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Abstract Leishmaniasis has been ignored for many years mainly because it plagues remote
and poor areas. However, recently, it has drawn attention of several investigators, and active
research is going on for antileishmanial drug discovery. The current available drugs have
high failure rates and significant side effects. Recently, liposomal preparations of
amphotericin B are available and have proved to be a better drug, but they are very
expensive. Miltefosine is one of the few orally administered drugs that are effective against
Leishmania. However, it has exhibited teratogenicity, hence, should not be administered to
pregnant women. Thus, the search for novel and improved antileishmanial drugs continue.
A rational approach to design and develop new antileishmanials can be to identify several
metabolic and biochemical differences between host and parasite that can be exploited as
drug target. Moreover, many natural products also have significant antileishmanial activity
and are yet to be exploited. In the current review, we aim to bring together various drug
targets of Leishmania, recent development in the field, future prospects, and hope in the
area.
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Introduction

Leishmaniasis is mainly a poverty-related disease caused by 20 species of genus
Leishmania, a protozoa transmitted by the bite of a 2- to 3-mm long insect vector female
sandfly. Two genera of sandfly transmit Leishmania to humans: Lutzomyia in the New
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World and Phlebotomous in the Old World. This disease is formerly known as Orient Boil,
Baghdad Boil, black fever, sand fly disease, Dum-Dum fever, or espundia [1]. As per World
Health Organization statistics, leishmaniasis currently threatens 350 million men, women,
and children in 88 countries around the world. The vector condition of the disease is most
favorable in some parts of Third World countries due to poor living conditions and
sanitation [2]. Over 90% of the cases of leishmaniasis occur in different parts of India,
Bangladesh, Nepal, Sudan, and Brazil [3]. In India, the state of Bihar accounts for more
than 90% of the total reported cases [4]. However, human migration and climate changes
has broadened the ecologic niche of Leishmania’s vector and, currently, human infections
are found in 16 countries in Europe, including France, Italy, Greece, Malta, Spain, and
Portugal [5]. Recently, India has launched a program to eliminate visceral leishmaniasis
(VL) from the country by 2010.

In many of the endemic areas, dogs are considered as the major reservoir for human
disease, while in other regions, people are the principal reservoir for further human
infections [6]. Dogs appear naturally resistant to this parasite and may remain asymptomatic
despite infection [7].

There are three forms of leishmaniasis depending on the infecting species, which results
in wide range of clinical symptoms. These forms are cutaneous (CL), mucocutaneous
(MCL), and VL. The most of the VL, which is also known as kala-azar, is caused by
Leishmania donovani and is fatal if untreated. In case of VL, the parasites reside in the
liver, spleen, and bone marrow causing a severe systemic disease. Other two forms are less
serious, CL and MCL, and causes ulcers on the face, arms, and legs. They heal slowly but
leave scars or cause disfiguring. The causative Leishmania species of CL are Leishmania
major, Leishmania tropica, Leishmania ethiopica, Leishmania braziliensis, Leishmania
panamensis, Leishmania amazonensis, and Leishmania mexicana [8].

The life cycle of Leishmania parasite involves two forms, promastigote and amastigote.
Promastigote stage of parasite is injected into the human host by infected sandfly. The
promastigotes are first phagocytosed by macrophages where they are transformed into
amastigote, multiplied, and released to systemic circulation. Non-motile amastigotes
subsequently infect different tissues, depending on the Leishmania species, which causes
the corresponding clinical manifestation of the disease. When sandflies bite an infected
host, there is intake of amastigotes. In the vector fly’s midgut, these parasites differentiate
into the so-called promastigote form, which multiplies and finally migrates to the fly’s
proboscis [9].

The treatment of leishmaniasis strongly relies mainly upon pentavalent antimonials,
sodium stibogluconate (Pentostam), and meglumine antimoniate (Glucantime) introduced
in the first half of the century. The mechanism of action of these drugs is not clearly
understood, but they are reported to have significant side effects [10]. Moreover, failure
rates of these drugs are approximately in 10-25% of cases, except in state of Bihar (India),
where the failure rate is >60%. The new and first ever oral drugs Miltefosine, a
phosphocholine analog originally developed as antimalignant drug, has been found to be
highly active against Leishmania in vitro as well as in animal model. Miltefosine and
Amphotericin B appear to be better treatment options, but problem of resistance and side
effect remains uncracked [11]. High cost precludes the use of Miltefosine and the latter,
Amphotericin B, is teratogenic, thus not recommended for pregnant women [12]. Another
drug, paromomycin sulfate (Humatin), approved for use recently, achieved cure rates
similar to those with amphotericin B in patients with VL with similar side effects [13].The
above discussion is indicative of the urgent need to identify new antileishmanial
compounds.
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Antileishmanial Drug Discovery by Targeting Various Metabolic Pathways
Trypanothione Metabolism

A rational approach to design and develop new antileishmanials has identified several
metabolic and biochemical differences between host and parasite that can be exploited as
drug target. One such validated drug target is trypanothione reductase [14]. In mammals,
glutathione (y-glutamyl-cysteinyl-glycine; GSH) metabolism is the principle route of
removal of reactive oxygen intermediates, such as the superoxide anion radical (O, ),
hydrogen peroxide (H,O,), peroxynitrite (ONOO"), and the hydroxyl radical (HO")
produced by cellular respiratory process or by external agents like host immune system.
Glutathione synthetase is one of the important enzyme involved in synthesis of glutathione.
The enzyme that converts it from its oxidized form, glutathione reductase, (nicotinamide
adenine dinucleotide phosphate (NADPH)-dependent), is constitutively active and
inducible upon oxidative stress. Oxidized glutathione is reduced immediately and is found
mainly in its reduced form. Selenium-dependent glutathione peroxidase reduces reactive
oxygen intermediates and, in the process, converts GSH to GSSH [15]. However,
Leishmania parasite lacks this antioxidant defense mechanism and relies on cascade of
three enzymes: trypanothione synthetase trypanothione-recycling flavoprotein trypano-
thione reductase (TR) and tryparedoxin-recycling enzyme tryparedoxin peroxidase (TP)
working in concert with trypanothione (N', N*-bis (glutathionyl)-spermidine), tryparedoxin
(TryX) and NADPH. Trypanothione synthetase catalyzes trypanothione synthesis from
glutathione and spermidine. The synthesized trypanothione is maintained in reduced form
by trypanothione reductase in the presence of NADPH, which in turn reduces tryparedoxin
followed by reduction of 2 Cyc-peroxiredoxin tryparedoxin peroxidase. As shown in Fig. 1,
The active tryparedoxin peroxidase is then used to catalyze the reduction of hydrogen
peroxide and organic hydro-peroxides to water and alcohol [16]. Thus, trypanothione
reductase and tryparedoxin peroxidase, which are analogous to mammalian glutathione
reductase and glutathione peroxidase, respectively, and trypanothione synthetase, which is
analogous to glutathione synthetase, are the novel targets for development of new drug by
rational inhibitor design. Dumas et al. [14] have investigated further the physiological role
of TR in Leishmania and tried to create TR-knockout mutants by gene disruption in L.
donovani and L. major strains using the selectable markers neomycin and hygromycin
phosphotransferases. The experiment has established that the enzyme is essential for
survival of the parasite [14]. Lots of research is focused on identification of specific
inhibitors of TR. However, most of research is focused on other trypanosomal species and
may not be inhibitory against TR from Leishmania species due to minute difference in
structure. Bonse et al. [17] have evaluated series of 9-amino and 9-thioacridines as
inhibitors of trypanothione reductase (TR) from Tiypanosoma cruzi. The compounds are
structural analogs of the acridine drug mepacrine (quinacrine), which is a competitive
inhibitor of the parasite enzyme, but not of human glutathione reductase, the closest related
host enzyme. 9-Aminoacridines are competitive inhibitors of TR with more than one
binding site, while 9-thioacridines inhibit TR with mixed-type kinetics [17]. Recently,
quaternized analogs of the 2-chlorophenyl phenyl sulfides are also reported to be
antileishmanial and suggested to be the inhibitor of TR [18]. The bisbenzylisoquinoline
alkaloids were also shown to be potent inhibitors of TR and trypanocidal agents [19].
Antimicrobial chlorhexidine {1, 1'-hexamethylenebis [5-(4-chlorophenyl) biguanide]} is
also shown to be an inhibitor of TR [20]. Only limited animal studies have been reported on
these compounds. Only the phenothiazines and related tricyclic antidepressants were shown
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to reduce parasite burden in infected mice. Most of the other compounds are not effective,
most likely because they get metabolized in the body. Thus, search for new class of TR

inhibitor is still on. Moreover, inhibitory effect of these compounds against Leishmania TR
needs to be evaluated.

Methylglyoxal Metabolism

Methylglyoxal, a highly active dicarbonyl glycolytic byproduct, causes mutagenesis and
cytotoxic effects by reacting with nucleophilic centers of RNA, DNA, and proteins. In all
mammalian cells, the detoxification of methylglyoxal solely depends on a universal
glyoxalase system which involves a sequential action of glyoxalase I (Glx1; EC 4.4.1.5)
and glyoxalase II (Glx2; EC 3.1.2.6) in concert with a tripeptide glutathione as cofactor
[21]. However, for a similar purpose, the trypanosomatid relies on an analogous
trypanothione-dependent glyoxalase system in which GIx1 catalyzes formation of S-D-
lactoyltrypanothione from the hemithioacetal formed non-enzymatically from methyl-
glyoxal and reduced trypanothione. In the next step, GIx2 catalyzes an irreversible
hydrolysis of S-D-lactoyltrypanothione to D-lactate and regenerates trypanothione [22].
Although the trypanosomatids and their mammalian host both have similar glyoxalase
system, their difference in substrate specificity indicates that Glx1 or Glx2 could be a
potential target for antitrypanosomatid chemotherapy. Moreover, the glyoxalase system has

Glutathione system in Mammalian host

2GSH ROH+H,0
NADPH

GSSG ROOH
NADP+

Trypanothione system in Leishmania sp.
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NADPH 2TSH ROH+H,0
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Fig. 1 Difference is oxidative stress removal metabolism between mammalian host and Leishmania parasite
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already been proposed as an interactive target for anticancer [21] and antimalarial [22]
chemotherapy, thus the inhibition of the trypanothione-dependent glyoxalase pathway of
Leishmania sp. may be a possible solution of leishmaniasis.

Parasite Glycolysis

The energy metabolism of trypanosomatids solely depends on the available carbon sources
in their hosts. The amastigote forms of Leishmania species use glucose of mammalian
bloodstream and fatty acids of lysosomal compartment of macrophages as energy source.
Whereas, the insect stage of Leishmania species (promastigote) encodes an amylase to
obtain energy from amino acids catabolism and a sucrase-like protein for digestion of
disaccharides taken in by the sand flies feeding on nectar or honeydew. The metabolic
adaptation of the rapid environmental change, caused by parasite transmission between
vertebrates host to insect, is regulated by peroxisomes-like organelles called glycosomes
[23]. The net ATP production in glycolysis pathway from glucose to pyruvate results in
autocatalysis of hexokinase (HXK) or phosphofructokinase (PFK) that in-turn causes the
accumulation of hexose phosphate intermediates to lethal level. In trypanosomatids, the unique
compartmentalization of glycolysis within glycosomes regulates HXK and PFK catalysis, in
order to avoid the negative side effect of autocatalytic design of glycolysis, whereas in other
organisms, this is performed by a feedback inhibition of HXK and PFK [24].

Glycosomes contain the seven glycolytic enzymes catalyzing glucose to 3-
phosphoglycerate conversion, where the consumption and production of ATP is balanced.
The net ATP synthesized in cytosolic portion of remaining glycolysis pathway is
inaccessible through glycosomal membrane for HXK or PFK. Hence, the compartmental-
ization of glycolysis provides an alternative mechanism to prevent the accumulation of
toxic level of glycolysis intermediates, glucose 6-phosphate, fructose 6-phosphate, and
fructose 1,6-bisphosphate [25]. This unique organization of glycolytic pathway in
Leishmania sp. and its large evolutionary distance to mammalian host indicates the
occurrence of unique structural and functional features of intermediate enzymes in parasite.
Thus, these enzymes could be potential targets for antileishmanial drug.

Purine Salvage Pathway

All parasitic protozoa, including Leishmania sp. lack the ability to synthesize purine
nucleotides de novo and absolutely rely on a unique salvage enzyme system to obtain
purine bases from their mammalian hosts. In Leishmania sp., at the first step of this process,
purine bases are transported across parasite membrane by two kind of nucleoside
transporters, LANT1 and LdNT2, present on cell surface [26]. LANTI is present in both
promastigote and amastigote stages of the parasite life cycle and transports adenosine/
pyrimidine nucleoside, while LANT2, present at the amastigote stage, specifically transports
only purine nucleosides [27]. Since these purine transporters have an important role in
nucleoside transportation within cells, they could be a potential route for delivery of
analogous cytotoxic drug delivery in Leishmania species.

Within parasite, the enzymes adenine deaminase and guanine deaminase catalyze the
conversion of adenine and guanine to hypoxanthine and xanthine, respectively, which in
turn are converted to inosine monophosphate (IMP) and xanthine monophosphate (XMP),
respectively, by phosphoribosyl transferase (PRTase) activity of adenine phosphoribosyl
transferase (APRTase), hypoxanthine-guanine phosphoribosyl transferase (HGPRTase), and
xanthine phosphoribosyl transferase (XPRTase). Adenylosuccinate synthetase and adeny-
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losuccinate lyase convert IMP to AMP, whereas XMP is converted to GMP by GMP
synthetase [28].

Moreover, it has also been reported that Leishmania sp. contains trace amount of
nucleoside kinase, which can directly convert nucleosides to mononucleotides [29]. Thus,
various alternative purine salvage pathways exist in the parasite, so inhibition of a single
enzyme would not be lethal for them. Therefore, a chemotherapeutic agent that can inhibit
more than one enzyme of purine salvage pathway could be an alternative solution of
antileishmaniasis drug.

Natural Products as Antileishmanial Compound

Natural products have played an important role in the drug discovery process. Several
medicinal plants have been traditionally used for treatment of leishmaniasis. Many compounds
were isolated from plant source and found to have antileishmanial activity, although the exact
mechanism of action of these plants extract against Leishmania parasite remains unclear. It is
likely that these natural products may have inhibitory effects against one or more parasite-
specific enzyme or parasitic enzyme whose mammalian counterpart is significantly different.

A variety of aromatic ketones that forms the central core for many biological
compounds, known collectively as chalcones, is shown to have antileishmanial activity.
Licochalcone A is one of such compounds, isolated from the roots of licorice, Glycyrrhiza
inflate. The compound strongly inhibited amastigotes state of L. major. It has been
demonstrated that licochalcone A alters the ultrastructure and function of the mitochondria
of Leishmania parasites. Licochalcone A is reported to inhibit parasite-specific fumarate
reductase enzyme [30]. Another chalcone, 2',6’-Dihydroxy-4'-methoxychalcone was
purified from the dichloromethane extract of Piper aduncum and showed significant
activity against promastigotes and intracellular amastigotes of L. amazonensis [31]. The
antileishmanial activity of 2',6’-dihydroxy-4'-methoxychalcone was further enhanced after
encapsulation in polymeric nanoparticles. Recently, Torres-Santos et al. [31] have shown
that the compound alters the sterol composition of L. amazonensis and suggests that the
parasite target is different from other known sterol inhibitors.

Two chalcones, 2,2',4'-trihydroxy-6'-methoxy-3',5'-dimethylchalcone and 2'.4'-
dihydroxy-6'-methoxy-3',5'-dimethylchalcone, from methanolic extract of Psorothamnus
polydenius have also shown to have antileishmanial activity [32].Three isoflavans, isolated
from the Iranian plant Smirnowia iranica (Fabaceae), 8-prenylmucronulatol, lyasperin H,
and smiranicin, inhibited the growth of L. donovani promastigotes. S. iranica appears to
have a rich source of antileishmania isoflavans. However, these compounds isolated from S.
iranica show little host cell toxicity, which limits their pharmaceutical value.

The antileishmanial activity of these flavonoids was correlated to minicircle linearization
in parasites and inhibition of leishmanial topoisomerase II catalytic activity [32]. Similarly,
several other plant secondary metabolites are shown to have antileishmanial activity and listed
in Table 1. Many plant extracts are shown to have antileishmanial activity, but the chemical
nature of the compound is not defined in such cases. The chloroform fraction extract of
Peschiera australis was shown to have antileishmanial activity [33]. Aqueous onion extracts
shows antileishmanial effect against many Leishmania species [34]. Hexane, dichloro-
methane, ethyl acetate, and methanol extracts of Warburgia ugandensis (Canellaceae), a
Kenyan medicinal plant, shows strong antileishmanial activity [35]. Crude ethanolic extract
of Indian medicinal plant, Desmodium gangeticum, also shows significant activity against
Leishmania [36].
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Table 1 Various natural products shown to have antileishmanial activity.

S No Compound Comments Plant Reference
1 Argentilactone Lactones Annona haematantha [43]
(Annonaceae)
2 Klaivanolide Lactones Uvaria klaineana (Annonaceae)  [43]
3 Rolliniastatin-1 Acetogenins Rollinia emarginata [44]
(Annonaceae)
5 Sylvaticin Acetogenins Rollinia emarginata [44]
(Annonaceae)
6 Quamocin Acetogenins Rollinia emarginata [44]
(Annonaceae)
Minquartynoic acid Acetylenes Minquartia guianensis [45]
Actinodaphnine® Alkaloid Cassytha filiformis (Lauraceae) [46]
Sarachine Aminosteroid Saracha punctata (Solanaceae) [47]
10 2-n-Propylquinoline Quinoline alkaloids Golipea longiflora (Rutaceae) [48]
11 Chimanine B Quinoline alkaloids Golipea longiflora (Rutaceae) [48]
12 Chimanine D Quinoline alkaloids Golipea longiflora (Rutaceae) [48]
13 Canthin-6-one-alkaloids Alkaloids Ailanthus excelsa [49]
14 Amarogentin® Secoiridoid Picrorhiza kurrooa [50]
glycoside
15  Liriodenine Alkaloid Stephania dinklagei [51]
(Menispermaceae)
16  N-methylliriodendronine Alkaloid Stephania dinklagei [51]
(Menispermaceae)
17 Xylopine Alkaloid Guatteria amplifolia (Annonaceae) [52]
18  Berberine Alkaloid Hydrastis canadensis [53]
19 Benzoquinolizidine cephaeline  Alkaloid Psychotria klugii (Rubiaceae) [54]
20  Pendulone Quinones Millettia pendula [55]
21 1- Quinones Psychotria (Cephaelis) [56]
Hydroxybenzoisochromanquinone camponutans
22 Benzo[g]isoquinoline-5,10-dione Anthranoid Vismia orientalis (Clusiaceae) [56]
23 Emodin Anthranoid Vismia orientalis (Clusiaceae) [57]
24 Vismione D Anthranoid Vismia orientalis (Clusiaceae) [57]
25  3-Geranyloxy-6-methyl-1, Anthraquinones Vismia orientalis (Clusiaceae) [57]
8-dihydroxyanthraquinone
26  Diospyrin® Naphthoquinones  Diospyros montana [50]
27 Yuccasaponin MC3 Saponin Yucca filamentosa (agavaceae) [58]
28  3-Oxotirucalla-7, Triterpene Celaenodendron mexicanum [59]
247-dien-26-oic acid carboxylic acid
29  Isoiguesterin Triterpenes Salacia madagascariensis [60]
(Celasteraceae)
30  Simalikalactone D Triterpenes Simaba orinocensis [61]

(Simaroubaceae)

? The alkaloid was shown to interfere with the catalytic activity of DNA topoisomerases.
® Inhibits the activity of DNA topoisomerase .

“Selective inhibition of topoisomerase I (does not inhibit topoisomerase II).

KU
3¢ Humana Press



2215

Appl Biochem Biotechnol (2010) 160:2208-2218

sojognsewe Surureiuod sofeydororu

[89] ur so10ads ua8AX0 9A130BAI JO UONRIUAL) SIYIROIIAUYdIpOnIUIP JAIOE XOPIY sojo3nsewry Kemyped oAnepIxQ
asuodsar sunurwl
[£9] o) SNy} pue eweS-N ] JO S[OAJ] SAJBA[H audeA VNA T1-dIN - WISAS ouNIT]
(urorueaiwis pue ‘H uLddseA]
[zg] Ayanoe onArejeo I oserowostodoy YN SHAIYU] ‘[orenuoronujAuaid-g ““5-0) sprouoaery 11 esexowostodo} YN uoneordoy YNA
[1€] uonisodwod [019)s Ay} SIN|Y QUOD[BYIAXOYJOUW-, -AXOIPAYIP-,9°,7 S[0121S SIS9)UASOIq [019)50319
Q[0KdJ1] ruvwUiYys127T JO AFe)s 9j0FNSewe Jo
BLIPUOYOO0)IW JO 2Imonnsen[n sydnisip pue
[og] 9JBUIDONS 0} dJRIBWINJ JO UOISIOAUOD Y} SHQIYU] V QUOO[BYD09I] asejonpal ajerewnj uonendsar [e1qoIdIA
sisoyyuAs prdijoydsoyd pue urejord
Jo uoniqryur uisned ‘YN Pue VN ojut
[8] SpIoe o13[oNu Jo uonerodiooul S)IqIyul PZINGIN IozingaN  spidijoydsoyd pue urojord uoneidjijold pue yimois [[p)
[99] VNQ 3sejdojouny [ewosouedAn yim spoeIuI] (00€-weudd) QuUIpIBIUd  9SBJAX0QIBOdP AUIIIUIQ SISUIUASOIq duIweA[od
[8] sisayjuAsolq [019)s pue pidijoydsoyd jo uoniquyuy QuISOJAIN  S[o1d3s pue spidijoydsoyd uononpsuer) [eudis [[o)
[s9] AL Jo 1onqryuy (ds prwuoyy woy [Ausydiq e) ursnud)y
[¥9] YL Jo Joyqryur aanpeduwo) aurwerdiwo])y
sonauDy odA)-paxIut Yiam YL NqIYul SOUIPLIGLOIY-6
SIyMm 2)1s SUIpUIq dUO UBY) 20U YIM L
[61] Jo s10qIyuI 9AN1RdWOd I8 SOUIPLIOBOUTI /-6 SOUIPLIOROIY}-6 PUB SIUIPLIOBOUIIUY/-6
[£1] L Jo Jonqryur dannedwo)) (ouwoeurnb) suuoedaw Fnip duIpLIOY
(Y.L) aseyonpar asuau1yd wn1dA77 woiy paye[os ‘(Juoge
[€9] uorypouedAn jo uoniquyur odA)-paxIjn QAISUROdAY [eINjeu B) Y QUIURONNY]
ssans aaneprxo o) disered Juisodxa pue
31 SuneAanoeul snyj asejonpal auoryjouedLn
[8] s x9[dwod judreaod suoy jordosred JoxdosIeoN
osuodsor [y, Suons e Suronpur djeruownue durun|Sow pue ojeuoon3oqus
[z9] ‘uononpoid [[99-] pue ewwes-N ] $1500q )] wnIpos <39 ‘spunodwod [elUOWNUER JUd[EABIUDJ  dsejonpal suoryjouedAl] wsijoqeldw duoryjouedAi],
Q0uRIJoY uonIqIyuy Jo 9po spunodwoo/s1031qryuy Pp)oSIe) surjorg Kemyjed

's1081e) Snup [enuojod oq Aew pue SIOYQIYUI JUAIIMIP Aq Pajodre) surjord/sAemyied snoues g d[qeL,

Humana Press

RUA

ne



2216 Appl Biochem Biotechnol (2010) 160:2208-2218

Conclusion

As discussed earlier in the review, several metabolic pathways like trypanothione
metabolism, methylglyoxal metabolism, parasite glycolysis, purine salvage pathway, and
target enzymes/molecules of the pathways have been identified for antileishmanial drug
discovery. Extensive research is being carried out to identify compounds which can
interfere with parasite-specific pathway and can be further developed in the drug against
leishmaniasis. We have summarized such studies in Table 2. Moreover, several plant
contain antileishmanial compound. An extensive list is given in Table 1. However, in most
of the cases, exact mode of action of the plant product is not known. Few of the compounds
from the plant origin has been studied in more detail, and mode of action/or target molecule
is known. As mentioned in Table 1, diospyrin, a naphthoquinones from Diospyros
montana, and amarogentin, a secoiridoid glycoside from Picrorhiza kurrooa, are selective
inhibitor of topoisomerase I. Moreover, the compound vasicine or peganine, found in
the plant Peganum harmala, has been tested in vitro against the promastigote stage of
L. donovani. It was shown that this compound induces apoptosis in Leishmania
promastigotes. Peganine hydrochloride dehydrate is more safe and induces apoptosis in
all stages of life cycle of L. donovani by eliminating transmembrane potential of
mitochondria [37]. Moreover, betulinic acid, a naturally occurring pentacyclic triterpenoid,
and Luteolin, a flavonoid isolated from Salvia tomentosa, are found to inhibit top-
oisomerase of Leishmania [38, 39]. An anticarcinogen, 3,3'-diindolylmethane which is
derived from indole-3-carbinol found in Brassica vegetables is found to have antileishma-
niasis activity by inhibition of FoF;-ATP synthase [40]. Recently, our group has focused the
attention on development of novel therapeutics against leishmaniasis by targeting parasite-
specific trypanothione metabolic pathway [41, 42].

Acknowledgement Infrastructural facilities provided by Indian Institute of Technology Guwahati and
Financial support by Department of Biotechnology (Project No.: SAN No. 102/IFD/SAN/PR1827/2008-
2009) and Department of Information Technology (Project No.: DIT/R&D/BIO/15(12)/2008), Government
of India, in the form of research grant to VKD are acknowledged.

References

1. Myler, P. J. & Fasel, N. (2008). Leishmania: after the genome. Wymondham, UK: Caister Academic
Press.
. Alvar, J. Yactayo, S. & Bren, C. (2006). Trends in Parasitology, 2, 552-557.
. Murray, H. W. (2002). New England Journal of Medicine, 347, 1793—-1794.
. Bora, D. (1999). National Medical Journal of India, 12, 62—-68.
. Dujardin, J. C. Campino, L. Canavate, C. et al. (2008). Europe. Emerging Infectious Diseases, 14, 1013—
1018.
. Slappendel, R.J., & Ferrer, L. (1998). In: C. E. Greene (Ed.), Infectious diseases of the dog and cat (pp.
450-458). Philadelphia: WB Saunders Co.
7. Grosjean, N. L. Vrable, R. A. Murphy, A. J. & Mansfield, L. S. (2003). Journal of the American
Veterinary Medical Association, 222, 603—606.
8. Croft, S. L. & Coombs, G. H. (2003). Trends in Parasitology, 19, 502—508.
9. Pearson, R. D. Jeronimo, S. M. B. & Sousa, A. (1996). Clinical Infectious Diseases, 22, 1-13.
10. Mattock, N. (1999). TDR News, 60, 1-2.
11. Sinha, P. K. Ranjan, A. Singh, V. P. Das, V. N. R. Pandey, K. Kumar, N. et al. (2006). Journal of
Infection, 53, 60—64.
12. Berman, J. (2003). Current Opinion in Infectious Diseases, 16, 397.
13. Sundar, S. Jha, T. K. Thakur, C. P. Sinha, P. K. & Bhattacharya, S. K. (2007). New England Journal of
Medicine, 356, 2571-2581.

[V NS IS )

=2

KU
3¢ Humana Press



Appl Biochem Biotechnol (2010) 160:2208-2218 2217

14.

15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.
29.

30.

31.

32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43.

44,

Dumas, C. Ouellette, M. Tovar, J. Cunningham, M. J. Fairlamb, A. H. Tamar, S. et al. (1997). EMBO
Journal, 16, 2590-2598.

Flohe, L. Hecht, H. J. & Steinert, P. (1999). Free Radical Biology & Medicine, 27, 966-984.

Alphey, M. S. Bond, C. S. Tataud, E. Fairlamb, A. H. & Hunter, W. N. (2000). Journal of Molecular
Biology, 300, 903-916.

Bonse, S. Santelli-Rouvier, C. Barbe, J. et al. (1999). Journal of Medicinal Chemistry, 42, 5448-5454.
Parveen, S. Khan, M. O. F. Austin, S. E. Croft, S. L. Yardley, V. Rock, P. et al. (2005). Journal of
Medicinal Chemistry, 48, 8087-8097.

Fournet, A. Barrios, A. A. Munoz, V. Hocquemiller, R. Cave, A. & Bruneton, J. (1993). Antimicrobial
Agents and Chemotherapy, 37, 859-863.

Meiering, S. Inhoff, O. Mies, J. Vincek, A. Garcia, G. Kramer, B. et al. (2005). Journal of Medicinal
Chemistry, 48, 4793-4802.

Thronalley, P. J. Ladan, M. J. Ridgway, S. J. S. & Kang, Y. (1996). Journal of Medicinal Chemistry, 39,
3409-3411.

Vickers, T. J. Greig, N. & Fairlamb, A. H. (2004). Proceedings of the National Academy of Sciences of
the United States of America, 101, 13186—13191.

Bringaud, F. Riviére, L. & Coustou, V. (2006). Molecular and Biochemical Parasitology, 149, 1-9.
Haanstra, J. R. Tuil, A. V. Kesseler, P. Reijnders, W. Michels, P. A. M. Westerhoff, H. V. et al. (2008).
Proceedings of the National Academy of Sciences of the United States of America, 105(46), 17718—
17723.

Michels, P. A. M. Bringaud, F. Herman, M. Hannaert, M. & Hannaert, V. (2006). Biochimica et
Biophysica Acta, 1763, 1463-1477.

Datta, A. K. Datta, R. & Sen, B. (2008). Antiparasitic chemotherapy: tinkering with the purine salvage
pathway. Advances in Experimental Medicine and Biology, 625, 116—-132.

Aronow, B. Kaur, K. McCartan, K. & Ullman, B. (1987). Molecular and Biochemical Parasitology, 22,
29-37.

Glew, R. H. Saha, A. K. Das, S. & Remaley, A. (1988). Microbiological Reviews, 52(4), 412—432.
Lafon, S. W. Nelson, D. J. Berens, R. L. & Marr, J. J. (1985). Journal of Biological Chemistry, 260(17),
9660-9665.

Chen, M. Zhai, L. Christensen, S. B. Theander, T. G. & Kharazmi, A. (2001). Antimicrobial Agents and
Chemotherapy, 45, 2023-2029.

Torres-Santos, E. C. Sampaio-Santos, M. 1. Buckner, F. S. Yokoyama, K. Gelb, M. Urbina, J. A. et al.
(2009). Journal of Antimicrobial Chemotherapy, 63, 469-472.

Salem, M. M. & Werbovetz, K. A. (2005). Antiprotozoal Compounds from Psorothamnus polydenius.
Journal of Natural Products, 68, 108.

Delorenzi, J. C. Attias, M. Gattass, C. R. Andrade, M. Rezende, C. da Cunha Pinto, A. et al. (2001).
Antimicrobial Agents and Chemotherapy, 45, 1349—1354.

Saleheen, D. Ali, S. A. & Yasinzai, M. M. (2004). Fitoterapia, 75, 9-13.

Ngure, P. K. Tonui, W. K. Ingonga, J. Mutai, C. Kigondu, E. Nganga, Z. et al. (2009). Journal of
Medicinal Plants Research, 3, 61-66.

Singh, N. Mishra, P. K. Kapil, A. Arya, K. R. Maurya, R. & Dube, A. (2005). Journal of
Ethnopharmacology, 98, 83-88.

Misra, P. Khalig, T. Reddy, K. P. Gupta, S. Kant, R. Maulik, P. R. et al. (2008). Journal of Antimicrobial
Chemotherapy, 62, 998—1002.

Chowdhury, A. R. Mandal, S. Mittra, B. Sharma, S. Mukhopadhyay, S. & Majumder, H. K. (2002).
Medical Science Monitor, 8, BR254-BR265.

Chowdhury, A. R. Sharma, S. Mandal, S. Goswami, A. Mukhopadhyay, S. & Majumder, H. K. (2002).
Biochemical Journal, 366(Pt 2), 653—661.

Roy, A. Ganguly, A. BoseDasgupta, S. Das, B. B. Pal, C. Jaisankar, P. et al. (2008). Molecular
Pharmacology, 74, 1292-1307.

Singh, B. K. Sarkar, N. & Dubey, V. K. (2008). Current Trends in Biotechnology and Pharmacy, 2, 390-395.
Singh, B. K. Sarkar, N. Jagannadham, M. V. & Dubey, V. K. (2008). BMB Reports, 41, 444-447.
Akendengue, B. Roblot, F. Loiseau, P. M. Bories, C. Ngou-Milama, E. Laurens, A. et al. (2002).
Phytochemistry, 59, 885.

Fevrier, A. Ferreira, M. E. Fournet, A. Yaluff, G. Inchausti, A. Rojas de Arias, A. et al. (1999). Planta
Medica, 65, 47.

. Marles, R. J. Farnsworth, N. R. & Neill, D. A. (1989). Journal of Natural Products, 52, 261.
. Hoet, S. Stevigny, C. Block, S. Opperdoes, F. Colson, P. Baldeyrou, B. et al. (2004). Planta Medica, 70, 407.
. Moretti, C. Sauvain, M. Lavaud, C. Massiot, G. Bravo, J. & Munoz, V. (1998). Journal of Natural

Products, 61, 1390.

\\V)
2.« Humana Press



2218 Appl Biochem Biotechnol (2010) 160:2208-2218

48.

52.
53.
54.
55.
56.
57.

58.
. Saeidnia, S. Gohari, A. R. Uchiyama, N. Ito, M. Honda, G. & Kiuchi, F. (2004). Chemical and

60.
61.

62.

63.
64.

65.

Fournet, A. De Arias, R. A. Ferreira, M. E. et al. (2000). International Journal of Antimicrobial Agents,
13, 189-195.

. Thouvenel, C. Hocquemiller, R. & Fournet, A. (2002). Journal of Ethnopharmacology, 80, 199-202.
. Ray, S. Hazra, B. Mittra, B. Das, A. & Majumder, H. K. (1998). Molecular Pharmacology, 54, 994.
. Camacho, M. R. Kirby, G. C. Warhurst, D. C. Croft, S. L. & Phillipson, J. D. (2002). Planta Medica, 66,

478.

Montenegro, H. Gutierrez, M. Romero, L. I. Ortega-Barria, E. Capson, T. L. & Rios, L. C. (2003).
Planta Medica, 69, 677.

Kalla, G. Singh, M. K. & Kalla, G. (1996). Indian Journal of Dermatology Venereology and Leprology,
62, 149-151.

El-On, J. Jacobs, G. P. Witztum, E. & Greenblatt, C. L. (1984). Antimicrobial Agents and Chemotherapy,
26, 745. district.

Takahashi, M. Fuchino, H. Satake, M. Agatsuma, Y. & Sekita, S. (2004). Biological and Pharmaceutical
Bulletin, 27, 921.

Del Rayo Camacho, M. Phillipson, J. D. Croft, S. L. Yardley, V. & Solis, P. N. (2004). Planta Medica,
70, 70.

Mbwambo, Z. H. Apers, S. Moshi, M. J. Kapingu, M. C. VanMiert, S. Claeys, M. et al. (2004). Planta
Medica, 70, 706.

Plock, A. Beyer, G. Hiller, K. Grundemann, E. Krause, E. Nimtz, M. et al. (2001). Phytochemistry, 57, 489.

Pharmaceutical Bulletin, 52, 1249.

Thiem, D. A. Sneden, A. T. Khan, S. I. & Tekwani, B. L. (2005). Journal of Natural Products, 68, 251.
Muhammad, I. Bedir, E. Khan, S. I. Tekwani, B. L. Khan, I. A. Takamatsu, S. et al. (2004). Journal of
Natural Products, 67, 772.

Singh, N. Gupta, R. Jaiswal, A. K. Sundar, S. & Dube, A. (2009). Journal of Antimicrobial
Chemotherapy, 64(2), 370-374. doi:10.1093/jac/dkp206.

Khan, M. (2007). Drug Target Insights, 1, 129-146.

Benson, T. J. Mckie, J. H. Garforth, J. Borges, A. Fairlamb, A. H. & Douglas, K. T. (2008). Journal of
Biochemistry, 286, 9-11.

Cota, B. B. Rosa, L. H. Caligiorne, R. B. Rabello, A. L. T. Almeida Alves, T. M. & Zani, C. S. (2008).
FEMS Microbiology Letters, 285, 177-182.

. Heby, O. Roberts, S. C. & Ulman, B. (2005). Biochemical Society Transactions, 31, 415-419.
. Bhaumik, S. Basu, R. Sen, S. Naskar, K. & Roy, S. (2008). Vaccine, 12, 053.
. Delfin, D. A. Morgan, E. R. Zhu, X. & Werbovetz, A. K. (2009). Bioorganic & Medicinal Chemistry, 17,

820-829.

KU
3¢ Humana Press


http://dx.doi.org/10.1093/jac/dkp206

	Rational Approaches for Drug Designing Against Leishmaniasis
	Abstract
	Introduction
	Antileishmanial Drug Discovery by Targeting Various Metabolic Pathways
	Trypanothione Metabolism
	Methylglyoxal Metabolism
	Parasite Glycolysis
	Purine Salvage Pathway

	Natural Products as Antileishmanial Compound
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


