% in F6 (50mg/kg/b.wt), 32% and 62% in
Withaferin-A (2mg/kg/b.wt) respectively. The results clearly indicate that the treatment is

showing parasite clearance in both spleen and liver (Figure 4.15C).
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Figure 4.15 (A): Antileishmanial effect of withanolides in BALB/C model of visceral leishmaniasis. LDU
in spleen (left) and liver (right) of control (infected) and F5 and F6 treated mice groups after 45 days
post infection/post treatment. The experiment was done with five mice per group and significance
between control (infected) and treated groups was calculated using one-way ANOVA with dunnett’s

post test (*P<0.05, **P<0.01 and ***P<0.001).
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Figure 4.15 (B): Antileishmanial effect of withanolides in BALB/C model of visceral leishmaniasis.
LDU in spleen (left) and liver (right) of control (infected) and withaferin A treated mice groups after
45 days post infection/post treatment. The experiment was done with five mice per group and
significance between control (infected) and treated groups was calculated using one-way ANOVA
with dunnett’s post test (*P<0.05, **P<0.01 and ***P<0.001).
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Figure 4.15 (C): Antileishmanial effect of withanolides in BALB/C model of visceral leishmaniasis. The bar
graph represents the percentage parasite reduction compared to control (infected) group mice. The
experiment was done with five mice per group and significance between control (infected) and treated
groups was calculated using one-way ANOVA with dunnett’s post test (*P<0.05, **P<0.01 and
*%¥p<0,001).

4.4.2 Estimation of IgG subtypes IgG1 and IgG2a

The immune activation during the Leishmania determines the outcome of the
disease and humoral response in the form of antibody production plays an important role.
It’s a known fact that IFN-y and IL-4 direct the immunoglobulin class switching of IgG2a
and IgG1 respectively. We estimated the amounts of these immunoglobulin’s present in the
mouse sera from all groups. We found significant increase in the amount of IgG2a (P<0.01,
P<0.001), a marker of Thl polarization in all the treated groups except the withaferin A
treatment, which didn’t show the increase compared to the infected group. The Th2 marker
IgG1 was increased in the infected group, but the decrease of this IgG in the treated group

was insignificant when compared to the infected (Figure 4.16).
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Figure 4.16: The IgG1 and IgG2a antibody titer levels in different mice treatment groups. The results
are expressed as mean t SD of five mice. The significance was calculated between control (infected)
and treated mice groups using one-way ANOVA with dunnett’s post test (¥*P<0.05, **P<0.01 and
*%¥p<0,001).

4.4.3 Histopathological sectioning of liver tissue

The liver sectioning of the infected mice showed fatty degeneration of the
tissue, which was restored with the treatment of F5, F6 and withaferin A. With L. donovani
infection there is infiltration of T lymphocytes, which subsequently develops into a
granuloma harboring the amastigotes, thereby the infection is cleared in the liver with time.

In the treated groups, F5 (25mg/kg/b.wt) forms very loose and scattered granuloma. In F6
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(25 & 50mg/kg/b.wt) treatment, the granuloma structure is dense, tight and more in number
compared to the infected livers. Withaferin-A treatment also shows the same architecture as
compared to other treatment. These granuloma structures didn’t harbor any parasite as
compared to infected group (Figure 4.17). We also counted the number of granuloma
structure in all treated groups and compared it with the infected group. There was a
significant difference only in F6 (50mg/kg/b.wt) (P<0.05) group but other groups had more

or less same number compared to infected groups.

Figure 4.17: Effect of F5, F6 and withaferin A on histological changes in liver. Hematoxylin and eosin
stained liver sections of different treatment mice groups.

4.4.4 RT-qPCR analysis of Th1/Th2 cytokines and iNOS mRNA

The disease outcome in the Leishmania infection is dependent on the cytokine
environment (Seder et al., 1993; Reiner, 1994). We investigated the mRNA expression
levels of Thl (IFN-y, IL-12), Th2 (IL-10, IL-4 & TGF-B) and iNOS from spleen tissue of
infected and treated mice using RT-qPCR. The iNOS transcript, which is important for the
control leishmaniasis, was significantly upregulated only in F6 (50mg/kg/b.wt) (P<0.001)
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and miltefosine (P<0.01) treated mice, in all other treatment the up-regulation was
insignificant. The pro-inflammatory cytokine expression, IFN-y, which is essential for
parasite clearance was same as in treated as well as control mice groups but the expression
of IL-12p40 expression levels was increased significantly only miltefosine treated groups
whereas F5, F6, and Withaferin-A groups didn’t show any significant increase when
compared to infected groups. IL-10, a Th2 cytokine is important for the parasite persistence
whose expression is increased in the infected group but with treatment the expression levels
drastically decreased in F5 (50mg/kg/b.wt) (P<0.001), F6 (25 & 50mg/kg/b.wt) (P<0.01,
P<0.001) and Withaferin-A (P<0.01). Other Th2 cytokines IL-4 (P<0.01) and TGF-§
(P<0.001) were also decreased in treated groups compared to an infected group where its
expression is increased (Figure 4.18A, B). The IFN- y to IL-10 expression ratio in the mice
groups also signifies the extent of cure in F5, F6, and Withaferin-A treated groups compared

to infected group (Figure 4.18C).
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Figure 4.18 (A): Immunomodulatory effects of F5 and F6 in BALB/C mice spleen tissue using RT-qPCR
analysis. mMRNA expression analysis of Thl, Th2 cytokines and iNOS gene expression in F5 & F6 treated
mice after 45 days post infection/post treatment. The experiment was done with five mice per group
and significance between control (infected) and treated groups was calculated using one-way ANOVA
with dunnett’s post test (¥*P<0.05, **P<0.01 and ***P<0.001).
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Figure 4.18 (B): Immunomodaulatory effects of F5, F6 and withaferin A in BALB/C mice spleen tissue using
RT-gPCR analysis. mRNA expression analysis of Thl, Th2 cytokines and iNOS gene expression in
withaferin A treated mice. The experiment was done with five mice per group and significance between
control (infected) and treated groups was calculated using one-way ANOVA with dunnett’s post test
(*P<0.05, **P<0.01 and ***P<0.001).
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Figure 4.18 (C): Immunomodulatory effects of F5, F6 and withaferin A in BALB/C mice spleen tissue using
RT-qPCR analysis. The graph depicts the IFN-y/IL-10 ratio in F5, F6 and withaferin A treated mice. The
experiment was done with five mice per group and significance between control (infected) and treated
groups was calculated using one-way ANOVA with dunnett’s post test (*P<0.05, **P<0.01 and
*%¥p<0,001).
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4.5 LdPTRI1 being the possible mode of action of withaferin A

Withaferin-A is an abundant withanolide present in Withania somnifera leaves and
to some extent in roots. It has been known for its profound anti-cancer properties, but its
role in counteracting the Leishmania donovani infection has to be explored. Pteridine
reductase 1 (PTR1) is involved in pteridine salvage, and an important enzyme for the
parasite growth could be targeted for an efficient antileishmanial drug. All trypanosomatid
protozoans including Leishmania are unable to synthesize reduced pteridines (pterins and
folates), which are necessary for nucleic acid and protein biosynthesis. The predominant
role of PTR1 is to salvage oxidized pterins rather than to reduce folates, and for the in vivo

growth of Leishmania, this enzyme is necessary for the reduction of biopterin.

4.5.1 Effect of withaferin A on L. donovani promastigotes

MTT assay was performed to evaluate the antileishmanial effect of Withaferin-A on
the promastigote stage of the parasite. Withaferin-A inhibited the growth of parasites in
dose-dependent manner, and its ICsy concentration was found to be 1.2uM (Figure 4.19).

This indicates that Withaferin-A was able to induce death in the L. donovani promastigotes.
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Figure 4.19: The antileishmanial effects of Withaferin-A on promastigotes after 72hrs of treatment
using MTT assay. The graph depicts the percentage viability of the parasites in the dose dependent
concentrations of Withaferin-A. The values are representative of three values * SD (* P< 0.05, ** P<
0.01).
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4.5.2 In silico docking of withaferin A for PTR1 inhibition

Molecular docking methods are commonly used for predicting the binding
modes and energies for proteins or ligands. Docking study provided insight into the
prediction of the affinity, activity, binding and orientation of Withaferin-A to our target
protein molecule LdAPTR1. The analysis was based on E-total or free energy of binding and
lowest docked energy was calculated. Withaferin-A was found to bind LdPTRI1 with the
lowest binding energy of -6.73 KJ/Mol. Free binding energy is calculated as the sum of four
energy terms namely, intermolecular energy, total internal energy, torsional free energy and
unbound system energy. The major interactions shown in the LdPTR1 binding site are the
important H-bonds with Gly9, Argl3, His34, and Arg35. The other residues which form a
pocket around withaferin A include Gly9, Lys12, Argl3, GlylS5, tyr33, his34, Arg35,
Leu62, Asnl05, Alal06, Ser107, Phel09, Leul39, Aspl177, Serl81, GInl182, Pro183, and
Leul84. The docking of LdAPTR1 and Withaferin-A in different modes are shown in Figure
3.20. Our in-silico experiments demonstrate that Withaferin-A binds to LdPTR1 and may

inhibit its function and thus may act as a potential antileishmanial drug.
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Figure 4.20: Predicted interaction model of Withaferin-A with LdPTR1 a) space fill model of LdPTR1 with
Withaferin-A docked to the binding site. b) Red color shows alpha helices, blue indicates beta sheets,
dark blue indicates the residues interacting with Withaferin-A and pink indicates the Withaferin-A docked
in the binding site. c) Ball and stick model of the interacting residues in the LdPTR1 with the Withaferin-A.
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4.5.3 Cloning of LdPTR1

The PTR1 gene, 867bp, was amplified from genomic DNA of DDS strain of
L. donovani. Both the amplicon and pET28a cloning/expression vector were double digested
with EcoRI and Xhol (Figure 4.21a). These were ligated with T4 DNA ligase at 16°C
overnight. The ligated product was then transformed into E. coli DH5a competent cells and
transformed cells were plated onto LB agar with kanamycin as the selection marker. The
resultant colony was further screened for the presence of the plasmid with our desired gene.
Three positive colonies for the presence of the PTR1 gene insert were confirmed by double
digestion for the release of 867 bp insert and were visualized on 1% agarose gel and one
representative plasmid is shown in the Figure 4.21b. The positive plasmids obtained were

further confirmed by sequencing.

pET28 vector

] <—3867bps

Figure 4.21: Agarose gel electrophoresis of the LdPTR1 gene product. a) The figure shows the 867 bps
amplified LAPTR1 product from the genomic DNA along with DNA ladder. b) Restriction digestion of the
positive clone plasmid showing the free insert (867bps) and the plasmid (5.5Kb) with DNA ladder.

4.5.4 Expression and purification of LdPTR1

The PTRI1 gene encodes for a protein of 288aa with a molecular weight of =

33KDa, and the PTR1 plasmid was transformed into BL21 (DE3) E. coli bacterial strain.
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Small-scale cultures of the positive clones (selected on the basis of PCR screening) were
subjected to IPTG induction to identify clones capable of expressing the predicted <33 KDa
recombinant protein. Cultures were induced with ImM IPTG at several time points (2-6hrs).
The protein expression was found to be significantly induced at all the time points
considered, the highest being at 4hrs. Hence, 4hrs induction was considered for further
purification studies (Figure 4.22a). Expression of recombinant protein was also validated
by western blot analysis using anti-His antibody (Sigma). The predicted ~33KDa
recombinant protein band was visualized on the membrane using BCPIP/NBT reagent
(Figure 4.22b) that also indicates the recombinant protein was in frame with His-tag.

The relative distribution of protein of interest was examined in both soluble
and insoluble fractions of bacterial cell lysates. After the sonication, both the fractions
obtained were subjected to SDS- PAGE to detect the recombinant protein and almost 80%
of recombinant protein was observed to present in the supernatant fraction. The recombinant
protein was purified based on its Hisg tag by affinity chromatography using a Ni*" chelating
Sepharose column as described in materials and methods section. The purification
conditions were standardized using increasing concentrations of imidazole (50mM-200mM)
in the elution buffer after three washes with wash buffer containing 20mM imidazole. The
pre-equilibration step of Ni** column with wash buffer containing 20mM Imidazole
removed all the non-specifically bound proteins. In addition, elutions by imidazole gradient
facilitated the release of more tightly bound non-specific proteins in the early fractions of
elution. The purity of the desired protein was more than 95% in 200mM imidazole elution,
and further large-scale purification was done using the same imidazole concentration
(Figure 4.23). The various eluted fractions at 200mM imidazole concentration were pooled
and dialyzed overnight at 4°C in 1L of dialysis buffer that had been changed for every 6hrs

intervals. The purified protein was stored at -80°C for further studies.

93



CHAPTER IV RESULTS

Figure 4.22: Induction and western blot of LdPTR1. a) Proteins were separated on 12% SDS-PAGE before
and after induction with 1mM IPTG at different time points. The induced LdPTR1 (33kDa) was
represented in the figure. b) Western blot analysis using anti-his antibody using the uninduced and
induced crude lysate along with protein marker. The blot was developed using anti mouse ALP
conjugate.
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Figure 4.23: The expressed His-tag fusion protein was purified using a Ni%* chelating Sepharose column
affinity chromatography. The purified proteins were separated on 12% SDS-PAGE and stained with
coomassie blue. Lane 1: Protein marker, Lane 2: flow through, Lane 3-5: washes with the wash buffer,
Lane 6-7: Elution of the protein with 200mM imidazole.

4.5.5 Enzyme inhibition studies of recombinant PTR1 with withaferin A

PTRI1 enzyme kinetics was performed using Michaelis-Menten reaction.
First, we optimized the enzyme concentration for carrying out the reaction using biopterin
(100uM) as substrate and NADPH (100uM) as co-factor to determine the Vmax, Km for the
biopterin substrate. The velocity of PTR1 increased up to 0.696uM of the substrate after
which there was no change in the velocity of the reaction with an increase in the substrate
concentration (Figure 4.24a). Hence, we used 0.696uM as the optimum enzyme
concentration for further reactions. The enzyme assay was performed with various
concentrations of substrate, 6-biopterin (0-120uM) and found the Vmax and Km of the
reaction to be 2.5 pmol/min/mg and 35 puM respectively (Figure 4.24b). The enzyme
kinetics was performed using Withaferin-A as an inhibitor and using Lineweaver-Burk plot,
the Ki value was determined to be 0.9uM and using Methotrexate (a positive control) as
inhibitor, the Ki value was found to be 1.126uM. (Figure 4.24¢). It followed an

uncompetitive mode of inhibition.
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Figure 4.24: Enzyme kinetics of purified LdPTR1 a) The optimum concentration of the enzyme was
carried using 100uM NADPH and 100puM biopterin. It was found to be 0.696uM, which was used for
further assays. b) The recombinant LdPTR1 enzyme assay was performed using 20mM sodium acetate
buffer (pH 4.8) for the different concentrations of substrate biopterin. c) The enzyme inhibition studies

were performed for methotrexate and Withaferin-A using lineweaver burk plot. The Ki values for each

compound were calculated from the graph. The experiments were repeated three times and figure

represents the result from one such experiment.
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4.5.6 Enzyme inhibition assay on parasite crude lysates

To prove the PTR1 enzyme inhibition in the parasites upon Withaferin-A treatment,
we performed the PTR1 enzyme assay in the total protein lysates isolated from untreated
and Withaferin-A treated parasites. Though there was no significant difference at 6hrs
treatment, the enzyme inhibition was observed to increase with time. . At 12hrs, the
inhibition was more significant than 6hrs treatment (p=0.041) whereas, at 24hrs, the enzyme
inhibition was much more significant (p=0.033). The experiment was repeated three times
and data represents the mean of three independent experimental values = SD (Figure 4.25).

This reveals that Withaferin-A indeed inhibits the LdPTR1 enzyme in vitro.
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Figure 4.25: PTR1 enzyme activity in the crude parasite lysates of control and Withaferin-A treated at
different time intervals. The values are representative of three independent experiments and significant
values indicate the comparison of control with treated samples at that particular time point.
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Separation and characterization of different phytochemicals from herbs, and screening
of plant extracts for novel leads is highly dependent on the extraction method used. Solvent
extraction is the most frequently used procedure for preparation of extracts from plant
materials. Nature of extracting solvents (polarity), extraction time and temperature are
dependent on the extract yield and resulting biological activities of plant material, also on
sample-to-solvent ratio as well as on the chemical composition and physical characteristics
of the samples (Shabir et al. 2011; Sultana et al. 2009). In the sequential extraction,
solvents, such as methanol, ethanol, ethyl acetate, acetone, chloroform and their
combinations are suitable solvents and have been used for the extraction of therapeutically
desired constituents from plant materials, often with different proportions of water to get
better extraction efficiency. We used the solvents in the increasing order of their polarity
(Hexane < Ethyl acetate < Ethanol < water) for the extraction of the withanolides from the
W. somnifera leaves and we found almost all withanolides being extracted in the ethanolic
fraction. Using an ethanolic extract of Withania somnifera leaves which was further
fractionated using silica gel column yielded seven fractions out which fraction 5 & 6 had the
presence of withanolides. LC-MS/MS analysis of fractions F5 and F6 confirmed the
presence of withanolides by comparing the mass fragmentation patterns from PubChem
library.

We explored the leishmanicidal activity of these withanolides from Withania
somnifera fractions in L. donovani promastigotes in vitro. The apoptosis mechanism in
Leishmania species is not well defined. But, in response to antileishmanial agents like
amphotericin B, miltefosine and sodium stibogluconate, apoptotic events like DNA
fragmentation, ROS production, disruption of mitochondrial membrane potential, etc., are
observed (Lee et al., 2002). Withania somnifera, routinely used as ayurvedic medicine in
Indian subcontinent, is attributed with various medicinal properties (Rajani et al., 2006;
Sharma et al., 2009) and these properties are due to the compounds called withanolides.
Here, we have demonstrated the role of withanolides in inducing apoptotic-like death in
promastigote stage of parasites The cytotoxic effects of both F5 and F6 on the parasites
demonstrated using PI dye exclusion test showed significant activity on the promastigote
stage of parasite. For the first time, we showed that withanolides extracted from Withania
somnifera leaves also have a profound effect on the morphology of the parasites, treated
parasites exhibited apoptotic-like features such as shrinkage of the cell membrane, rounding

of the parasite which was previously shown by Sharma ez al. 2009 in WS roots.
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During early apoptosis, there is a translocation of phosphatidylserine from inner
membrane to the outer membrane and this event has been evident in many metazoans and
unicellular organisms like Leishmania (Mehta and Shaha, 2009; Sudhandiran and Shaha,
2003; Koonin and Aravind, 2002) and this can be detected by using annexin V which
specifically binds to PS. Both the fractions (F5 and F6) containing withanolides induced the
externalization of phosphatidylserine on the outer membrane after 15 hrs of incubation. Cell
cycle arrest at sub Go/G, which is an indication of the cells entering into the apoptotic mode
of death. Withanolides treated parasites showed an increase in sub G¢/G; population in time-
dependent manner from 6-48 hrs of incubation. F6 treatment showed more increase with the
percentage reaching 18.48 after 48 hrs of incubation. In the late stages of apoptosis,
cleavage of DNA into its nucleosomal components and introduction of DNA nicks are the
characteristic features (Verma and Dey, 2004). Withanolide treated parasites showed
TUNEL positive cells after 72 hrs of incubation which proved that withanolides induce
apoptotic-like death in Leishmania donovani promastigotes in vitro and this is a preceding
event for various changes in the cell.

Withaferin-A, being abundant in withanolides, has been shown to possess
antileishmanial activity as previously reported by Sen. et a/ 2007 who have showed that
Withaferin-A is a potent inhibitor of protein kinase C in L. donovani promastigotes. They
also showed that Withaferin-A directly targets mitochondria to release ROS thereby
disrupting the mitochondrial membrane potential leading to apoptosis. In accordance with
these findings, our results show that withanolides have a profound effect on the
mitochondrial status of the parasites. Induction of ROS inside the cell during the process of
apoptosis is an important event that in turn drives the neighboring cells into apoptosis
(Chipuk and Green, 2005). Withanolides induce ROS production in treated parasites during
the first 24 hrs of incubation compared to control cells with a drastic increase after 48 hrs of
incubation. Disruption of mitochondrial membrane potential is an event followed by the
production of ROS, which is also found to be promoted by withanolides. These features, in
addition to the externalization of phosphatidylserine and permeation of PI, provide an
evidence for the apoptosis inducing property of withanolides in Leishmania. Thus, our
findings prove that withanolides exert the antileishmanial activity through apoptotic-like
pathway.

In the recent times the emergence of resistance to the present existing drugs against

leishmaniasis and increase in HIV co-infection cases with Leishmania are posing a great
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challenge for the development of new therapeutics (Redhu et al., 2006). Plant based
products make an excellent repertoire for developing bioactive compounds against
leishmaniasis (Patricia et al., 2007). In the recent times, plant products have been used as
immunomodulators in various infectious diseases (Salem, 2005; Mittal and Singh, 2009;
Fulzele, 2003; Lai, 2002; Samjon et al., 2007). During leishmaniasis, the immune system is
severely depressed leading to exacerbation of the disease. In this context an antileishmanial
drug, which can effectively reverse the immunosuppression, besides killing the parasite is
most desirable. It is also known that therapeutic efficacy of antiparasitic drugs works in
synchronization with the immune system (Berger and Fairlamb, 1992). Withania somnifera
in the Indian traditional medicine system is considered as a wonder drug, which has many
properties ranging from antibacterial to anticancer (Owais et al., 2005; Ghosh, 2009; Rajani
et al., 2006). To further explore the activity of these withanolides on amastigotes stage of
the parasite in peritoneal macrophages and BALB/C model, we used F5, F6 and Withaferin-
A at different concentrations in peritoneal macrophage model. We observed that more than
50% decrease in the parasite load in all treated macrophages compared to the infected
control macrophages. Our result was in accordance with the previous report showing that
HPLC purified A6 fraction isolated from ashwagandha showed an ICs, value of 9.5ug/ml in
the amastigotes stage of the parasite (Sharma et al., 2009). In the in vivo set up, we
developed chronic VL in BALB/C mice by infecting with L. donovani promastigotes for 28
days and treated the mice with F5 (25 & 50mg/kg/b.wt), F6 (25 & 50mg/kg/b.wt) for 10
days orally. There was a drastic reduction in parasite burden in spleen and liver in F5
(50mg/kg/b.wt) and F6 (25 & 50mg/kg/b.wt), but in case of F5 (25mg/kg/b.wt) we didn’t
find any reduction in parasite burden in spleen. We found the parasite reduction only in liver
tissue, which may be due ineffective activation of Thl cytokines in spleen by F5 at that
concentration. With Withaferin-A (2mg/kg/b.wt), treatment the reduction in spleen parasite
burden was only 32%, which is comparatively less than F5 and F6. Next we tried to
compare the spleen and liver weights of infected and treated groups to investigate whether
the treatment has any effect on the biological parameters, but our results showed that there
was no statistical difference between the groups.

Macrophages activation results in the increase in the microbicidal activity, which
plays a major role in resistance against Leishmania infection, of which ROS and NO are
important players (Melby et al., 2001; Shah et al., 2002). Our results suggest that F5, F6 and

withaferin A exert their antileishmanial activity via production ROS in peritoneal
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macrophages compared to infected PMM but not through NO production as we didn’t find
any significant increase between control and treated. Depression in cell-mediated immunity
(CMI) and B-cell activation are consequences of VL (Basak et al., 1992). CMI is important
in mediating an effective Thl type of immune response, which is important in controlling
the Leishmania infection (Kaye et al., 1991). In Thl response, IFN-y is a signature cytokine,
which helps in macrophage activation, thereby generating the microbicidal response along
with TNF-a for effective killing of the parasite through activation of iNOS transcript for the
production of NO (Liew et al., 1990a, 1990b). During Leishmania infection, increase in
expression of Th2 cytokines IL-4 and IL-10, which exacerbate the severity of VL (Ghalib et
al., 1993; Karp et al., 1993; Kaye et al., 1991) and is responsible for the progression of VL
(Karp et al., 1993). In peritoneal macrophages with the treatment of F5, F6 and withaferin
A, we didn’t find any statistical increase in the IFN-y mRNA expression but the IL-10
mRNA expression was decreased significantly. When the ratio of IFN-y/IL-10 was
observed, there was a drastic increase in all the treated macrophages compared to control,
which indicates the parasite clearance from the macrophages (Paul et al., 2012). In culture
supernatants of PMM, there was no increase in IFN-y levels supporting the mRNA
expression levels, but there was increase in TNF-a levels in F6 treated, which might be the
reason for the increase in ROS levels. In BALB/C model of infection our studies confirmed
that F5, F6, and Withaferin-A indeed upregulate Thl cytokines (IFN-y, IL-12) and
downregulate Th2 cytokines (IL-10, IL-4, TGF-B) supporting the WS role as
immunomodulator. The increase in IFN-y/IL-10 ratio also supports the antileishmanial
effects of this above treatment.

The immunological status of mice were evaluated using parasite specific [gG1 and
IgG2a levels which give an indication of Thl or Th2 type of immune response (Siddiqui et
al., 2012). We found that Th1 specific IgG2a levels were increased in treated mice groups
compared to control groups, the but there was no significance in a decrease of Th2 specific
IgGl levels in treated groups. This might indicate that withanolides from WS might clear
the parasites by specifically augmenting Thl type of immune response. Histopathological
changes in liver tissues reflect the successful clearance of parasites. During the hepatic
immune response against the parasite, there is considerable infiltration of immune cells at
the infection site, which is followed by formation of granuloma structure. These granuloma
structures clear the parasite with the time and disappearance of granuloma is observed

(Baker and Kaye, 1999). In infected mice liver there was huge infiltration of monocytes
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surrounding the parasites is observed and with treatment of F5, F6 and Withaferin-A there
was no change in granuloma numbers but there was decrease in parasite numbers in these
granuloma, suggesting the efficacy of these treatment.

During the 21st century, the plant-based compounds have gathered much importance
in the trials of discovering new antileishmanial drugs with high efficacy and fewer side
effects. Our results show that withanolides extracted from W. somnifera leaves exhibit
potent antileishmanial activity against the promastigote stage of L. donovani parasites, but
the mode of action of these withanolides has not been elucidated yet. A previous study in
the L. donovani showed that Withaferin-A inhibits protein kinase, which induces apoptosis
through apoptotic topoisomerase I- DNA complex (Sen et al., 2007). A recent study also
showed that the antileishmanial activity of the herbal drug from W. somnifera is exhibited
through blocking of protein kinase C signaling pathway (Grover et al., 2012). Till now, no
report has demonstrated its antileishmanial activity on any of the critical pathways that are
essential for the growth of the parasite. We focused on the mode of action of Withaferin-A,
an abundant withanolide in the leaves of W. somnifera, on the Pteridine salvage enzyme of

the parasite Pteridine reductase 1.

The novel pathways exclusively present in trypanosomatids would provide for
excellent drug targets among which pteridine reductase pathway stands one. L. donovani
parasites are auxotrophs for pteridines that play a significant role in reducing pteridines and
also functions as a metabolic bypass for DHFR-TS by reducing the folates. Thus, an
inhibitor targeting Pteridine reductase 1 could also possibly target the DHFR-TS enzyme
due to the structural similarity of the substrates. A single compound might be found with
good efficacy against both enzymes due to the structural similarities of the substrates (Nare
et al., 1997a, b; Knighton et al., 1998; Zuccotto et al., 1998). The reduced bioavailability of
pterins makes the parasites more susceptible to the oxidant damage, which correlates with
our previous experiments that showed the enhancement of the production of cellular

reactive oxygen species.

In this regard, we determined the effect of Withaferin-A on promastigote stage of the
parasite, and it was found to exhibit the antileishmanial effect in a dose-dependent manner.
The ICs value was determined to be 1.2uM from the graph. In order to decipher its mode of
action on the parasites, we performed an in-silico docking analysis of parasite’s Pteridine

reductase 1 enzyme with Withaferin-A, which revealed its binding residues. Previous
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docking study with monastrol by Kaur et al. (2010) revealed that hydrophobic residues
namely, Argl7, Asnl09, Serl1l, Aspl81, Tyrl91, Tyr194, Lys198, Leu226 and Ala230
mainly enfold the active sites of LdPTR1, but Withaferin A binds with LdPTR1 and forms
hydrogen bonding with Gly9, Argl3, His34 and Arg35 whereas the residues involved in
forming a pocket around the withaferin A are Gly9, Lys12, Argl3, Glyl5, Tyr33, His34,
Arg35, Leu62, Asnl05, Alal06, Ser107, Phel109, Leul39, Aspl177, Serl81, GIn182, Pro183
and Leul84. The binding energy of withaferin A with LdPTR1 was found to be -
6.73KJ/mol. The determined high binding affinity of Withaferin-A with LdPTR1 might

provide an insinuation for the mechanism of biological activity of Withaferin-A.

Subsequently, the PTR1 gene was amplified from DDS8 strain of L. donovani and
cloned into pET28a vector. The protein was expressed in BL21 (DE3) strain of E.coli. The
protein was purified from the soluble fraction through Ni*" chelating Sepharose column
(Kumar et al., 2004). In the gradient elution of 50mM-200mM imidazole, the peak fraction
was eluted at 200mM imidazole concentration containing with the purity of protein more
than 95%.

The docking results were validated using the inhibition studies of recombinant
enzyme LdPTR1 with Withaferin-A. The optimal concentration of LdPTR1 for its activity
was found to be 0.696uM. We have used the sodium acetate buffer pH 4.8 for determining
the activity of LdPTRI1 as previously reported (Kaur et al., 2011). The subsequent assays
were performed at this optimum pH and enzyme concentration. We estimated the PTRI
activity with oxidized biopterin using standard Michaelis-Menten kinetics. Km and Vmax
values for biopterin substrate were derived from Lineweaver-Burk plot. Methotrexate is a
known antifolate inhibitor of Plasmodium falciparum DHFR (Shallom et al., 1999). We
used methotrexate as inhibitor for LdPTR1 and found its Ki value as 1.126uM against the
substrate biopterin. Further inhibition studies of LdPTRI1 performed with withaferin A
yielded a Ki value of 0.9uM. In addition to this, the time-dependent inhibition (at ICs
concentration) of LdPTR1 in withaferin-A treated parasite lysates suggests its inhibitory role
in promastigote stage in-vitro. This might be due to the independent role of pterins in
Leishmania growth apart from folate biosynthesis (Nare et al., 1997ab). Additional
preclinical experiments of withaferin A in mice model for visceral infection would shed

light on the mode of action in vivo.
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Inventory of antileishmanial compounds in clinical use is very minuscule, there is an
urgent need for new compounds, which are cheap, affordable, safe and effective, and in
these natural products from plants are the forerunners. Plant-based compounds are an
important alternative and may be complimentary to the existing drugs. In conclusion F5, F6
and withaferin A had two synergistic actions on L. donovani infection. Firstly, it was able to
induce the cytotoxic effect in both ex vivo and in vivo model and secondly, it was able to
induce the immune system towards the protective Thl arm by suppressing the susceptible
Th2 arm of the immune system. The study of other active principles, their mechanisms and
effect of these withanolides on various immune cells are in progress in our laboratory.
Further studies will confirm whether these withanolides can be used as a mixture of
compounds or as single entities for effective antileishmanial and immunomodulatory

activities.
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Keeping in view about the toxicity and emergence of resistance with the available drugs to
treat visceral leishmaniasis in the endemic regions, there seems to be an urgent need for the
alternative treatment strategies to efficiently counteract this disease. In this direction,
compounds from the plant origin might be good option in the search for an efficient
antileishmanial. Visceral leishmaniasis is associated with immune suppression
predominately Th2 type immune response that supports the propagation of parasites inside
the host macrophages and resistance is associated with induction of Thl type response.
Previous reports have demonstrated the immune modulating role of withanolides from
Withania somnifera in various disease conditions. Even though W. somnifera has many
health promoting properties, so far it has not been evaluated for its antileishmanial activity
in visceral leishmaniasis. The objective of the present study was therefore to evaluate the
antileishmanial and immunomodulatory properties of withanolides isolated from W.
somnifera leaves using both peritoneal mouse macrophages as ex vivo host system and
BALB/c mice as in vivo model.

The results of the sequential extraction of Withania somnifera leaf powder with n-
hexane, ethyl acetate, ethanol and water showed that most of the withanolides are extracted
in the ethanol solvent. Thin layer chromatography and identification of purple colour
withanolides by staining it with p-anisaldehyde sulphuric acid, confirmed the presence of
withanolides. Further, the active ethanolic extract was fractionated using silica gel
chromatography with the solvent gradient of ethyl acetate and ethanol. The fractionation
yielded total of seven fractions, which were further screened for the antileishmanial activity
on the promastigotes using MTT assay. Fraction 5 and 6 were most active against the
parasites and also they showed the presence of abundant withanolides compared to other
fractions. We also made an effort to identify the components in the active fractions by LC-
MS/MS analysis by comparing the compounds present in the mass bank using their
molecular masses. Further, we investigated the antileishmanial effects of F5 and F6 on the
promastigote stage of the parasite. Using PI staining, we found the ICsy value of F5 and F6
to be 52pg/ml and 13pg/ml respectively. Further the mode of action of these fractions on the
promastigotes was investigated using DNA cell cycle analysis, DNA fragmentation by
TUNEL assay, externalization of phosphatidylserine, measurement of ROS and
mitochondrial membrane potential and we concluded that these fractions induce apoptotic

like death in the parasite. As Leishmania being a eukaryote, it lacks the proteins like
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caspases, which are involved in the apoptosis. So other features that are also exhibited
during apoptosis are shown in Leishmania. Hence, we termed it as apoptotic like death.

We next investigated the antileishmanial and immunomodulatory effects of the
active fractions F5 and F6 in intracellular amastigotes using mouse peritoneal macrophages
as host system. Cytotoxic assay of the active fractions on the macrophages revealed that it
doesn’t have any effect up to certain concentration. The infection rate of parasites in the
macrophages has significantly decreased with the treatment of F5 and F6. To identify the
mode of clearance of parasites from host macrophages, we measured the nitrite levels
present in the culture supernatants of infected and treated macrophages after 48hrs and
found to be unaltered. ROS and NO are key mediators of microbicidal molecule employed
by the macrophages for its defense against the pathogens. In our inverstigation, we didn’t
find any significant NO production in treated macrophages, which intended us to examine
the ROS levels in the macrophages. So we tried to estimate the amount of ROS produced
inside the cells using H,DCFDA dye and found that active fractions F5 and F6 significantly
upregulated the production of ROS. The mode of killing in the macrophages was through
the production of ROS instead of NO. The immunomodulatory activity of these active
fractions were analyzed by qRT-PCR of IFN-y and IL-10 mRNA expression and we found
no change in IFN-y expression but there was a significant decrease in IL-10 expression.
Overall the IFN-y/IL-10 ratio is increased with treatment with fractions compared control
implies Thl protective response. Withaferin-A being the abundant withanolide in WS
leaves, we also investigated its antileishmanial and immunomodulatory effect on the
intracellular amastigotes. In mouse peritoneal macrophages, Withaferin-A decreased the
parasite burden in a dose-dependent manner. There was significant production of ROS with
an unaltered production of NO in Withaferin-A treated macrophages. The
immunomodulatory activity of withaferin A showed the decrease in IL-10 mRNA
expression and the increase in IFN-y/IL-10 ratio suggesting the protective Th1l response.

The chronic visceral leishmaniasis can be mimicked in BALB/c mice which is
susceptible to Leishmania infection. The experimental visceral leishmaniasis can be
generated by infecting mice with L. donovani promastigotes for 28 days. The
antileishmanial and immunomodulatory activities of these withanolides were tested in
BALB/C infection model. Mice were infected with L. donovani metacyclic promastigotes
for 28days and then we treated with F5 (25mg & 50mg/kg/B.wt), F6 (25mg &
50mg/kg/B.wt), Withaferin-A (2mg/kg/B.wt) and Miltefosine (5mg/kg/B.wt) for 10
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consecutive days. Active fractions were given orally and Withaferin-A was given
intraperitoneally. We estimated the parasite burden in spleen and liver by counting the
amastigotes, we found that there was a significant decrease in parasite load in all the treated
groups except F5 (25mg/kg/B.wt). In the liver, the parasite burden was reduced in all the
treated groups. Next we estimated the amount of IgG1l (Th2 specific) and IgG2a (Thl
specific) antibodies titers in mice serum through ELISA and found that withanolides
treatment increased the IgG2a titers, but showed no significant change in IgGl titers.
Granuloma formation in the liver is the hallmark for the clearance of the parasite and we
estimated the granuloma formation in liver histology sections in treated samples. The liver
section of the infected mice showed fatty degeneration of the tissue, which was restored
with the treatment of F5, F6 and Withaferin-A. There is infiltration of T lymphocytes, which
subsequently develops into a granuloma harboring the amastigotes through which the
infection is cleared in the liver with time. In the treated groups, formation of loose and
scattered granuloma indicates the clearance of parasites and in the infected group the
granuloma structure is dense and tight. Withaferin-A treatment also shows the same
architecture as compared to other treatment. These granuloma structures didn’t harbor any
parasite as compared to the infected group.

The disease outcome in the Leishmania infection is dependent on the cytokine
environment (Seder et al., 1993; Reiner, 1994). We investigated the mRNA expression
levels of Thl (IFN-y, IL-12), Th2 (IL-10, IL-4 & TGF-B) and iNOS from spleen tissue of
infected and treated mice using RT-qPCR. The iNOS transcript, which is important for the
control of leishmaniasis, was significantly upregulated only in F6 (50mg/kg/b.wt) and
Miltefosine treated mice and in all other treatments the expression was unaltered. The pro-
inflammatory cytokine expression, IFN-y, which is important for parasite clearance was
similar in treated as well as control mice. While, the expression of IL-12p40 expression
levels was increased significantly only in Miltefosine treated mice whereas F5, F6 and
Withaferin-A mice didn’t show any significant increase as compared to infected mice. The
anti-inflammatory cytokine expression (IL-10), which is important for the parasite
persistence was decreased in F5 (50mg/kg/b.wt), F6 (25 & 50mg/kg/b.wt) and Withaferin-A
treated mice compared to control mice. Other Th2 cytokines IL-4 and TGF- were also
decreased in treated groups compared to the infected mice. The IFN- y to IL-10 expression

ratio also signifies the extent of healing of VL, which is increased in F5, F6 and Withaferin-
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A treated groups compared to the infected mice. The withanolides treatment decreased the
Th2 cytokine expression suggesting the immunomodulatory role in L. donovani infection.

We earlier showed that withanolides induce apoptotic like death in the L. donovani
parasites, following this we tried to find the mode of action of Withaferin-A which being an
abundant withanolide in W. somnifera leaves. In this direction, we explored the Pteridine
reductase-1 as the target enzyme because it being an essential enzyme in the parasite for its
survival. Using molecular docking approach, we found that Withaferin-A has the potential
binding capability with Pteridine reductase-1 enzyme in-silico. To prove this in vitro, we
cloned, expressed and purified this enzyme to near homogeneity from L. donovani genome.
We performed Michaelis-Menten equation to determine its Vmax as 2.4pumol/min/mg of
protein and K, as 35uM and we also determined the optimum enzyme concentration as
0.696uM. Further using Withaferin-A as inhibitor we performed the inhibition assays using
Lineweaver -Burk plot and deduced the Ki value as 0.9uM. These studies clearly
demonstrate that Pteridine reductase-1 as the possible target of Withaferin-A. Then to prove
this inhibition in the parasites, we isolated the whole protein from untreated and withaferin
A treated parasites and performed the PTR1 enzyme assay. We found with increase in
treatment time interval there was significant decrease in the PTR1 enzyme activity proving
that indeed withaferin A is inhibiting the PTR1 enzyme in the parasites.

Our study for the first time showed both the antileishmanial and immunomodulatory
activities of withanolides in ex vivo and in vivo model of experimental visceral
leishmaniasis. We also proved that Pteridine reductase 1 enzyme from L. donovani parasites
might be one of the targets of withaferin A, but further studies are needed to decipher the
other targets of withaferin A in the parasites. Withanolides from this plant has to be
investigated further

1. To evaluate the bioavailability of withanolides in the mice model.

2. To understand the role of these withanolides on the immune cell functions in mice
model of infection.

3. The signaling pathways induced by the withanolides in host during the treatment.

4. The feasibility of using withaferin A in combination with presently available

chemotherapeutic drugs.
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The aim of this study was to isolate and evaluate the withanolides in inducing apoptotic like death in
Leishmania donovani in vitro. Withanolides were fractionated and isolated from the leaves of Withania somnifera
and LC-MS/MS analysis of two fractions namely, F5 and F6 of ethanolic extracts, obtained through column
chromatography with silica gel, was performed. The antileishmanial effect of withanolides on L. donovani
promastigotes was assessed in vitro using PI dye exclusion test. The effect of withanolides on promastigote mor-
phology was determined by scanning electron microscopy. To understand their mode of action against L. donovani,
DNA fragmentation, quantification of parasites at sub Go/G; phase, determination of phosphatidylserine external-
ization, measurement of reactive oxygen species (ROS) and mitochondrial membrane potential (V,,,) were done.

Keywords:
Leishmania donovani
Withania somnifera

Withanolides Results showed that LC-MS/MS analysis confirmed the presence of withanolides in isolated fractions. Treatment
Promastigotes with withanolides resulted in morphological alterations from spindle to round shape and loss of flagella/cell integ-
Apoptosis rity in promastigotes. Moreover, it induced DNA nicks, cell cycle arrest at sub Go/G; phase and externalization of

DNA fragmentation phosphatidylserine in dose and time dependent manner via increase in ROS and decrease in Wy, Results of this

study indicate that withanolides induce apoptotic like death through the production of ROS from mitochondria

and disruption of Wy, in promastigotes of L donovani.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Leishmaniasis is an endemic disease in 98 countries worldwide with
200 to 400 thousands new cases each year [1]. Itis caused by the various
species of the genus Leishmania. L. donovani is a causative agent of vis-
ceral leishmaniasis (VL) or “Kala-azar” in India. The parasite completes
its life cycle in two hosts, namely sand fly and humans [2]. VL is the most
severe form of leishmaniasis which is fatal, if left untreated. Approxi-
mately, world's 50% VL cases are from Indian subcontinent [3]. Till
date, there has been no effective vaccine against leishmaniasis and the
treatment relies exclusively on chemotherapy. Pentavalent antimonials
have been the mainstay of therapy for all forms of leishmaniasis for last
seven decades, however, its efficacy has declined in recent years with
the result that only about one third of patients respond to it [4,5]. Effica-
cy of miltefosine, the drug chosen for the Elimination programme in the
Indian subcontinent, has declined over the years as well [6]. Hence,
there is an urgent need for the development of effective, cheaper and
safer drugs to combat this disease.

* Corresponding author at: Department of Animal Sciences, University of Hyderabad,
Hyderabad-500046, AP, India. Tel.: +91 40 23134532; fax: +91 40 23010120.
E-mail address: rmusl@uohyd.ernet.in (R. Maurya).

1383-5769/$ - see front matter © 2013 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.parint.2013.01.007

Traditionally, plants have been used for the treatment of protozoan
diseases [7] and plant products may play a significant role in the search
of a new antileishmanial compounds. Withania somnifera (WS), also
known as Ashwagandha is being used as an important medicinal herb
for over 3000 years [8]. It has been used for various purposes ranging
from an antioxidant to antibacterial [9-13]. The biological activity of WS
leaves is mainly attributed to withanolides which comprises withaferin
A, withanolides A-y, withanone, etc., which are C,g steroidal lactone
triterpenoids with ergosterane framework [14,15]. Mainly, much of the
pharmacological activities are attributed to the two withanolides namely,
withaferin A and withanolide D.

In this study, we evaluated the antileishmanial role of the
withanolides isolated from the ethanolic extract of WS leaves through
column chromatography with silica gel. Two fractions named as F5
and F6, at a dosage of 60 pg/ml and 15 pg/ml respectively, induce apo-
ptotic like death in the promastigote stage of the L. donovani in vitro.
The antileishmanial effect was found to be exerted through morpholog-
ical alterations like cell shrinkage, DNA fragmentation, externalization
of phosphatidylserine, induction of ROS ultimately leading to the loss
of mitochondrial membrane potential. These observations clearly indi-
cate that withanolides induce apoptotic like death in the promastigote
stage of the parasite.
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HIGHLIGHTS GRAPHICAL ABSTRACT

» FCM is a non-flourimetric tool to
study stage differentiation in
Leishmania donovani.

» FCM was validated using different
molecular and enzymatic assays.

» Partial CDS sequence (472 bp) of
amastin gene was submitted in
GenBank (HQ840734). b

» Successful differentiation and
propagation of LEM 138 were

established.
ARTICLE INFO ABSTRACT
Am‘clﬁ history: In this study we describe a rapid and novel method to assess the morphological stage differentiation in
Received 14 June 2011 Leishmania donovani by flow cytometry (FCM). FCM is fast, accurate, and inexpensive to study the stage

Received in revised form 12 July 2012
Accepted 12 September 2012
Available online 26 September 2012

differentiation of promastigote into L. donovani axenic amastigote (LdAXAm). The non-flourimetric FCM
method is easy to perform; with requirement of little expertise, and provides unambiguous results. It is
an advanced tool, requires minimal time, and no fluorescent dyes. The gradual increase of differentiation
and reduction in size from promastigote stage to LdAAXAm leads to peak shifting from right to left on his-

:%C[’V ords: togram. E;?rlier reports‘assessed the stage different?ation of Leishmania I?y sFudying the.expression of
Flow cytometry stage specific markers like surface or secretory proteins and genes. For validation, conventional methods
FSC like microscopic analysis are used. These methods are quite expensive, laborious and time consuming.
Forward scatter Non-flourimetric morphological parameters were further validated by conventional methods like optical
SSC and scanning electron microscopy. Additionally, differential expression of stage specific genes (e.g. upreg-
Side scatter ulation of amastin and ATP binding cassette A3 (ABCA3) transporter gene transcripts) and differential
E;im;StigOte activity of enzymes (down regulation of secretory acid phosphatase (SAcP) and 3’-nucleotidase enzyme
XAMm

activity) in LAAXAm suggest stage differentiation. Therefore, we believe that our method is an alternative
tool for high reproducibility and reliability in assessment of stage differentiation.
© 2012 Elsevier Inc. All rights reserved.

Leishmania donovani axenic amastigote
Amastin gene

ABCA3

ATP binding cassette A3

SAcP

Secretory acid phosphatase
3’-Nucleotidase.
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Human visceral leishmaniasis (VL) is frequently found in poor population who are suffering from malnu-
trition in endemic areas. Therefore, obviously they may have reduced levels of leptin due to reduction in
number of adipocytes which are major source of leptin production. Human pathogenesis of VL and
reduced levels of leptin both are associated with increase in Th2 type immune response, characterized
by secretion of cytokines such as IL-4 and IL-10. Whereas, the protective immune response during vis-
ceral leishmaniasis is associated with effective Th1 type immune response characterized by secretion
of IFN-v, IL-2 and IL-12, which correlates with leptin induction of T cells polarizing to Th1 population
and secretion of proinflammatory cytokines, and also inhibition of Th2 type response. Therefore, we
hypothesized that leptin might be effective in treatment of visceral leishmaniasis alone or VL patients
who have co-infection with other immune deficiency syndromes such as AIDS/diabetes/autoimmune dis-

orders by regulation of Th1/Th2 homeostasis.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Kala-azar or human visceral leishmaniasis (HVL) is caused by
protozoa belongs to the genus Leishmania which infect host macro-
phages. In India, L. donovani is responsible for this disease which is
characterized by parasite invasion of lymphoid tissues without
causing clinical symptoms [16]. The disease is spread by the bite
of certain species of sand fly (subfamily-Phlebotominae). The gen-
era that transmit this disease to humans are Lutzomyia in the New
World and Phlebotomus in the Old World [1]. HVL is mainly affects
poor people who are suffering from malnutrition, and is also a seri-
ous public health problem in many tropical and subtropical regions
of the world. It is endemic in 88 countries of the world including
tropics, sub-tropics and the Mediterranean basin (WHO, 1984)
among which 16 are developed countries and 72 are developing
countries. HVL is one of the top 10 diseases of concern to the Office
International des Epizooties (OIE) and top 2 tropical parasitic dis-
eases according to World Health Organization, is rapidly spreading,
often in association with HIV infection, especially in sub-Saharan
Africa and South America. Recently, it was estimated that 12 mil-
lion people were infected and 350 millions were at risk of acquir-
ing infection. HVL has emerged as an opportunistic infection in
HIV-positive patients. The incidence of HIV infection has been rap-
idly increasing, which may lead to increasing number of Kala-azar

* Grant sponsor: Department maintenance grant of UoH, Hyderabad, India.

* Corresponding author. Address: Department of Animal Sciences, School of Life
Sciences, University of Hyderabad, Gachibowli, Hyderabad 500 046, Andhra
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0306-9877/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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patients. Signs and symptoms include fever, weight loss, mucosal
ulcers, fatigue, anemia and substantial swelling of the liver and
spleen.

Leptin is a non-glycosylated, 167 amino acids containing
protein with molecular weight of 16-kDa, encoded by the obese
(ob) gene, which is located on human chromosome 7. White
adipose tissue is the major source of leptin production [2]. Leptin
functions as a hormone as well as a cytokine (adipokine). As a
cytokine, it attributes to various functions such as hematopoiesis,
angiogenesis, and innate and adaptive immunity [2-6]. Leptin be-
longs to a family of class I cytokines, which are characterized by a
four a-helix bundles [7].

Th1/Th2 polarization in HVL

During visceral leishmaniasis in humans the immune response
is predominantly Th2 type, with absence of IFN-y to Leishmania
antigens [17,18] and the production of IL-10 and IL-4. IL-10 pro-
ducing CD257 T cells were recently implicated in the pathogenesis
of HVL in India [9]. Protective immunity in Leishmania infections is
generally attributed to a Th1 immune response that generates IFN-
v and IL-2 producing CD4" cells. IL-12 plays an important role in
the activation of Th1 cells to secret [FN-y and IL-2 [21,22].

Leptin induces protective Th1 response

Studies on Ob/ob (leptin deficient) mice appeared to show an
incredible role of leptin in inflammation and autoimmunity. Leptin
deficient mice have reduced secretion of IL-2, IFN-vy, and IL-18 and
increased production of Th2 cytokines (IL-4 and IL-10). Leptin
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People in the endemic region are more prone to helminth infections due to
the poor hygienic conditions and their genetic susceptibility may be a factor for
Leishmania infection. The acute worm infections may not cause fatal outcome to
host but it may facilitates the infection of other intracellular pathogens which
cause higher rate of morbidity. In case of Leishmania donovani infection, helminth
infections mainly elicit Th2 type protective host immune response characterized
by secretion of IL-4, IL-13, IL-5, IL-9 and IL-10, which may suppress the Th1l
protective host immune response. Pre-immune polarized (Th2/Th1) individuals
due to the helminth infections and their recovery from infection after treatment
may have higher levels of serum IL-4 and IL-13 are highly susceptible for visceral
leishmaniasis in endemic regions. These Th2 type cytokines, IL-4, IL-13 and IL-10
have immunosuppressive activity, help in the parasite survival by inhibiting the
macrophage induced IFN-y production and oxidative burst mechanism, thereby
enhancing disease progression in chronic visceral leishmaniasis. In addition, IL-5
dependent eosinophilia in helminth infections may cause inflammation in visceral
organs leading to tissue damage hence these individuals might be susceptible for
parasite attack. Therefore, we hypothesize that the Th2 type cytokine milieu of
helminth infection might be increase rate of susceptibility to VL occurrence in

endemic regions.
Keywords: Leishmaniasis,
Immune Response, Helminth

©2012, [JMHS, All Right Reserved.

INTRODUCTION

Billions of people and their domesticated animals
worldwide are constantly affected by the parasitic
helminths, or worms, which come under a diverse group of
metazoan organisms [1] causing great morbidity, increased
susceptibility to other infectious agents and, in some cases,
it may leads to death. Majority of individuals infected with
parasitic worms are usually asymptomatic or less
symptoms compared to those infected with acute viral or
bacterial infections and very few will have life-threatening
consequences. Good hygienic conditions and health care
can minimize the helminthic parasite infections, but in
endemic regions immunological intervention can be an
effective option of treatment. Till date, there have been no
vaccines or other effective immunotherapies for helminth
infections and the understanding of the immune response
to these important pathogens remains at a very early stage.

Visceral leishmaniasis (VL), also known as kala-
azar, black fever, and Dumdum fever [2], is the most severe
form of leishmaniasis. It is the second-largest parasitic
killer in the world (after malaria), responsible for an
estimated 500,000 cases each year worldwide, with 90% of
cases caused by the transmission of Leishmania donovani in
India, Sudan, Nepal, and Bangladesh. [3]. Every year, more
than 100,000 cases of VL occur in India alone and in the
state of Bihar accounting for more than 90% of these cases,

47

followed by West Bengal and Eastern Uttar Pradesh [5]. It
is endemic in 88 countries of the world including tropics,
sub-tropics and the Mediterranean basin (WHO, 1984)
among which 16 are developed countries and 72 are
developing countries. The parasite migrates to the internal
organs such as liver, spleen (hence 'visceral’) and bone
marrow without causing clinical symptoms [4].

Host immune response to helminth infection

The primary cause of disease in many helminth
infections is due to the under development of immune
system after encountering the pathogens which lives longer
and causes chronic infections. Helminth pathogens differ
based on the presence of different glycoconjugates, which
contain unusual sugars [15, 21, 24], thought play a role in
Th2 response development [22]. These features of
helminth Ag are likely to be recognized by Toll receptors
and/or other pattern recognition receptors [6]. This
extensive organismal complexity, in the majority of cases
evokes Th2-like immune response against the worms with
the production of a significant quantity of IL-4, IL-5, IL-9,
IL-10, and IL-13 and thereby developing a strong
immunoglobulin E (IgE), eosinophil, and mast cell
responses. Among these cytokines, IL-4 and IL-10 may play
a crucial role in reducing the severity of acute disease and
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Anti-leishmanial activity of Neem
leaf ethyl acetate fraction on
promastigotes.

Anti-proliferation activity and
apoptosis like death in
promastigotes.

Anti-leishmanial activity on
intracellular amastigotes both in
vitro and in vivo.

e Th1 polarization and Th2
downregulation at m-RNA level by
real-time PCR analysis.

Increased production of reactive
oxygen and nitrogen species from
macrophages with extract
treatment.
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ABSTRACT

The toxicity and emergence of resistance to available chemical drugs against visceral leishmaniasis is
evoking to explore herbal treatment. One such attempt with the Neem is being reported here. The current
study is primarily focused to evaluate the anti-leishmanial effects of Neem leaf extracts. Among which,
ethyl acetate fraction (EAF) alone was found to exhibit leishmanicidal effect validated through cytotox-
icity assay and estimated its ICso to be 52.4 pg/ml on the promastigote stage. Propidium iodide (PI) staining
of dead cells substantiated the aforementioned activity. Carboxy fluorescein-diaceate succinimidyl ester
(CFSE) staining of promastigotes has affirmed its anti-proliferation activity. The characteristic features
such as DNA fragmentation, reduced mitochondrial membrane potential, increased sub Go/G; phase para-
sites and increased reactive oxygen species (ROS) production in EAF treated promastigotes indicate the
apoptosis like death. In addition, the reduced parasite burden both in vitro (viz. ~45% in human mono-
cytic leukemia cell line (THP-1) and ~50% in peripheral blood mononuclear cells) and in vivo (spleen and
liver) provides the evidence for its anti-leishmanial activity on amastigote stage. The increase of ROS levels

Abbreviations: EAF, ethyl acetate fraction; VL, visceral leishmaniasis; THP-1, human monocytic leukemia cells; PBMCs, peripheral blood mononuclear cells; LC-MS/MS,
liquid chromatography-tandem mass spectrometry; ROS, reactive oxygen species; Wm, mitochondria membrane potential; MFI, mean fluorescence intensity; LDU, Leishman-

Donovan units; NO, nitric oxide.
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ABSTRACT

In order to understand the mechanism of molecularactions at the active site of Tryparedoxin Ridase
(Try P), homology modeling and docking studies weeeformed. We generated a Three-Dimensional (3D)
model of target protein based on the Crystal airectf Leishmania Major Try Pl (PDB ID: 3TUE) using
modeler software. Docking analysis was carried toustudy the effects of methotrexate on Tryparedoxi
Peroxidase (Try P). Inhibition of the Tryparedoxieroxidase interaction has become a new therapeutic
strategy in treating leishmaniasis. Docking analysas carried out to study the effects of methateon
Tryparedoxin Peroxidase (TryP). Tryparedoxin petage of Trypanosomatidae family functions as
antioxidant through their peroxidase and peroxyeitreductase activities. The theoretical dockihgdlyg,
conducted on a sample previously reported for @aricer properties of Methotrexate at the binditeyafi 3D
models of Tryparedoxin Peroxidase lafishmania brazliensis (L. brazlienss Try P) examine interaction
energy. Our studies indicate that Methotrexate lajsppotent activity against Try P with lowest bimgl
energy and RMSD values to be -14.5879 Kcal/Mol @@ A. The results of the present study clearly
demonstrated the Tryparedoxin Peroxidase inhibiotivity by methotrexate im silico docking analysis and
invitro assay which contributes towards understanding gehemism of antileishmanial activity.

Keywords. Homology Modeling, Molecular Dockind,eishmania Brazliensis, Tryparedoxin Peroxidase,
Methotrexate

1. INTRODUCTION and Inhoff, 2003; Perez-Pineiret al., 2009). The
enzyme Tryparedoxin Peroxidase (Try P)Lefshmania
Over the past 60 years very limited number of drugsbrazliensisis a 199 amino acid enzyme with a molecular
has been developed for the treatment of Leishm@nias weight of approximately 22.5 kDa. Try P belongshe
and the use of available drugs has been hampered bprotein family of peroxiredoxins was selected iristh
high cost, adverse side effects, development idteege  investigation as molecular target forsilico screening
by the parasite and also due to low efficacy (Ceb#l., of anti-leishmanial activity. This enzyme cascade
2006). Some experimental as well iassilico attempts  involves  Trypanothione  Reductase (Try R),
have been made to identify inhibitors or subversive Tryparedoxin (TXN) and trypanotione N N°-bis
substrates for various molecular targets (Kraudg8i (glutathionyl)-spermidine) serving as a mediator fo
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Varanasi-221005, India Tel: +91 542 2367936; +912862393
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