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Abstract The mortality rate of leishmaniasis is increasing
at an alarming rate and is currently second to malaria
amongst the other neglected tropical diseases. Unfortu-
nately, many governments and key stakeholders are not
investing enough in the development of new therapeutic
interventions. The available treatment options targeting
different pathways of the parasite have seen inefficiencies,
drug resistance, and toxic side effects coupled with longer
treatment durations. Numerous studies to understand the
biochemistry of leishmaniasis and its pathogenesis have
identified druggable targets including ornithine decar-
boxylase, trypanothione reductase, and pteridine reductase,
which are relevant for the survival and growth of the par-
asites. Another plausible target is the sterol biosynthetic
pathway; however, this has not been fully investigated.
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Sterol biosynthesis is essential for the survival of the
Leishmania species because its inhibition could lead to the
death of the parasites. This review seeks to evaluate how
critical the enzymes involved in sterol biosynthetic path-
way are to the survival of the leishmania parasite. The
review also highlights both synthetic and natural product
compounds with their ICsy, values against selected
enzymes. Finally, recent advancements in drug design
strategies targeting the sterol biosynthesis pathway of
Leishmania are discussed.
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Abbreviations

PTM Pentamidine

Amp B Amphotericin B

Milt Miltefosine

24-SMT Sterol methyltransferase

SAM S-Adenosyl-L-methionine

HMG-CoA reductase, HMGR  3-Hydroxy-3-methyl-
glutaryl-coenzyme A
reductase

FPPS Farnesyl-pyrophosphate
synthase

SQS Squalene synthase

SQE Squalene epoxidase

CYP51 Sterol 14alpha-
demethylase

1TZ Itraconazole

POSA Posaconazole

FIC Fractional inhibitory
concentration

LSO Lanosterol oxidase

Introduction

Leishmaniasis is endemic in more than 98 countries
worldwide including Brazil, Algeria, Ethiopia, Sudan,
South Sudan, Bangladesh, Kenya, Somalia, and India. It
affects over 350 million people worldwide (WHO 2020;
Jain and Jain 2015; Leta et al. 2014) and it is estimated that
700,000 to 1 million new cases of leishmaniasis occur
annually with a mortality rate of about 10% representing
20,000 to 40,000 cases (WHO 2020). The rise in the
number of reported cases as well as the increase in the
number of geographical areas has sparked concerns
(Kholoud et al. 2018; Costa et al. 2011). Furthermore, the
increase in the number of leishmania coinfection with HIV
in Brazil, Ethiopia, India, and more recently in Nigeria is
worrying (Tavora et al. 2015; Kone et al. 2019). Visceral,
cutaneous, and mucocutaneous leishmaniasis are the three
endemic forms that present as ulcers of the skin, mouth,
and nose. It mostly affects people living in poverty-stricken
regions around the world (WHO 2020). Presently, there are
no vaccines for leishmaniasis, and the only treatment
option is also besieged with long term treatment course,
toxicity and in some instances severe side effects (Ghor-
bani and Farhoudi 2018; Alvar et al. 2012).

The first-line drug used is the repurposed organometallic
prodrug called pentavalent antimony (Sb¥) sodium sti-
bogluconate which works by inhibiting the trypanothione
reductase (Nagle et al. 2014). However, there are growing
concerns about its efficacy, chemotoxicity, and drug

resistance (Nagle et al. 2014). The second-line treatment
includes pentamidine (PTM) and amphotericin B (Amp B)
which works by inhibiting the DNA and sterol biosynthetic
pathways, respectively (Bhargava and Singh 2012; Rodri-
gues et al. 2015). Currently, PTM appears to be no longer
useful because of serious toxic side effects and concerns of
drug resistance. While the use of Amp B requires hospi-
talization because of toxicity, it is also expensive and most
of those affected by the disease cannot afford it, for
example, a powder of 50 mg intravenous injection cost
about $43 and one requires about $200 for complete
treatment (Singh et al. 2016; https://www.drugs.com/
price-guide/amphotericin-b).

Another medication used to treat leishmaniasis is Mil-
tefosine (Milt), which works by inhibiting the phos-
phatidylcholine biosynthesis and is the only available oral
drug which provides a relatively short treatment course
(Pape 2008; Vijayakumar and Das 2017). However, the
treatment of leishmaniasis using Milt causes teratogenicity
effect in pregnant women (Sundar et al. 2011; Tiwari et al.
2017). Paromomycin in combination with benzethodium
chloride has also been used in treating leishmaniasis by
inhibiting PTEN-induced putative kinase 1 (PINK1) lead-
ing to a decrease in parasite mitochondrion membrane
potential. Liposomal Amp B, an inhibitor of the sterol
biosynthetic pathway leading to a destruction of the para-
site cell membrane has also been useful as leishmaniasis
treatment (Shakya et al. 2011; Wortmann et al. 2010;
Tamiru et al. 2016).

Chemotherapeutic options targeting various enzymes in
combating leishmaniasis are not only expensive but are
also associated with drug resistance and toxic side effects
(Mohapatra 2014; Oryan and Akbari 2016). With the
increasing rate of leishmaniasis infections and the bottle-
necks associated with the various chemotherapeutic
options, combination therapy is possibly the game changer
(Ponte-Sucre et al. 2017). A combination of 15 mg/kg/day
paromomycin and 20 mg/kg/day sodium stibogluconate
required only 17 days for effective treatment representing
91.4% efficacy in East Africa (Abongomera et al. 2016).
The same can be said of Amp B in combination with Milt
used in treating leishmaniasis coinfection with HIV in
India and Ethiopia (Diro et al. 2019). Although, combi-
nation therapy is helpful, there are still challenges relating
to longer duration of the treatment course, toxic side
effects, and drug efficacy (Ghorbani and Farhoudi 2018;
Menezes et al. 2015). It is therefore imperative to employ
novel approaches in drug design on the validated pathways
(Table 1) to overcome these challenges.

Modulation of the sterol biosynthetic pathway has been
extensively studied as a putative drug target against most
fungal and kinetoplastids (Borba-Santos et al. 2016; Singh
and Babu 2018; Zulfigar et al. 2017). Novel sterol
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inhibitors that target various enzymes in this pathway have
also been exhaustively reviewed (Vijayakumar and Das
2017; Kumar et al. 2016; Yardley et al. 2002; Lepesheva
and Waterman 2011; Rodrigues et al. 2008; Mukherjee
et al. 2019; Bhargava et al. 2010; Brand et al. 2012; Yao
and Wilson 2016). Even though sterol biosynthesis has
been described as an essential drug target (Mukherjee et al.
2019; de Souza et al. 2009), it has also been considered as
not being critical for extracellular survival but for heat
resistance (Xu et al. 2014). The role of each of the enzymes
in the sterol biosynthetic pathway to the survival of
Leishmania parasites and hence their importance for drug
design against leishmaniasis are discussed in this review.
The review also highlights both synthetic and natural
products compounds with their inhibitory ICs, against
enzymes involved in the biosynthetic pathway. It discusses
recent advancement in combination chemotherapy involv-
ing azoles, quinuclidine and terbinafine, inhibiting two or
more of the enzymes in the sterol biosynthetic pathway
with a synergistic effect leading to the disruption of cell
membrane and mitochondrion of the Leishmania parasite.
Finally, emerging and innovative approaches of drug
design strategies targeting Leishmania sterol pathway such
as drug repurposing, multi-target drug design, and conju-
gation of transitional metal complexes to two or more
known inhibitors of the sterol biosynthesis are proposed.

Structural features of different sterol compositions
in mammalian host cells and leishmania species

Sterols are constituents of the cellular membranes which
are essential for normal structure and function. Ergosterol
and cholesterol are known sterols which are important
membrane components and precursors for the synthesis of

critical biomolecules, including steroid hormones in
mammals. Cholesterol is the main sterol found in mem-
branes of mammalian cells while ergosterol is the main
sterol in the cell membranes of Leishmania parasite (Yao
and Wilson 2016). Sterols have a general structure con-
sisting of a fused tetracyclic ring system of which there are
three six-membered rings and one five-membered ring (1)
with difference arising from the alkyl (R) substituent at the
C-17 position (Fig. 1). Both cholesterol (2) and ergosterol
(3) have a tetracyclic nucleus with 35-OH which is
important for cell growth (Souza and Rodrigues 2009).
The 3p-OH of ergosterol is important for parasite sur-
vival as acetylation of the —OH group decreased sterol
levels thereby retarding the growth of the Leishmania
parasite (Souza and Rodrigues 2009). The methyl groups at
C4 and C14 have virtually no effect on parasite growth as
demethylation at the two positions leads to the formation of
40 and 14a-carboxysterols by oxidation followed by C-C
cleavage to generate ketosterols (Blosser et al. 2014;
Darnet and Schaller 2019; Ryley 1990). Ergosterol is dif-
ferent from cholesterol due to the presence of two double
bonds in ring B of the steroid nucleus, a f-methyl group at
position 24, and a double bond at C22 in the side chain.
These double bonds and B-methyl substitution at C24 are
needed for ergosterol biosynthesis in leishmania and hence
are necessary for supporting growth and are therefore
important drug targets for consideration against leishma-
niasis (Souza and Rodrigues 2009; Darnet and Schaller
2019). The main sterols present in Leishmania amastigotes
and promastigotes are ergosta-5,7,24(28)-triene-3p-ol,
ergosta-7,22-diene-3B-ol, stigmasta-7,24(28)-diene-33-ol,
cholesterol, zimasterol and lanosterol with the first three
constituting the majority (Giner and Zhao 2004). Even
though, Leishmania parasites are known for not synthe-
sizing cholesterol, the small amount absorbed in humans to

Table 1 Validated pathways comprising plausible targets essential for parasite survival that are necessary for drug design against Leishmania

parasites
Category Pathway/Enzyme References
Glycolysis Glycolytic pathway and glyoxalase enzymes Silva et al. (2005) and Padmanabhan et al.

Isoprenoid and sterol synthesis

Folate metabolism
reductase

Polyamine metabolism

Antioxidant metabolism and

Detoxification peroxidase
Nucleotide metabolism

Cell division and DNA replication

Squalene synthase, sterol 14a-demethylase

Hypusine pathway, arginase, and ornithine decarboxylase

Thiol pathway, superoxide dismutase and Thyperdoxin

Purine salvage, nucleotide transporters

Peptidase, topoisomerase, kinases

(2005)

Kumar Saha et al. (1986) and Pomel et al.
(2015)

Thymidylate synthase, dihydrofolate reductase and pteridine Nare et al. (1997)

Jiang et al. (1999)
Leroux and Krauth-Siegel (2016)

Jain and Jain 2018)

Merritt et al. (2014) and Brumlik et al.
(2011)
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Fig. 1 Tetracyclic nature of the
general structure of sterols, 1
and the structural difference
between cholesterol, 2 and
ergosterol, 3, biosynthesized in
humans and Leishmania
parasites, respectively

HO

General structure of Sterols, 1

support their growth (Semini et al. 2017) has raised con-
cerns about the importance of essential sterols for Leish-
mania survival.

Sterol biosynthetic pathway in Leishmania species

The identification of drug targets is essential in drug dis-
covery and understanding the disease mechanisms.
Therefore, the development of methods to identify drug
targets has become a critical issue (Kwofie et al.
2019,2020a; Lionta et al. 2014; Cosconati et al. 2010; Lage
et al. 2018; Hughes et al. 2010). Ergosterol, the product of
leishmania sterol biosynthesis is a major component of the
cell membrane and is useful to produce energy in the
mitochondrion of the parasite cell. However, some
enzymes involved in the biosynthesis have homologues in
the human host cell making them unattractive targets. The
sterol biosynthetic pathway of the Leishmania species were
compared with that of the mammalian host cell (Fig. 2) in
identifying putative targets in the said pathway for
designing inhibitors with leishmanicidal properties (Yao
and Wilson 2016; McCall et al. 2015).

Both cholesterol and ergosterol biosynthesis involves
mevalonate and isoprenoid pathways to produce farnesyl
diphosphate. Squalene synthase then catalyzes the head-to-
head condensation of two farnesyl diphosphate to form
squalene. The 30-carbon squalene is then oxidized by
squalene epoxidase to a tetracyclic sterol skeleton called
2,3-oxidosqualene. The 2,3-oxidosqualene undergoes
rearrangement catalyzed by 2,2-oxidosqualene cyclase to
form lanosterol. One of the important steps in the ergos-
terol biosynthesis but absent in the cholesterol biosynthetic
pathway is the addition of a methyl group at the C24
position of the side chain. The sterol methyltransferase (24-
SMT) catalyzes the transfer of a methyl group from S-
adenosyl-L-methionine (SAM) to C24 of sterol which
undergoes further reactions to afford ergosterol.

Ergosterol, 3

Cholesterol, 2

Essential and validated enzymes in leishmania
sterol biosynthetic pathway

3-Hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMG-CoA reductase) (HMGR)

3-Hydroxy-3-methyl-glutaryl-coenzyme =~ A  reductase
(HMG-CoA reductase, HMGR) is the rate-limiting enzyme
involved in ergosterol biosynthesis by catalyzing the
NADPH synthesis of mevalonate from HMG-CoA (Singh
and Babu 2018). Ergosterol and the other ergosterol-related
sterols required for maintaining the cell membrane and
production of energy in the mitochondrion depend on
HMGR. HMG-CoA reductase of Leishmania major was
the first highly purified protein of the Leishmania family by
ammonium sulphate precipitation followed by chromatog-
raphy on hydroxyapatite (Montalvetti et al. 2000). HMG-
CoA reductase of Leishmania major with molecular mass
of 46 kDa encoding for 434 amino acids was used as a
template for HMG-CoA reductase of Leishmania donovani
(LAHMGR) via basic alignment search tool (BLAST)
(Singh and Babu 2018; Montalvetti et al. 2000; Dinesh
et al. 2014). The kinetic study of the enzyme revealed Km
value of 35.7 £ 2.5 uM for the (R,S)-HMG-CoA and
81.4 + 5.3 uM for the cofactor NADPH and Vmax 33.55
units/mg (Dinesh et al. 2014), while the pH for optimal
activity was 7.2 at the temperature of 37 °C. Their use as a
drug target is challenged by the fact that the LdHMGR
shares 35% similarity with the human HMGR, which could
lead to potential off-target effects (Singh and Babu 2018).
Notwithstanding, the variations in their sequences can be
exploited in the design of inhibitors against HMGR target.
HMGR promote growth in both the promastigote and
amastigote phases of the parasite life cycle and aid in
infecting THP-1 macrophages (Dinesh et al. 2014; Alcolea
et al. 2010). Statin and other natural products (Table 2)
inhibit HMGR killing both amastigotes and promastigotes
of the parasites (Singh and Babu 2018; Kumar et al. 2016).
However, statins deplete cholesterol levels of the host cells
and exhibit cytotoxicity, neurological and other side effects
such as muscle pain, liver damage, and increased blood
sugar (Reid et al. 2007; Gabor and Fessler 2016; Ward
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Fig. 2 Enzyme catalyzed sterol biosynthetic pathway reactions
leading to the formation of ergosterol and cholesterol in Leishmania
and human, respectively. Enzymes required in each step of the
reaction comprised HMGS, 3-Hydroxy-3-methyl-glutaryl-coenzyme
A synthase; HMGR, 3-Hydroxy-3-methyl-glutaryl-coenzyme A
reductase; FPPS, Farnesyl-pyrophosphate synthase; SQS, Squalene

et al. 2019; Parihar et al. 2016). To address these limita-
tions, lovastatin administered in combination with chro-
mium chloride was found to kill amastigotes without
appreciable cytotoxicity to the host (Verma et al. 2017).

@ Springer

synthase; SQE, Squalene epoxidase; LSO, Lanosterol oxidase;
CYP51, Sterol 14alpha-demethylase Cytochrome P450; 24-SMT,
A** Sterol methyltransferase; 24-SR, Sterol C-24 reductase; Emopa-
mil-Binding Protein (EBP), Sterol A3D _ isomerase; SC5DL, Sterol
C-5 desaturase; and DHCR?7, Sterol- A’-reductase

Farnesyl-pyrophosphate synthase (FPPS)

Farnesyl-Pyrophosphate Synthase (FPPS) is one of the
prominent enzymes in the isoprenoid pathway that supplies
precursors such as isopentenyl pyrophosphate in the
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Table 2 Structures of various statins and natural products inhibitors of HMB-CoA reductase of L. donovani amastigotes and promastigotes and

their ICS()
Inhibitors L. donovani L. donovani  References
promastigotes  amastigotes
(ICs0)/uM (ICsp)/ pM
OH OH O
19.4 6.75 [39]
OH
73.2 21.5 [39], [69]
23.4 7.5 [39]
Mevastatin,6
Natural Products
O| OH o ?H 34.0 20.0 [71]
o
or~
T
HO\”\\‘- o~ "0
(6]
Glycyrrhizic acid, 7
42.0 [72]

O OH 27.0
O X OH
HO

Resveratrol,8
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biosynthesis of ergosterol and the other 24-alkylated sterols
needed for the growth of the parasite as well as protein
prenylation (Aripirala et al. 2014; Dhar et al. 2013). FPPS
catalyzes the head to tail condensational reaction of 2 mol
of isopentenyl pyrophosphate with a mole of dimethylallyl
diphosphate to produce an elongated farnesyl pyrophos-
phate product. The kinetic study of Leishmania major co-
crystallized with Guanosine-5'-diphosphate-alpha-D-man-
nose (GDD) and isopentenyl diphosphate (IPP) revealed
Km values of 13.77 pM and 30.57 uM, respectively, with
Vmax value of 3225 units/mg (Aripirala et al. 2014;
Gabelli et al. 2006; Navabi and Soleimanifard 2015). The
pH for maximum activity at 37 °C of this enzyme is 7.4
with a molecular mass of 40.9 kDa composed of 362 amino
acids. FPPS shows 46% similarity with the human homo-
logue with a potential of causing off-target effects (Ortiz-
Gomez et al. 2006). FPPS has however been exploited to
develop inhibitors in treating leishmaniasis with minimal
off-target effects. Bisphosphonate, originally developed for
the treatment of osteoporosis is reported to inhibit FPPS
and is applied in the treatment of leishmaniasis (Dhar et al.
2013; Martin et al. 2001; Docampo and Moreno 2001).
In vivo and in vitro studies of bisphosphonates (Table 3)
especially those of aromatic analogues containing nitrogen,
have been found to show strong activity by inhibiting the
growth of Leishmania donovani (Yardley et al. 2002;
Aripirala et al. 2014; Martin et al. 2001). In vivo analysis
of alendronate, a derivative of bisphosphate on Leishmania
donovani was found to be inactive when used as a
monotherapy but a vanadium/alendronate complex
[V(Ale),] retarded cell growth better than most of the
bisphosphonates used alone (Christensen et al. 2016).
Other metals such as copper, cobalt, manganese, and nickel
complexed with bisphosphonates have also been reported
to inhibit Leishmania FPPS (Aripirala et al. 2014; Chris-
tensen et al. 2016; Ong et al. 2019).

Squalene synthase (SQS)

Squalene Synthase (SQS) catalyze the head-to-head
reductive dimerization of two molecules of farnesyl
pyrophosphate to form squalene. SQS is essential for the
survival and growth of most Leishmania species, especially
L. donovani (Granthon et al. 2007). The pH and tempera-
ture of expressed and purified L. donovani squalene syn-
thase is 7.4 and 37 °C, respectively, with a molecular mass
of 47.3 kDa composed of 414 amino acids. The Km and
Vm of SQS obtained from biochemical studies of the
substrate FPP were 3.8 uM and 0.59 nM min ! mgfl, and
that of NADPH was 43.23 uM and 0.56 nM min~' mg~'
(Bhargava et al. 2010), respectively. The activity of SQS is
greatly influenced by denaturants such as urea or guanidine
hydrochloride, for example, a 2 M urea or 0.2 M guanidine

@ Springer

hydrochloride solution causes the activity of SQS to be lost
by as much as 81% and 86%, respectively (Bhargava et al.
2010). Quinuclidine and its derivatives (Table 4) are
known inhibitors of SQS with ICsqy values of less than
30 uM (Cammerer et al. 2007). The inhibition of SQS by
quinuclidine leads to a complete disruption of the mito-
chondrion eventually leading to the death of the parasite
(Rodrigues et al. 2008). On the other hand, zaragozic acid,
a known inhibitor of the human squalene synthase com-
petitively inhibits L. donovani SQS with a K; of 74 nM
(Bhargava et al. 2010). This can be explored in developing
exclusive inhibitors of zaragozic acid against Leishmania
SQS. One significant advantage of targeting SQS is that it
has low similarity to the human homologues hence any
potential inhibitors could be highly selective to the para-
site. (Rodrigues et al. 2008; Urbina et al. 2002).

Squalene epoxidase (SQE)

Squalene Epoxidase (SQE) is an enzyme in the parasite
sterol biosynthetic pathway that utilizes molecular oxygen
to oxidize squalene to 2,3-oxidosqualene (Souza and
Rodrigues 2009; Kaneshiro et al. 2000). The insertion of
the hydroxyl group (-OH) in sterols begins with SQE and
hence its absence means the essential sterols needed for
parasite survival and growth would virtually be nonexistent
(Nowosielski et al. 2011). SQE is a 63.5 kDa protein
composed of 569 amino acids which is known to be
inhibited by terbinafine, an allylamine (Beach et al. 1989;
Hart 1989). Terbinafine inhibits SQE of parasite pro-
mastigotes and intracellular amastigotes with ICs5y of 1 uM
and 100 nM, respectively (Nowosielski et al. 2011; Beach
et al. 1989). Inhibition of SQE leads to growth arrest due to
the accumulation of high levels of squalene thereby
reducing endogenous sterol levels (Beach et al. 1989; Hart
1989). Amiodarone and Spiro dihydroquinoline-oxindoles
(Table 5) are also squalene epoxidase inhibitors depleting
the sterol levels of the parasite leading to their death with
ICsq values in the nanomolar range (Serrano-Martin et al.
2009; Leanez et al. 2019).

Sterol 14alpha-demethylase (CYP51)

Sterol 14alpha-demethylase (CYP51) also called lanosterol
14alpha-demethylase is a cytochrome P450 monooxyge-
nase that catalyzes the formation of 4,4-dimethylcholesta-
8(9),14,24-triene-3B-ol from lanosterol. The molecular
mass of Leishmania infantum CYP51 was found to be
54 kDa composed of 480 amino acids (Keighobadi et al.
2018). It shows 95% similarity with Leishmania
braziliensis, 96% with Leishmania major, and 97% with
Leishmania mexicana and Leishmania amazonensis (Har-
grove et al. 2011). However, its similarity with the human
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Table 3 Some bisphosphonate derivatives as inhibitors of Leishmania FPPS and their ICsq

Structure ICso/ Reference
M s
f:') OH 824  [75],[78]
O’/ \o_
(4-amino-1-hydroxybutane-1,1-diyl)bis(phosphonate),9
o 230 [42] [78]
= - [82]
N 070
(1-hydroxy-2-(pyridin-3-yl)ethane-1,1-diyl)bis(phosphonate),10
0 129 [78]
-O/#’\Tj\/\/NHz
O: l:(O'
o” O
(5-amino-1-hydroxypentane-1,1-diyl)bis(phosphonate),11
AN 82.1 [42] [78],
| [82]
7
N NH
og, AP
P7 SPC—0CH,CH,
HaCH,CO™ | OCH,CHs
OCH,CHj

tetraethyl (((3-methylpyridin-2-yl)amino)methylene)bis(phosphonate),12

CYP51 is only about 26% meaning inhibitors against
Leishmania CYP51 are less likely to have any effect on
host homologue, making CYP51 a plausible target for drug
design against leishmaniasis (Lepesheva and Waterman
2011). Leishmania CYP51 essentiality based on survival
was unknown until the application of gene knockout
approach and parasites CYP51 inhibition led to growth
retardation and eventual death of Leishmania donovani
(McCall et al. 2015). Azoles and its derivatives (Table 6)
are effective inhibitors of Leishmania CYP51 (McCall
et al. 2015; Choi et al. 2014). During azole inhibition, toxic
methylated sterols build up and damage the cell membrane
affecting its division and multiplication and eventually
leading to parasite death (Lepesheva and Waterman 2011).
Notwithstanding the effectiveness of azoles, drug resis-
tance and side effects have been reported (Barrett and Croft
2012). On the other hand, non-azole compounds (N-(3-
(1H-indol-3-yl)-1-oxo- 1 (pyridin-4-ylamino)propan-2-yl)-

4-methyl cyclohexanecarboxamide and 2-(1-(4-chloroben-
zoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(2-(pyridin-

3- ylethyl)acetamide) have also been found to inhibit

Leishmania CYP51 with ICsq of 20 uM much lower
compared to azoles (Lepesheva and Waterman 2011).

A% Sterol methyltransferase (24-SMT)

All the previously discussed enzymes have human homo-
logues implying inhibiting these enzymes of Leishmania
parasites may potentially cause off-target effects to the host
cells. The sterol methyltransferase (24-SMT) catalyzes the
transfer of methyl group from S-adenosyl-L-methionine
(SAM) to C24 of the sterol. Since 24-SMT does not have
any homologue in the human cell, it is an attractive target
for drug design for leishmania. The choice of 24-SMT as a
drug target was not in doubt but its importance to parasite
survival was unknown but later found to be essential for
optimal mitochondrion function and parasite virulence
(Borba-Santos et al. 2016; Mukherjee et al. 2019; Rodri-
gues et al. 2002). This observation is contrary to an earlier
held view that sterols were not necessary for survival of
Leishmania species (Yao and Wilson 2016). Even though,
cell fractionation studies suggest that 24-SMT was located
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Table 4 Chemical structures of various quinuclidine derivatives as Leishmania SQS inhibitors and their I1Cs

Inhibitors ICso /  Reference
uM

0.030 [83]

([1,1'-biphenyl]-4- yl)qumuchdme 13

0.020 [44]

OH

([1,1'-biphenyl]-4-yl)quinuclidin-3-ol, 14
0.020

HO

4'-(quinuclidin-3- yl) [1,1'- biphenyl] 4-0l,15

%

Isopropyl 4-(1-azabicyclo[2.2.2]oct-5-en-2-yl)benzoate,16

OH 0.0040  [44]
N
|
A
Z
OH
N

(S)-3-((2-benzyl-6-((3S5,4R)-3-hydroxy-4-methoxypyrrolidin-1-yl)
pyridin-3-yl)ethynyl)quinuclidin-3-01,17

0.0009  [44]
HO N
Z
‘ X
~, /\/\O N/

(R)-3-((2-benzyl-6-(3-methoxypropoxy)
pyridin-3-yl)ethynyl)quinuclidin-3-ol, 18

1.200 [83]
S
NS
|
N

3-(benzo[b]thiophen-2-yl)-1-azabicyclo[2.2.2]oct-2-ene,19

1.100 [83]
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Table 5 Allylamine, 1-benzofuran and Spiro quinoline-oxindole class of compounds as squalene epoxidase inhibitors and their ICs5y/ pM and

ECs¢/ pM

Inhibitor ICso ECso References
(uM) (uM)
[92]
0.500
(2-butylbenzofuran-3-yl)(4-(2-(diethylamino)ethoxy)
-3,5-diiodophenyl)methanone, 20
81.3 [93], [94]
\
N
N-(4-(tert-butyl)benzyl)-N-methyl-
1-(naphthalen-1-yl)methanamine, 21
3.30 [91]

(3'R)-8'-ethyl-3'-methyl-4'-phenyl-3',4'-dihydro-

1'H-spiro[indoline-3,2'-quinolin]-2-one, 22

in the glycosomes and mitochondrion (Pérez-Moreno et al.
2012), immunofluorescence and electron microscope
observations using antibodies showed that the enzyme
could be found in the endoplasmic reticulum and in
translucent vesicles (Souza and Rodrigues 2009). Despite
the differences in the exact location of 24-SMT in the cell,
it has been found that growth depends on it, and hence
inhibiting it would have effects on the sterol composition
and may lead to parasite death (Mukherjee et al. 2019).
24-SMT is therefore one of the plausible targets in the
search for inhibitors against Leishmania parasites.
Derivatives of azasterol and non-azasterol (Table 7) have
been found to be efficient inhibitors against 24-SMT
affecting sterol composition and proliferation of the para-
site (Rodrigues et al. 2002; Magaraci et al. 2003; Chawla
and Madhubala 2010). The activity of the azasterol depend
on the basicity and stereochemical position of the nitrogen
as well as the presence of 33-OH group (Pinto and Tem-
pone 2018; Lorente et al. 2004). Toxic side effects and

drug resistance of azasterol have been reported (Bezerra-
Souza et al. 2019; Gros et al. 2006).

Lanosterol oxidase (LSO)

Unlike cholesterol which has been extensively studied and
very well characterized in literature, the functions of
ergosterol the main lipid component of membranes and its
interactions with other pathways is not fully understood.
Recent efforts in probing the biological role of LSO and the
resulting consequences of its absence have brought to light
a new biological understanding that holds a future in
Leishmania drug discovery (Ning et al. 2020). Lanosterol
oxidase (LSO) also called C-5 sterol desaturase catalyzes
the double bond formation between C5 and C6 in the
formation of ergosterol.
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Table 6 Some azole and triazole compounds as CYP51 inhibitors and their ICs5yo/uM

Inhibitor ICso/ pM References
0.61 [99]

N\/NH
\
N

(0]
UC|
(E)-2-(imidazolidin-1-ylmethyl)-5-methyl-3,4-dihydronaphthalen-
1(2H)-one O-(3-chlorobenzyl) oxime, 23

Pho/ﬁ/\NﬁN 0.560 [100]
0o =
CFy i :H

1-(3-phenoxy-2-(4-(trifluoromethyl)phenoxy)
propyl)-1H-imidazole, 24

¢ 0.08 [101]
cl

o
N

(N
d
}\NE:N/@N

4-(4-(4-(4-(((3S,5R)-5+((1H-1 2, 4-triazol-1-ylmethyl)-5-(2,4-dichlorophenyl)-3-methyltetrahydrofuran-3-
yl)methoxy)phenyl)piperazin-1-yl)phenyl)-1-(sec-butyl)-1H-1,2 4-triazol-5(4H)-one, 25

R 1.63 [101]

=N 0.47 [100]

1-(3-phenyl-3-(4-(trif luoromethyl)
phenoxy)propyl)-1H-imidazole, 27

I,
NO,

0.480 [100]
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Table 6 continued
1-(3-(2-nitrophenoxy)-3-phenylpropyl)-

1H-imidazole, 28
Cl 0.930

(E)-2-((1H-imidazol-1-yl)methyl)-5-chloro-3,
4-dihydronaphthalen-1(2H)-one O-(3-chlorobenzyl) oxime, 29

Cl N 0.070
Cl [S - E\}

(S,E)-2-(4-(2,4-dichlorophenyl)-1,3-dithiolan-2-ylidene)
-2-(1H-imidazol-1-yl)acetonitrile, 30

1-((2R,3R)-3-(2,4-difluorophenyl)-3-hydroxy-4-(1H-1,2,4-triazol-1-
yl)butan-2-yl)-4-(4-(2,2,3,3-tetrafluoropropoxy)phenyl)-1H-1,2,4-
triazol-5(4H)-one, 31

F 0.010

m@ .

N2

o 1%
N

{

N_/

7-chloro-3-((2R,3R)-3-(2,4-dif luorophenyl)-3-hydroxy-4-
(1H-1,2,4-triazol-1-yl)butan-2-yl)quinazolin-4(3H)-one, 32

Cl 0.200
CC >

(6]
2-(4-chlorophenyl)-3-(1H-1,2,4-triazol-1-yl)
chroman-4-one, 33

0.000001

[99]

[102]

[44][103]

[44]

[104]
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Table 7 Inhibitors of 24-SMT and their ICsy (UM)

Inhibitors ICso References
(pM)

NH 001  [111]
OH
HO

(35,108,138,17S)-17-(1-hydroxy-1-(piperidin-2-yl)ethyl)-10,
13-dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-3-ol, 34

([::j:fziééiﬁj\ 1.00  [107]
TBSO

1-((38,108,138,178)-3-((tert- butyldimethylsilyl)oxy) 10,13-dimethylhexadecahydro
-1H-cyclopenta[a]phenanthren-17-yl)-1-(pyridin-2-yl)ethanol, 35

(E:::fifigééf%j\ 150  [107]
TBSO

1-((35,108,138,175)-3-((tert-butyldimethylsilyl)oxy)-10,13-dimethylhexadecahydro
-1H-cyclopenta[a]phenanthren-17- y )-1-(pyridin-3-yl)ethanol, 36

(38,10R,138,17R)-17-((S)-1-(butylamino)propan-2-y1)-10,13-dimethyl-2,3,4,7,8,9,10,11,
12,13,14,15,16,17-tetradecahydro-1 H-cyclopenta[a]phenanthren-3-ol, 37
Recent advancements in chemotherapy targeting of the Leishmania parasite may possibly not completely
leishmania sterol biosynthetic pathway (the eliminate the parasite. Renewed interest in using multi-
multifunctional compound approach) target strategies to improve leishmaniasis treatment offer
some hope. Here the paradigms to increase therapeutic
To date no approved “one-drug-one-target” antileishma-  efficiencies in inhibiting multiple targets of the sterol

nial drug has been able to completely relieve patients  biosynthetic pathway are described.
suffering from severe leishmanial conditions. This suggest
that singly mode of action drugs targeting only one enzyme
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Table 7 continued

NH(CH,)4NH,
0
)LO

7-((S)-1-((4-aminobutyl)amino)ethyl)-10,13-dimethyl-2,3,4,7,8,9,10,
,17-tetradecahydro-1 H-cyclopenta[a]phenanthren-3-yl acetate, 38

(35,10R,138,175)-1
12,13,14,15,16

N
[ N

(35,108,138,175)-17-(1-hydroxy-1-(pyridin-4-yl)ethyl)-

10,13-dimethylhexadecahydro- lH-cyclopenta

y%

16.0 [109]

3.00 [107]
]phenanthren-3-ol, 39

20.0 [104]

(3R.,4S)-1-(4-fluorophenyl)-3-((S)-3-(4-fluorophenyl)-
3-hydroxypropyl)-4-(4-hydroxyphenyl)azetidin-2-one, 40

Combinational therapy inhibiting leishmania sterol
biosynthesis

Combination chemotherapy is the use of more than one
chemotherapeutic agent at a time in combating a disease.
Isoniazid in combination with rifampin, sulfadoxine with
pyrimethamine, and lamivudine with zidovudine are some
of the known combination chemotherapeutic regimens
administered for effective treatment of tuberculosis,
malaria, and HIV/AIDS infections, respectively. Combi-
nation chemotherapy targeting Leishmania sterol biosyn-
thesis has been shown to have high therapeutic efficacy
(Singh et al. 2016; Chakravarty and Sundar 2019).
E5700, an aryl-quinuclidine, a known Leishmania SQS
inhibitor exhibits a synergistic effect when used in com-
bination with Itraconazole (ITZ) and Posaconazole (POSA)
(Table 6) (Macedo-Silva et al. 2015). While E5700 in
combination with ITZ and then POSA showed amastigotes
antiproliferative effect with fractional inhibitory concen-
tration (FIC) of 0.175 pM and 0.1125 pM, respectively,
that of the same pair gave FIC of 0.0525 uM and

0.0162 uM, respectively (Macedo-Silva et al. 2015). There
was a complete destruction of the mitochondrion in both
cases and an increase in the production of reactive oxygen
species eventually led to growth cessation. Additionally,
azasterols when used in combination with azoles was more
effective than when used separately. Azoles used in com-
bination with azasterol produced a synergistic effect with
reduced treatment time and FIC in the nanomolar range
(Rodrigues et al. 2007). Posaconazole used in combination
with Amiodarone led to growth retardation and acidocal-
cisome with an FIC around 0.42 uM (Macedo-Silva et al.
2015; Veiga-Santos et al. 2012). Ezetimibe in combination
with ketoconazole and miconazole produced an antipro-
liferation effect synergistically with an ICsy of 4.14 pM,
and 8.25 uM, respectively (Andrade-Neto et al. 2016).
Terbinafine, a known inhibitor of squalene epoxidase
inhibited promastigotes and amastigotes with ICsy of 1 pM
and 100 nM, respectively. However, a combination of
terbinafine and ketoconazole produced a much drastic
antiproliferative effects on intracellular amastigotes with
FIC of 1 nM (Vannier-Santos et al. 1995). There was a
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great change in the structural morphology of the mito-
chondrion leading to parasite death.

Mevinolin, a lovastatin derivative and a known inhibitor
of HMGR exhibits antiproliferative effect on promastigotes
and amastigotes with ICsy of 25 pM and 0.75 pM,
respectively. A combination of mevinolin and ketocona-
zole, however, produced a more pronounced antiprolifer-
ative effect with a much lower FIC (Urbina et al. 1993). A
more aggressive antiproliferative and synergistic effect was
observed when mevinolin, ketoconazole, and terbinafine
were combined (Urbina et al. 1993) resulting in loss of
mitochondrion shape with the production of acidocalci-
some organelles. From the aforementioned, modulating
more than one stage of the post squalene biosynthetic
pathway appears to increase therapeutic efficacy. This
affords an effective means of killing these pathogens whilst
at the same time restoring physiological balance, but key is
the selectivity of drugs with synergism and reduced
toxicity.

Multi-node drug target as a new focus on targeting
sterol inhibition in leishmaniasis

Drug combinations have been extensively investigated for
increasing the therapeutic window of potent inhibitors with
a coordinated mechanism against Leishmania parasite, but
the associated sophistication in design coupled with syn-
ergistic toxicity, threats of multi-drug resistance, and
lengthy treatment periods makes this approach partly
unfavorable (Chen et al. 2016). This underpins the need for
alternative drug design techniques to reduce drug-drug
interactions and cytotoxicity, improve pharmacokinetics,
and increase synergism. Like the adopted strategies cur-
rently used in treating multifactorial diseases including
neurological disorders, malaria, cancers, and cardiovascu-
lar diseases, multitarget drugs are significant because
simplified dosage regimens are needed to minimize com-
plications associated with leishmaniasis. In this respect, a
drug that can modulate multiple proteins with high selec-
tivity like the conventional magic bullet avoiding off-tar-
gets will be a welcome one.

Multi-target drugs can be designed by conjugating
multicomponent ligands which are known to pertinently
inhibit the aimed targets with a biodegradable linker or
fusing the inhibitors. On the other hand, a multi-target
ligand designed based on small molecules known as war-
heads of the various single regimens inhibiting targeted
enzymes is also plausible. Notably, due to the complexity
of biological systems, selectivity and synergism represent a
complex hurdle but since the sterol biosynthesis is just a
single pathway, the likelihood of strong coordinated action
is possible (Proschak et al. 2019). A critical examination of
the positive synergistic effects from some combination

@ Springer

drugs including posaconazole, itraconazole, and aryl
quinuclidine suggest they might possess good selectivity
and reduced doses during administration. On the other
hand, azoles and azasterols which have also shown
remarkable in vivo activity in nano molar concentrations
represent promising compounds to be fused. Additionally,
recent studies on luliconazole showed strong inhibition
activity but were found to be very toxic. The luliconazole
scaffold represents a potential template that can be opti-
mized and conjugated or fused to promote its recognition
against intended targets (Shokri et al. 2018).

Drug repurposing targeting leishmania sterol
biosynthetic pathway

Drug repurposing also sometimes termed as drug reposi-
tioning, reprofiling, or retasking involves the reuse of an
approved drug for the treatment of disease outside the
domain of the original medication. Sildenafil, a phospho-
diesterase type 5 (PDES) inhibitor, was marketed for the
treatment of hypertension but is now a repurposed drug for
treating erectile dysfunction. Zidovudine, an anticancer
drug is now a repurposed drug for treating HIV/AIDS
infections (Dhir et al. 2020). There are several repurposed
drugs available for treating various diseases including
leishmaniasis (Dhir et al. 2020; Pushpakom et al. 2018).
Old drugs including pentavalent antimony, amphotericin B,
pentamidine, and more recently miltefosine are repurposed
drugs available for leishmaniasis treatment. Potent
antileishmanials are very few and considering the uncer-
tainty and laborious nature of de novo drug discovery, drug
repurposing is essential. Notwithstanding, numerous drugs
have been explored from diverse classes for combating
leishmaniasis. To highlight a few, repurposed sterol inhi-
bitors are mainly antifungals including amiodarone, dro-
nedarone, fluconazole, terbinafine, posaconazole, and more
recently, butenafine which has been optimized for oral use
(Nagle et al. 2014; Sundar et al. 2011; Bhargava et al.
2010; Verma et al. 2017; Kasam 2009). Azoles inhibit
P450-CYP51 by first water breaking away from the axial
position of the enzyme forming a pentacoordinate active
site. The basic nitrogen group in the azole then forms a
dative covalent bond at the sixth position of the pentaco-
ordinate activate site by donating a lone pair of electrons.
Though the Fe—N bond in the azole-CYP51 complex is not
very strong compared to Fe—O, the hydrophobic interaction
between the two coordinating molecules increases the
binding energy so that the azole can stay long enough at the
active site of CYP51 and cause the inhibition of sterol
biosynthesis. On the other hand, terbinafine a squalene
epoxidase inhibitor binds at the active site of squalene
epoxidase through hydrogen bonding interaction between
the hydroxyl group of Tyr90 and amine nitrogen of
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terbinafine. Additionally, azasterols with electron-with-
drawing groups at C(25) of the sterol side chain form a
suicide inhibition with 24-SMT by a nucleophilic attack of
the enzyme at the C(25) electrophilic position.. Therefore
azoles, allylamines, polyenes, and azasterols form part of
important drug scaffolds that can be repurposed against
sterol biosynthesis for the treatment of leishmaniasis.
Whilst the focus has solely been on inhibiting essential
pathways necessary for survival, drugs which are known to
activate macrophages and promote Thl immune response
are also viable alternatives that should not be neglected.

Designing multi-target transition metal complexes
as inhibitors of leishmania sterol biosynthesis

Despite the known medicinal properties of transition met-
als and the recent upsurge of interest, there is little appli-
cation in the treatment of leishmaniasis. Indeed, after the
discovery of pentavalent antimony for the treatment of
leishmaniasis, virtually no new metallodrug has found
prominent clinical use. On the other hand, the design of
multi-target metal coordinated compounds has been under
exploited for the treatment of leishmaniasis. Nevertheless,
several transition metals containing organic compounds
have been shown to exhibit high therapeutic efficacy
against several diseases such as malaria, cancer, and dia-
betics (Iniguez et al. 2013; Kwofie et al. 2020b). The recent
improvement in structural-based drug design techniques
and the availability of modern drug discovery tools have
presented the opportunity to iterate millions of
organometallic compounds against multiple targets. The
new paradigm in drug discovery should focus on designing
multi-target metallodrugs inhibiting two or more enzymes
in the sterol biosynthetic pathway of Leishmania parasites.

Conclusion

Sterol biosynthetic pathway of Leishmania form major
components of the cell membrane and serve as a source of
energy in the form of ATP in the mitochondrion of the
parasite cell. Several enzymes including, hydroxy-3-
methyl-glutaryl-coenzyme A  reductase, farnesyl-py-
rophosphate synthase, sterol 14alpha-demethylase, sterol
methyltransferase, squalene epoxidase and lanosterol oxi-
dase have been validated as potential drug targets for the
treatment of leishmaniasis. However, most of these
enzymes in the Leishmania sterol biosynthetic pathway
have homologues in the mammalian host cell making it
challenging to design a highly selective inhibitor without
encountering potential off-target activity. Fortunately,
enzymes such as 24-SMT do not have a homologue in the
host cell and therefore present a unique target for

Leishmania drug design. It is increasingly becoming diffi-
cult to secure safe drugs since there is rise in toxic side
effects, concerns about drug resistance, and lengthy treat-
ment durations. To overcome these challenges, multi-target
drugs, drug repurposing and multi-target transition metal
complexes are plausible alternatives worthy of exploration
as antileishmanial molecules.
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