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A B S T R A C T

Leishmaniasis is the most widespread pathogenic disease in several countries. Currently, no effective vaccines are
available, and the control of Leishmaniasis primarily relies on decade-old chemotherapy. The treatment for the
Leishmaniasis is not up to the mark. Current therapy for Leishmaniasis is ancient and requires hospitalization for
the administration. These medications are also highly toxic and resistant. β-carboline, a natural indole containing
alkaloid, holds a vital position in the field of medicinal chemistry with a diversified pharmacological action. The
current review focuses mainly on the anti-leishmanial effects of β-carboline analogs and their synthetic strategies,
structural activity relationship studies (SAR). The past ten years alterations unveiled by β-carboline analogs
present in phytoconstituents and various derivatives of synthesized analogs with the mechanism of action were
briefly shortlisted and illustrated.
1. Introduction

Leishmaniasis is a neglected tropical disease (NTD), endemic in 98
countries. Leishmaniasis, caused by flagellated protozoans of the genus
Leishmania, is a vector-borne disease. The Leishmania parasite is trans-
mitted by the bite of infected female phlebotomine sandflies. Around 98
species of the genera, Phlebotomus and Lutzomyia have been described as
established or alleged vectors for human Leishmaniasis. Currently, there
are almost 18 Leishmania species reported as pathogenic to humans
(Steverding, 2017).

At present, approximately 12 million people are affected with
Leishmaniasis; >350 million people are at risk of contracting the infec-
tion, and over one million new cases are reported each year. Based on the
clinical manifestations exhibited in infected individuals, Leishmaniasis
can be characterized into various forms like Visceral Leishmaniasis (VL)
(a most deadly form of the disease, also known as Kala-azar and black
.in (S. Murugesan).
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fever), Cutaneous Leishmaniasis (CL) (a most common type of the dis-
ease), Mucocutaneous Leishmaniasis (ML), and Post kala-Azar dermal
leishmaniasis (PKDL). VL is ranked second in mortality and fourth in
morbidity among Neglected Tropical Diseases (NTDs) with
50000–90000 deaths annually and 600 million people at risk of across
the globe, and 600,000–1.2 million new cases of CL in each year. In the
absence of vaccines, chemotherapy and vector control are the tools for
disease management (Bala~na-Fouce et al., 2019), (Mark and Neglect,
2019), (DNDi, 2018) (Report, 2019). VL is characterized by weight loss,
irregular bouts of fever, enlargement of spleen and liver as well as anemic
condition. According to the World Health Organization report 2018
(WHO), more than 95% of cases occurred in 10 countries - China, Brazil,
Ethiopia, India, Kenya, Iraq, Nepal, Somalia, South Sudan, and Sudan. VL
is described as the most severe form of the disease and diagnosed by
parasitological or serological tests. In CL ulcers on exposed parts of the
body and skin lesions, leaving life-long scars on the body parts and severe
mber 2020
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Figure 1. Structure of clinically used anti-leishmanial drugs (1–6).
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disability of stigma, are the main features of the CL. Over 85% of the new
CL cases occurred in the ten countries -Afghanistan, Algeria, Bolivia,
Brazil, Colombia, Iran (the Islamic Republic of), Iraq, Pakistan, the Syrian
Arab Republic and Tunisia (Al-Salem et al., 2019), (Aronson et al., 2016).
ML leads to the total or partial destruction of the mucous membrane of the
throat, nose, and mouth. Around 90% of cases occur in Bolivia, Brazil,
Ethiopia, and Peru. In the case of both CL and ML, serological tests have
limited value, and clinical manifestationwith serological tests confirms the
diagnosis (Zulfiqar et al., 2017). Currently, seven active clinical trials are
ongoing in 20 countries, which was monitored by the Drugs for Neglected
disease initiative (DNDi). DNDI-6148 (France), DNDI-0690 (UK) are
ongoing in Phase-I, and GSK3186899/DDD853651 single ascending dose
– safety, tolerability and pharmacokinetics was recently completed Phase-I
clinical trials by United Kingdom. Thermotherapy with miltefosine
Figure 2. Structural diversi
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combination (Colombia, Peru) was succeeded in Phase-II for cutaneous
Leishmaniasis in 2019. The combination of Miltefosine in combination
with paromomycin for treatment of primary VL patients in Eastern Africa
(Ethiopia, Kenya, Sudan, Uganda) is currently ongoing in Phase-III and
Thermotherapy, and miltefosine combination (Brazil, Panama, Peru,
Bolivia) started the Phase-III clinical study (Report, 2019).

2. The lifecycle of Leishmaniasis

Leishmaniasis life cycle occurs in two stages-the human stage and the
sandfly stage. The parasite exists in two forms-the amastigote form
(intracellular form in the host) and the promastigote form (extracellular
form in the sand fly). When the infected sand fly takes a blood meal from
a healthy patient, it releases the promastigotes which are phagocytized
ty of carbolines (7–18).



Figure 3. Commercialized β-carboline drugs and their pharmacological activity (19–27).
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by the macrophage cells. Then inside the macrophages, the promasti-
gotes get converted into amastigotes and start multiplying during which
the symptoms start becoming very prominent in the host, which com-
pletes the life cycle in humans. When the sand fly takes a bloodmeal from
the person suffering from the disease, it ingests the macrophages infected
with the amastigotes. The amastigotes are then converted to promasti-
gotes in the gut of the sand fly and rapidly multiply and reach the pro-
boscis of the sandfly completing the life cycle in the sand fly, which are
then eventually injected into humans (Sunter and Gull, 2017), (Burza
et al., 2018), (Zulfiqar et al., 2017).
3

3. Existing therapy for Leishmaniasis

Currently, no vaccine is available for the prevention or treatment of
the disease. Hence drugs are the only source of treating the disease. The
class of drugs that are currently used for treatment include pentavalent
antimonials, Amphotericin B, Miltefosine, paromomycin, and pentami-
dine. Pentavalent antimonials-sodium stibogluconate and meglumine
antimoniate are the first-line drugs for the treatment of leishmaniasis.
Pentavalent antimonial was developed in 1945 and remained the first
choice of treatment for both visceral and cutaneous Leishmaniasis in



Scheme 1. First reported Pictet-Spengler synthesis.
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most parts of the world (Haldar et al., 2011). The pentavalent anti-
moniate is converted into the active form trivalent antimonite either in
the macrophages or inside the parasite. The exact mechanism of action of
the antimonial is still not elucidated. Amphotericin B is a polyene anti-
fungal drug widely used to treat systemic fungal infections. Amphotericin
B and pentamidine are the second line antileishmanial drugs, although
they require prolonged courses of parenteral administration. Though
toxicity and emerging resistance prevent the use of pentamidine,
Amphotericin B has the potential to induce acute toxicity and hospitali-
zation (Rajasekaran and Chen, 2015). Miltefosine, an alkyl phospholipid,
primarily developed as an anticancer agent, is the first oral drug to be
used for the treatment of leishmaniasis, which was considered a signifi-
cant breakthrough in antileishmanial chemotherapy (Pinto-Martinez
et al., 2018). The discovery that Miltefosine is effective against Leish-
maniasis led to the identification of a new group of antiprotozoal medi-
cines. Following clinical studies, Miltefosine was approved as
ImpavidoTM and had become the first oral treatment for Leishmaniasis in
some countries. Various mechanisms of actions have been proposed for
miltefosine. Miltefosine was found to decrease the lipid content in
membranes of promastigotes and also partial inhibition of
phosphatidylethanolamine-N-methyltransferase that ultimately affects
the parasite proliferation. It is useful in treating visceral and cutaneous
Leishmaniasis, including antimony-resistant infections. However, this
drug may not necessarily be superior to parenteral therapies for all forms
of Leishmaniasis. The only clinically significant aminoglycoside with
antileishmanial activity is Paramomycin (Jhingran et al., 2009), (Sundar
and Chakravarty, 2013). Both visceral and cutaneous types of Leish-
maniasis, can be treated with this antibiotic. However, poor and oral
absorption has contributed to the emergence of parentral and topical
forms of Paramomycin for the viscetal and cutaneous forms of leish-
maniasis respectively. Pentamidine is an aromatic diamine currently
used as the second line of the drug in antileishmanial chemotherapy. It is
mainly used for the treatment of visceral leishmaniasis wherein the iso-
thionate and methanesulphonate salts of the drug are commonly used. Its
precise mechanism of action is still unexplored. However, reports suggest
that it accumulates in mitochondria, where it inhibits the enzyme topo-
isomerase II after entering the promastigotes via polyamine and arginine
transporters.
4

The choice of treatment also depends on the causative Leishmania
species. The structures of clinically used drugs are discussed below
(Figure 1). Apart from the clinically used drugs, there are many com-
pounds currently in clinical trials. Drugs for Neglected Disease initiative
(DNDi) was started with the aim of oral and safe medication for the
treatment for Leishmaniasis (Maltezou, 2010a). The list of medications
for the treatment of Leishmaniasis and their important roles are outlined
below.

a. Sodium stibogluconate (Pentosam) andmeglumine antimoniate:
✓ First-line drug, available in the form of injection
✓ Kills leishmania species by DNA fragmentation-thiol reducing

reactivity
✓ The incidence of resistance is growing, and the drug is losing

activation due to widespread misuse (Maltezou, 2010b)
✓ Pain and thrombosis on intravenous administration, intramuscular

injection also painful
b. Amphotericin B (AmB):

✓ Liposomal Amphotericin B, 95% efficacy
✓ High affinity for ergosterol, the predominant sterol of the fungal

and leishmanial cell membrane
✓ Formation of aqueous pores in the leishmanial promastigotes cell

membrane that result in an osmotic change leading to the cell lysis.
✓ Indicated for the visceral leishmaniasis.
✓ High cost, damaging effect on kidneys (Croft and Coombs, 2003)

c. Miltefosine:
✓ A first oral drug used for the treatment of VL oral administration
✓ Causes apoptosis in L. donovani decreased parasite proliferation

effect in mitochondria as a primary target
✓ Long terminal residence time and, contraindicated in the period of

pregnancy, teratogenicity (Paris et al., 2004)
d. Paromomycin:

✓ Cures VL and CL new, simple, easily applicable
✓ Effect on mitochondria as a primary target
✓ Side effect like vomiting, dyspepsia, cyanosis, nephritic syndrome

(Jhingran et al., 2009)
e. Pentamidine:

✓ Isothinate and methanesulphonate salts used for VL treatment



Scheme 2. Bio-synthetic pathway of indole alkaloids.
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✓ The drug enter inside L. donovani promastigotes through arginine
and polyamine transport

✓ Decline efficiency and high resistance. Toxic and causes hypogly-
cemia, hypotension, and nephrotoxicity (Sands et al., 1985)

4. Introduction to β-carboline and allied structures

β-carboline (9H-pyrido[3,4-b]indole), also known as nor-harmane, is
a nitrogen-containing heterocycle. β-carboline belongs to the group of
indole alkaloids and contains a pyridine ring fused with an indole
backbone (Cao et al., 2007). The structure of β-carboline is like trypt-
amine, with the ethylamine chain re-connected to the indole nucleus via
an extra carbon atom to produce a three-ringed structure (Dewick, 2002).
Since its initial discovery in the year 1841, β-carboline alkaloids have
been isolated from various sources, principally plants (mainly in Ruta-
ceae, Simaroubaceae, Amaranthaceae, Caryophyllaceae, Rubiaceaeand
Zygophyllaceae), marine creatures (hydroids, bryozoans, soft corals) and
marine sponges (França et al., 2014). They are also present in microor-
ganisms, insects, food products (Piechowska et al., 2019), alcoholic
beverages, tobacco smoke, as well as human tissues and body fluids. Also,
β-carbolines display a wide range of unusual biological activities like
anti-cancer (Samundeeswari et al., 2017), (Carvalho et al., 2017),
5

antiviral (Brahmbhatt et al., 2010), antibacterial, antifungal (Nenaah,
2010), antileishmanial (Kam et al., 1999), antithrombotic,
anti-inflammatory (Yao et al., 2011) properties, among others. They have
also been reported to interact with enzymes and receptors like mono-
amine oxidase (Herraiz, 2007), topoisomerase I (Sobhani et al., 2002),
topoisomerase II (Deveau et al., 2001), mitogen-activated protein kinase
(MAPK) (Trujillo et al., 2007), cyclin-dependent kinase (CDK) (Song
et al., 2004), benzodiazepine receptors (Guzman et al., 1984), 5-HT-1
receptors (Glennon et al., 1996), 5-HT-2 receptors (Audia et al., 1996)
and imidazoline receptors (Glennon et al., 2004). Some important
β-carboline structures are shown in Figure 2. In turn, a great deal of
attention is received by the scientific community (academia and in-
dustry) to explore a chemically versatile moiety. To the best of our
knowledge, nine β-carboline drugs have been commercialized to date
(Dai et al., 2018) (Figure 3).

5. Synthetic strategies

5.1. Tetrahydro-β-carboline (THBC) and β-carboline (β-C) ring system

The three-cyclic tetrahydro-β-carboline (THBC) and β-carboline ring
system have been considered as an essential structural element in



Scheme 3. Microwave-assisted synthesis of THBC derivatives.
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medicinal chemistry, and it exposes a wide range of pharmacologically
important alkaloids isolated from a diversity of natural sources (Cao
et al., 2007). This Pictet-Spengler condensation was discovered in 1911
by Ame Pictet and Theodor Spengler when they condensed phenethyl-
amine (28) with methylal to provide tetrahydroisoquinoline (29) (Cox
and Cook, 1995). This reaction was wholly used for the synthesis of
tetrahydroisoquinolines. The reaction involves two steps. In the first step,
Schiff base (imine intermediate) was formed through dehydration of
electron-rich β-arylamine with an aldehyde or ketone in the presence of
an acid as a catalyst. In the second step, the imine undergoes 6-endo-trig
cyclization which leads to the formation of THBC scaffold. However, in
1928 Tatsui synthesized and demonstrated the formation of 1-methyl-1,
2,3,4-tetrahydro-β-carboline (31) from tryptamine (30) and acetalde-
hyde (Ascic et al., 2012), (Calcaterra et al., 2020) as shown in Scheme 1.

The enzyme-catalyzed Pictet-Spengler condensation of tryptamine
(33) with strictosidine synthases lead to the formation of strictosidine
(34). Secologanin (35) biosynthesis takes place after the strictosidine
involving a lot of reaction steps, which include non-mevalonate terpene
biosynthesis. This is the critical step in the biogenetic pathway of
monoterpene indole alkaloids formation. The biosynthetic pathway of
Scheme 4. Microwave-assisted synt
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most of the indole alkaloids was derived from tryptophan (5) in the
presence of tryptophan decarboxylase, a pyridoxal dependent enzyme
(O'Connor and Maresh, 2006), (Battersby et al., 1968) depicted in
Scheme 2.

In recent years, the THBCs and β-carbolines were extensively studied,
and still, many more studies are in progress. The synthetic tactics were
altered, which resulted in good yields of THBCs, β-carboline, and its
derivatives that were tested against various pharmacological activities
like anti-cancer (Yao et al., 2019), anti-Alzheimer's (Horton et al., 2017),
etc.
5.2. Microwave-assisted synthesis

Generally, the Pictet–Spengler reaction usually requires longer reac-
tion times in the refluxing solvent. Microwave radiation significantly
accelerates the reaction and yields well in a short period of time. Scott
Eagon and Marc O. Anderson reported the microwave-assisted synthesis
of THBC and β-carboline within 20 min. The microwave-assisted Pic-
tet–Spengler reaction was carried out by using 1,2-dichloroethane (DCE)
and trifluoroacetic acid (TFA) as solvents, and tryptamine as the starting
hesis of β-carboline derivatives.



Scheme 5. Synthesis of THBC derivatives with HFIP and N2.

K.K. Banoth et al. Heliyon 6 (2020) e04916
material which resulted in the yield up to 99% (Scheme 3). After the
initial THBC formation, the aromatization of resultant tetrahydro-β-car-
boline salts with Pd/C in EtOH under microwave radiation yielded
β-carboline salts (Scheme 4) (Eagon and Anderson, 2014).

Wang et al. reported the synthesis of 1-substituted-1,2,3,4-tetrahy-
dro-β-carboline in the presence of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) as solvent and Li–Na as catalyst under anhydrous conditions.
Pictet-Spengler reactions between tryptamine derivatives and aldehydes,
or activated ketones with HFIP, could accelerated the tetrahydro-β-car-
bolines in high yields (99 %) upon reaction for one hour under nitrogen
atmosphere at 58.6 �C (Scheme 5). The same research group also re-
ported the synthesis of L-tryptophan methyl ester derived by THBC
(Wang et al., 2014) (see Scheme 6).
Scheme 6. Synthesis of THBC methyl e
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5.3. Various synthetic approaches

Apart from the microwave-assisted synthesis of 1,2,3,4-tetrahydro-
β-carboline and β-carboline moiety, other methods like Ru (II) catalyzed
C–H ortho arylation reactions of β-carboline (Rajkumar et al., 2015), Ru
(II) catalyzed hydroxymethylation of β-carboline (Tokala et al., 2019)
and Cu (II) mediated C–H hydroxylation of β-carboline (Bora et al.,
2020), metal-free one-pot synthesis of β-carboline with N-Methyl 2-
Pyrrolidone (Ramu et al., 2019), and Iodine catalyzed one-pot aromati-
zation (Meesala et al., 2016) was also investigated. The studies disclosed
that these synthetic strategies were yielded moderate to good yields after
final isolations. C–H functionalization and regioselectivity of the β-car-
boline molecules were also investigated.
ster derivatives with HFIP and N2.



Scheme 7. Synthesis of THBC esters by R. Singh and co-workers.

Scheme 8. Synthesis of THBC derivatives by Sharma and co-workers.
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For the generalized synthesis of THBC and β-carboline derivatives,
most of the research groups were reported as the initial esterification of
the L-tryptophan/DL-tryptophan with the help of thionyl chloride with
reflux yields the methyl/ethyl esters of the respective tryptophan. After
esterification, aromatic/aliphatic aldehydes were used for the complete
ring formations as THBC esters. In this stage, the isomers (cis/trans) was
formed. After completion of this, oxidation of the ester derivative of the
above formed THBC yields the final β-carboline compound. Singh and co-
Scheme 9. Synthesis of 1-formayl β-carbol
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workers reported the antifungal activity of the THBC ester derivatives
(cis/trans) by taking the L-tryptophan as a starting material (Scheme 7)
(Singh et al., 2020).

Sharma et al. reported the anti-plasmodial activity of N-substituted
THBC derivatives. The synthetic strategy applied for the synthesis of
THBC analogs was different from the previously reported method of
Singh and co-workers. In this, initially, the THBC carboxylic acid was
synthesized by refluxing L-tryptophan, formaldehyde, and sodium
ine by Virender Singh and co-workers.



Scheme 10. Synthesis of β-carboline phenyl piperazines.
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hydroxide for 8 h. After the THBC carboxylic acid synthesis, esterification
was done by refluxing with thionyl chloride for 6 h, finally conjugated
with alkynyl bromide results in the formation of titled N-substituted
THBC analogs (Scheme 8) (Sharma et al., 2020).

A convenient and highly efficient I2-catalysed method has been
extended to the synthesis of highly fluorescent β-carboline C-1(3)-teth-
ered thiazolo[4,5-c] carbazoles, naphtho[2,1-d]thiazoles, and benzo-
thiazole derivatives. The Virender Singh research group investigated
photophysical and fluorescent properties. The oxidation process of the
THBC ester with both iodine and potassium permanganate was success-
fully implemented and yielded the titled 1-substituted-β-carboline ester
up to 98% yield with L-tryptophan as the starting material. Various sol-
vents were used in the process like dimethylformamide, tetrahydrofuran,
dimethyl sulfoxide. Among these solvents, dimethyl sulfoxide in the
presence of the catalytic amount of Iodine only resulted in a 98% yield
(Scheme 9) (Singh et al., 2020).

Murugesan et al. reported the synthesis and anti-leishmanial activity
of the β-carboline phenyl piperazine derivatives. The initial synthesis was
started by taking DL-tryptophan as a starting material. Esterification with
thionyl chloride was followed by aldehyde conjugation yielded 1-
substituted THBC ester. Then, oxidation with potassium permanganate
Scheme 11. Synthesis of 9-methyl
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in THF resulted in β-carboline ester, and alkali hydrolysis leads to the
formation of β-carboline carboxylic acid. Finally, acid amide coupling in
the presence of EDC. HCl and HOBt with various substituted phenyl pi-
perazines lead to the synthesis of various 3- substituted β-carboline
phenyl piperazines (Ashok et al., 2017), (Ashok et al., 2018) (Scheme
10). In the subsequent year, the same research group was also explored
the successful methylation at the NH in the 9th position by using methyl
iodide (Ashok et al., 2019) (Scheme 11). 1-phenyl 1,2,3,4-tetrahy-
dro-β-carboline derivatives also reported by the same research group by
taking tryptamine as a starting material. The tetrahydro-β-carboline was
coupled with various acetamides in the presence of potassium carbonate,
and dimethylformamide yielded up to 80% of the titled carboxamide
products (Scheme 12) (Ashok et al., 2016).

6. Biological activity

6.1. β-carboline derivatives as anti-leishmanial agents

Penta Ashok et al. reported the synthesis of piperazinyl-β-carboline-3-
carboxamide derivatives and evaluated their anti-leishmanial activity
against Leishmania infantum and Leishmania donovani. Among the
β-carboline phenyl piperazines.



Scheme 12. Synthesis of 1,2,3,4-tetrahydro-β-carboline acetamide derivatives.
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reported derivatives, compounds 124, 125, and 126 exhibited potent
inhibition of promastigotes (EC50 1.59, 1.47, and 3.73 μM, respectively)
and amastigotes (EC50 1.4, 1.9 and 2.6 μM respectively) of L. infantum
(Ashok et al., 2019) (see Figure 4).

Nitin A. lunagariya et al. described the synthesis of 1,3,6-trisubsti-
tuted-β-carboline derivatives and evaluated their cytotoxic potential
against four human cancer cells, namely A-549, HeLa, Hep G2, and MCF-
7 as well as anti-leishmanial activity against promastigotes of L. donovani
(MHOM/80/IN/Dd8). Among the studied compounds, compounds 127
and 128 were found to exhibit moderate inhibition with IC50 of 23.5 �
9.0 and 68.0 � 0.0 μM respectively, while compound 129 was the most
active in the tested series with IC50 9.0 � 2.8 μM, suggesting the modi-
fication at C-6 was detrimental for anti-leishmanial activity (Lunagariya
et al., 2016) (see Figure 5).

Penta Ashok et al. reported the synthesis of (1- phenyl-9H-pyrido[3,4-
b] indol-3-yl) (4-phenylpiperazine-1-yl) methanone derivatives and
evaluated them for inhibition activity against L. infantum and L. donovani.
Amongst them, compounds 130 and 131 showed the most potent anti-
Figure 4. Structure of compo
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leishmanial activity against the tested strains of Leishmania. The com-
pound 130 exhibited EC50 of 3.47 � 2.80 μM (promastigotes), 2.80 �
0.10 μM (axenic amastigotes) and 4.00 � 0.60 μM (intracellular amas-
tigotes). Another compound 131 showed the EC50 2.89 � 0.34 μM
(promastigotes) and 2.80 � 0.13 μM (axenic amastigotes) (Ashok et al.,
2018) (see Figure 6).

Ravi Kumar et al. reported the synthesis of 2-(pyrimidine-2-yl)-1-
phenyl-2,3,4,9-tetrahydro-1H-β-carboline derivatives and evaluated for
anti-leishmanial activity against L. donovani. Compound 132 exhibited
significant anti-leishmanial activity with an IC50 value of 1.93 mg/ml
against amastigotes (Kumar et al., 2010) (see Figure 7).

Vikrant Singh M. Gohil et al. reported the anti-leishmanial activity of
1-aryl-β-carboline derivatives against L. donovani. Compound 133 (IC50

2.16 � 0.26 μM) showed notable activity than the standard drug milte-
fosine (IC50 12.07 � 0.82 μM) (Gohil et al., 2012) (see Figure 8).

T. F. Stefanello et al. represented the in-vitro antileishmanial activity
of N-butyl-[1-(4-methoxy) phenyl-9H-β-carboline]-3-carboxamide
against L. amazonensis. The compound 134 was active against
unds 124, 125 and 126.



Figure 5. Structure of compounds 127, 128 and 129.

Figure 6. Structure of compounds 130 and 131.
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promastigote, axenic amastigote, and intracellular amastigote forms of
L. amazonensis, which has high selectivity for the parasite (Stefanello
et al., 2014) (see Figure 9).

Penta Ashok et al. synthesized, and characterized of some novel tet-
rahydro-β-carboline derivatives against transgenic infrared fluorescent
L. infantum strain. Among the tested analogs, most of the compounds
exhibited potent inhibition against both promastigotes (IC50 from 1.99�
1.40 to 20.69 � 0.95 μM) and amastigote (IC50 from 0.67 � 0.05 to 4.16
� 0.008 μM) forms of L. infantum. Moreover, compound 135 displayed
the most potent and selective inhibition of parasite's amastigote form
with IC50 0.67 � 0.05 μM (Ashok et al., 2016) (see Figure 10).

H�elitoVolpato et al. studied the effects of N-butyl-1-(4-dimethyla-
mino) phenyl-1,2,3,4-tetrahydro-β-carboline-3-carboxamide and its
possible targets against L. amazonensis. The results showed that
morphological and ultrastructural alterations, depolarization of the
mitochondrial membrane, the loss of cell membrane integrity, and an
Figure 7. Structure of compound 132.
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increase in the formation of mitochondrial superoxide anions in L.
amazonensis treated with compound 136 (Volpato et al., 2013) (see
Figure 11).

R. B. Pedroso et al. reported the synthesis of 1-substituted-β-carbo-
line-3-carboxamides, 1-substituted-β-carboline-3-carboxylic acid, and
screened for in-vitro activity against L. amazonensis. Compound 137, (N-
benzyl-1-(4-methoxy)phenyl-9H-β-carboline-3-carboxamide) exhibited
significant activity against promastigotes and axenic amastigote forms
Figure 8. Structure of compound 133.



Figure 9. Structure of compound 134. Figure 11. Structure of compound 136.
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with IC50 of 2.6 and 1.0 μM, respectively (Pedroso et al., 2012) (see
Figure 12).

Shikha S. Chauhan et al., reported a detailed novel β-carboli-
ne–quinazolinone hybrids as inhibitors of L. donovani trypanothione
reductase (LdTR). Among the series of analogs, compounds 138,139 and
140 revealed significant in-vitro activity against amastigotes with IC50 of
4.4, 6.0, 4.3 μM, and promastigotes with IC50 of 3.3, 4.6 and 4.8 μM,
respectively along with an adequate selectivity index (SI) of >91, 36 and
24. Apart from synthesis and bio-activity, the research group also studied
in-silico docking studies against the homology modeled target against the
LdTR enzyme. The study results revealed that compound 138 made
hydrogen bond interactions with GLU-466 and HIS-461aminoacid resi-
dues, both of which usually participate in the enzymatic process and thus
may contribute to its inhibitory potential (Chauhan et al., 2015) (see
Figure 13).

Lilian T. DusmanTonin et al. reported a series of 1-phenyl substituted-
β-carbolines containing an N-butyl carboxamide group at C-3 of the
β-carboline nucleus and evaluated in-vitro activity against epimastigote
forms of Trypanosoma cruzi and promastigote forms of L. amazonensis.
Two derivatives, 141 and 142, presented potent activity against both the
tested parasites. The most active derivative 141 also showed high
selectivity index ratio (SI) for L. amazonensis (SI ¼ 2.084) (Tonin et al.,
2010) (see Figure 14).

Ashok et al. reported the synthesis and anti-leishmanial activity of (4-
aryl piperazine-1-yl) (1- (thiophene-2-yl)-9H-pyrido[3,4-b]indol-3-yl)
methanone derivatives against both promastigotes and amastigotes of
Leishmania parasites responsible for visceral (L. donovani) and cutaneous
(L. amazonensis) leishmaniasis. Among the series of synthesized com-
pounds, the compounds 143 and 144 were found to exhibit better anti-
leishmanial activity than other compounds with IC50 values of 8.80
Figure 10. Structure of compound 135.
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and 7.50 μM respectively, against the amastigotes of the tested strains
(Ashok et al., 2017) (see Figure 15).

Pooja Purohit et al., detailed the synthesis of 1,2,3,4-tetrahydro-
β-carboline-tetrazole derivatives using Ugi multicomponent reaction, and
evaluated the compounds against Leishmaniasis. Among the screened
compounds, compound 48 was found to be the most active with an IC50
value of 1.57 μM against intracellular amastigotes of L. donovani, and
their activity is comparable with standard drugs miltefosine and sodium
stibogluconate. Further, in-vivo evaluation of the compound 48 against
L. donovani golden hamster model at a dose of 50 mg kg�1 (i.p for five
days) showed 75.04 � 7.28% inhibition of splenic parasite burden.
Pharmacokinetics of compound 145 was also studied in the golden Syr-
ian hamster followed with a 50 mg kg�1 oral dose, the compound 145
was detected in hamster serum for up to 24 h. It showed a large volume of
distribution (651.8 L kg�1), high clearance (43.2 L h�1 kg�1), and long
mean residence time (10 h) (Purohit et al., 2017) (see Figure 16).

Paula Bar�ea et al. described the synthesis of a series of novel β-car-
boline-1,3,5-triazinehybrids and evaluated their in-vitro antileishmanial
activity against promastigotes and amastigotes forms of L. amazonensis.
Compounds 146 and 147 were found to exhibit potent activity against
both amastigotes and promastigotes with IC50 values of 1.0� 0.1 μM and
1.2 � 0.5 μM, respectively. Mechanism of action studies by scanning
electron microscopic technique using promastigotes disclosed that the
compound 147 caused alterations to the cell cycle and produced an in-
crease in lipid storage. This increase in the lipid content may be related to
the apoptotic cell death of the parasite (Bar�ea et al., 2018) (see
Figure 17).
Figure 12. Structure of compound 137.



Figure 13. Structure of compounds 138, 139 and140.

Figure 14. Structure of compounds 141 and 142.
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Irfan Khan et al. reported the synthesis and anti-leishmanial screening
of some novel β-carboline-peptide and tetrahydro-β-carbolines-peptides
via natural product inspired molecular hybridization approach. Among
the tested compounds, compounds 148, 149, and 150 revealed signifi-
cant in-vitro anti-leishmanial activity against both promastigotes and
intracellular amastigotes of L. donovani (IC50 2.43, 3.56, and 7.61 μM,
respectively) than the control drug miltefosine (IC50 ¼ 8.2 μM)with less
cytotoxicity when compared with the standard drugs (sodium stibo-
gluconate and Miltefosine). In-silico molecular docking studies of the
synthesized compounds using the homology modeled LdTR indicated
that the compound 149 showed significant binding free energy when
compared with compound 150 (Khan et al., 2019) (see Figure 18).
6.2. Phytoconstituents with anti-leishmanial effect

Nature, as an essential source for the discovery of medicinally
important compounds and the use of natural products for the treatment
Figure 15. Structure of com
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of various diseases/infections, is well known from the ages of (Oteng
Mintah et al., 2019), (Oryan, 2015). It has been estimated that there are
about 250,000 medical plant species in the world. However, the bio-
logical activities of only about 6% of them have been screened.
Furthermore, only approximately 0.75% of medical herbal compounds
have been studied in clinical trials. The significant merits of herbal
medicine include their low cost, low incidence of serious adverse effects,
and good efficacy. Various bioactive compounds like flavonoids, alka-
loids, chalcones, saponins, quinolines, ligans, tannins and terpenoids
present in the plant parts, crude extracts, essential oils, and other useful
compounds can be a good source for discovering and producing new
antileishmanial medicines (Ioset, 2008).

Renata S. Gabriel et al., isolated and investigated the effect of the
β-carboline-1-propionic acid alkaloid (151) from Quassiaamara L.,
(Family: Simaroubaceae) against L. amazonensis and L. infatum. The
alkaloid was isolated afterward, the liquid-liquid fractionation followed
by chromatographic purification of the fraction Quassiaamara L.,
pounds 143 and 144.



Figure 16. Structure of compound 145.

Figure 19. Structure of compound 151.

Figure 20. Structure of compounds 152 and 153.
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methanol extract. The isolated β-carboline-1-propionic acid alkaloid
(151) exhibited anti-leishmanial activity against both promastigotes and
intracellular amastigotes with 50% inhibitory concentrations ranging
from 2.7 � 0.82 to 9.4 � 0.5 μg/ml and selectivity index >10. Further-
more, apoptotic L. amazonensis (19.5%) and L. infantum (40.4%) pro-
mastigotes were detected after 5 h incubation with the alkaloid.
Moreover, the researchers also studied the inhibition effect on the pro-
duction of NO by infected macrophages, and the results suggested that
the alkaloid displayed a NO-independent mechanism of action for the
elimination of intracellular amastigote forms (Gabriel et al., 2019) (see
Figure 19).

The harmaline (152), isolated from Peganumharmala (Family:
Nitrariaceae), exhibited amastigote-specific activity (IC50 of 1.16 μM).
Harmine (153) isolated from the same plant species also reduced spleen
Figure 17. Structure of co

Figure 18. Structure of comp
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parasite load by approximately 40, 60, 70, and 80% in free, liposomal,
niosomal, and nanoparticular forms respectively, when tested in mice-
model (Di Giorgio et al., 2004) (see Figure 20).

Manzamines are unique β-carboline alkaloids isolated from Indo-
Pacific sponges and characterized by a complicated nitrogen-containing
polycyclic system. In 1986, Higa and co-workers first reported manz-
amine A from the Okinawan sponge of the genus Haliclona (Sakai et al.,
1986). The full anti-leishmanial effects of the manzamine alkaloids were
clearly depicted in the review of Ashok et al.,.The research group
mpounds 146 and147.

ounds148, 149 and 150.



Figure 21. Structure of manzamine alkaloids (154–161).

Figure 22. Structure of various eudistomins (162–167).
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Figure 23. Structure of trypanothione disulphide (TS2) and glutathione disulphide (GS2).
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discussed the effects of the manzamine alkaloids (Figure 21) as
anti-leishmanial agents, their cytotoxicity and the detailed
structure-activity relationship (Ashok et al., 2015).

Eudistomin is also a β-carboline alkaloid isolated from the ascidians
(Family: Ascidiacea). Initially, eudistomin A from Eudistomao livaceum
was isolated in 1983 (Rinehart et al., 1984); eudistalbins (Adesanya
et al., 1992), eudistomidins and other eudistomins (Netz and Opatz,
2015) were gradually isolated (Figure 22). The anti-leishmanial activity
of these analogs was not reported. Antic cancer activity of Eudistomin H
(165), extracted from Ascidian Eudistomaviride, tested against Hela cells,
exhibited an IC50 of 0.49 μg/ml (Rajesh and Annappan, 2015). Antimi-
crobial studies of the Eudistomin H (165) revealed the zone of inhibition
7–9 mm (Rajesh and Murugan, 2019).

7. Mechanism of action of β-carboline analogs

β-carbolines is known to exert their antileishmanial activity via the
following possible mechanisms.

7.1. Inhibition of trypanothione reductase

The leishmanial parasite proliferates inside the macrophage cells and
still protects itself from the wrathful effects of free radicals generated by
the macrophage cells. Similar to the host's glutathione/glutathione
reductase redox system, the parasite utilizes the trypanothione/
Figure 24. Trypanothione peroxidase pathway. TS: Trypanothione synthase TR: Tr
thione (reduced form), TXNSH: Tryparedoxin (oxidized form), TXN(SH)2: Tryparedo
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trypanothione reductase peroxidase system to neutralize the free radicals
(Figure 23).

Trypanothione TS2 is synthesized from two substrates glutathione
and spermidine using the enzyme trypanothione synthetase (TS). The
trypanothione (TS2) is kept in its reduced form T(SH)2 by Trypanothione
Reductase (TR). T(SH)2 is, in turn, used to reduce tryparedoxin (TXNSH)
into its reduced form TXN(SH)2. Tryparedoxin peroxidase (TXNP) neu-
tralizes the free radicals generated by the macrophage cells, thus
providing a favorable environment for the growth of the parasite
(Chawla and Madhubala, 2010).

Trypanothione reductase is a homodimer in which each subunit is
formed by three domains, namely NADPH binding domain, FAD-binding
domain, and interface domain. The trypanothione binding site is placed
at the interface between the FAD-binding domain and the interface
domain. The active site of trypanothione reductase has an overall net
negative charge to attract the positively charged trypanothione and repel
the negatively charged glutathione. Cys 52, Cys 57, His 461, and Glu 466
are the essential amino acid residues that are involved in the catalytic
process (Krauth-Siegel and Inhoff, 2003). Chauhan et al. designed a series
of β-carboline-quinazoline hybrids as inhibitors of trypanothione reduc-
tase (Chauhan et al., 2015) (Figure 24). Compounds 138–140 were
found to inhibit trypanothione reductase with good potency. Molecular
docking studies were also performed to determine the binding pose of the
compound in the active site of the enzyme. Compound 138 was able to
occupy the active site of the enzyme and revealed hydrogen bond
ypanothione reductase, TS2: Trypanothione (oxidized form), T(SH)2: Trypano-
xin (reduced form), TXNP: Tryparedoxin peroxidase.



Figure 25. Structure-activity relationship study of β-carboline associated with its anti-leishmanial activity.
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interactions with His 461 and Glu 466, which might have contributed to
its activity. Furthermore, the compounds 138–140 also exhibited good
antileishmanial activity against the promastigote and amastigote forms
of L. donovani in vitro.
7.2. Alterations in the cell division cycle

Bar�ea et al. synthesized and evaluated novel β-carboline-1,3,5-
triazine hybrids against the promastigotes and amastigotes form of the
leishmanial parasite (Bar�ea et al., 2018). Compound 147 was found to
exhibit potent activity against the amastigotes. Further studies were
conducted to elucidate the mechanism of action of compound 147.
Electron microscopic analysis of promastigotes following 72 h of treat-
ment with the compound 147 showed an increase in lipid-storage bodies,
altercations in mitochondria, and plasma membrane. The authors
postulated that the increase in lipid-storage levels was as a result of
cellular stress and mitochondrial dysfunction, which ultimately culmi-
nated in cell death via apoptotic pathways.

8. Conclusion and future perspectives

8.1. Structure-activity relationship studies

Structure-activity relationship (SAR) studies are a critical key to many
aspects of drug discovery, ranging from primary screening to lead opti-
mization. A collection of molecules and their associated activities were
trying to elucidate the details of one or more SARs and subsequently
using that information to make structural modifications to optimize some
property or activity of the particular moieties (Guha, 2013).

In this context, the titled β-carboline derivatives were associated with
its anti-leishmanial effects. The moiety was well explored, and the library
of molecules was already designed, synthesized, and many molecules are
in the pipeline. The structural activity relationship pattern of this moiety
helps to identify or modify the existing structure with various sub-
stitutions at possible positions to make potent analogs against the
neglected tropical disease “Leishmaniasis.” The modification of the “A”
ring at the 6th position with bulk group moieties decreases the anti-
leishmanial activity when compared with the unsubstituted analog in
17
the same position. Tetrahydro-β-carboline nucleus also showed signifi-
cant anti-leishmanial activity. The structural modifications performed at
the various positions of the “C” ring may improve the potency. Works of
the literature indicated that most of the researchers focus on the “C” ring
only. The modifications this “C” ring is simple to make and might lead to
a drastic increase in the anti-leishmanial activity (Figure 25).

On the second position of β-carboline (C ring), substitution with N-
oxides, small carbon chains, amide substitutions may increase the effi-
cacy. Substitution at the third position with numerous analogs like ortho,
para directing phenyl rings, methoxy derivatives of the benzene ring,
heterocyclic aldehydes like thiophene, quinoline showed significant anti-
leishmanial activity. With various structural modifications at the third
position of “C” ring with functional groups such as ester and acid, better
anti-leishmanial and anti-cancer activities were observed. Acid de-
rivatives with simple phenyl substitutions enhanced both the anti-cancer
and anti-leishmanial activities. Substitution with meta directing func-
tional groups at the phenyl ring (A) may decrease the anti-leishmanial
efficacy. Methyl substitution at NH of ninth position (B ring) increases
the anti-leishmanial activity. According to the available data on ring B,
less research has been explored as an anti-leishmanial agent. To
conclude, more precisely, more study may be continued on ring B.

9. Summary

In summary, antileishmanial drug discovery is still a task, despite the
great efforts made during recent years. Thus, new and effective drugs
should be investigated in order to overcome the toxic and side effects of
decade-old existing drugs. In the last year, several candidate analogs have
been deliberated to find potential new uses with the required charac-
teristics. Unfortunately, the studies revealed less significant action on the
Leishmaniasis. The recent improvements or structural modification of the
β-carboline derivatives may lead to a better treatment strategy for the
Leishmaniasis. The progress made so far in the research area of Leish-
maniasis is less when compared against other protozoal diseases. The
expansion of new synthetic drugs, along with the research on natural
products, simplifies a significant approach for the discovery of new
compounds against both sensitive and drug-resistant Leishmania species.
Further, detailed molecular mechanistic studies may also help to
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improvise the development of β-carboline scaffold against leishmaniasis
therapy.
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