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Even after 70 years, pentavalent antimonials sodium stibogluconate and meglumine antimoniate remain
the most important and cost-effective antileishmanial drugs. However, the drugs cannot be delivered
orally and treatment involves intravascular or intramuscular injections for 28 days under strict medical
monitoring due to the toxicity of Sb(III). The main alternatives, amphotericin B, pentamidine and miltefo-
sine, are expensive and not without their own problems. Bismuth sits below antimony in the periodic table
and is considered to be relatively nontoxic to humans while being capable of providing powerful antimi-
crobial activity. This review describes recent efforts into developing antileishmanial Bi(III) and Bi(V) drugs,
which may resemble Sb analogs in effect and mode-of-action while providing lower mammalian cell toxi-
city and opportunities of oral delivery. Within the last 10 years, various studies concerning bismuth-based
compounds as potential antileishmanial agents have been published. This review seeks to summarize the
relevant studies and draw a conclusion as to whether bismuth complexes have the potential to be effective
drugs.
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Leishmania are protozoan parasites transmitted by the sand fly vector where they multiply as motile promastigotes [1].
In the mammalian host, parasites convert into intracellular amastigotes and multiply in the macrophages [2,3].
Leishmaniasis is widespread across the globe in Africa, Latin America, Asia, the Mediterranean region and the
Middle East. The cutaneous form (CL) of the disease accounts for majority of new cases of leishmaniasis, and 90%
of those occur in the Middle East and South America. Over 1 million cases have been reported within the last 5
years [4]. This form of the disease can also manifest as diffuse cutaneous leishmaniasis characterized by multiple
nodular lesions, and mucocutaneous leishmaniasis leading to the destruction of the mucous membranes. Visceral
leishmaniasis (VL; aka kala-azar), is a severe, systemic syndrome that is fatal if left untreated. The majority of VL
cases occur in five countries: India, Bangladesh, Ethiopia, Sudan and Brazil [5]. According to the WHO, there are
300,000 estimated cases of VL and over 20,000 deaths each year [4]. The disease is zoonotic, and domestic dogs
are the main reservoir, however, humans are the only known hosts for Leishmania donovani. A large proportion of
VL patients infected with L. donovani develop post kala-azar dermal leishmaniasis, which manifests several years
following the cure of VL. These individuals are considered a significant source of parasites for new infections [6].

Leishmaniasis has been classified as a neglected and re-emerging disease with a substantial mortality and morbid-
ity burden [7]. It is also a growing problem among travelers, additionally amplified by the unfamiliarity of medical
practitioners from nonendemic regions with symptoms and treatment options [8]. However, leishmaniasis is inti-
mately linked to poverty, malnutrition and general lack of resources. Majority of afflicted population cannot afford
the costs of treatment, which exceed a considerable proportion of their income and pose a substantial financial
burden. Hence, market forces do not drive the development of new vaccines or drugs, as the poor financial returns
will not offset funds invested in research and development.

The current chemotherapy for leishmaniasis consists mostly of pentavalent antimonials including sodium sti-
bogluconate and meglumine antimonate (Figure 1). This class of drugs has been in clinical use for over 70 years.
These Sb(V) complexes act as a prodrug, reducing to Sb(III) through the coordination of Sb(III) with cysteine
in glutathione (γ-L-Glu-L-Cys-Glu-Cys-Gly, GSH) and trypanothione (N 1-N 8-bis(glutathionyl)spermidine,
T(SH)2] [9]. TSH is the major low molecular mass thiol inside Leishmania [10]. Highly stable and kinetically labile
complexes [Sb(GS)3] and [Sb(TS2)], respectively, are formed. GSH switches between its free and Sb(III)-bound
form based on the pH; this is slow at low pH, and rapid at biological pH [10]. A ternary complex can be formed
when monothiol ligands cysteine and GSH are added to [Sb(TS)2]. In particular, the combination of [T(SH)2] with
trypanothione reductase provides an intracellular reducing environment against oxidative stress for the parasite,
especially favoured at a low pH and high temperature [11]. This is demonstrated by a larger reduction rate in
amastigotes (pH ∼6.4, 310 K) than in promastigotes (pH ∼6.8, 298 K). The leishmanial aquaglyceroporins have
also been identified as facilitators for Sb(III) uptake in Leishmania major, Leishmania infantum and Leishmania
tarentolae [11]. Furthermore, it was recently reported that the modulation of host cell or macrophage phosphatases
by the Leishmania parasite, and the role of phosphatases in Leishmania host–cell interactions are possible avenues
for future treatment development [12].

Sodium stibogluconate consists of a mixture of different molecular fragments ranging anywhere from 100–4000
Da [13], and its most commonly known structure is a 2:2 Sb-sodium gluconate complex of 744 Da [14]. Conversely,
meglumine antimonate is a mixture of oligomeric structures with the general formula (NMG-Sb)n-NMG and
(NMG-Sb)n, where NMG represents N-methyl-D-glucamine [15]. There are attempts to reduce the toxicity and
improve drug delivery through liposomal-based and oral cyclodextrin-based formulations [16,17]. Unfortunately,
their use becomes rapidly ineffective due to the lack of efficacy and increasing resistance [18]. The drugs are toxic
with severe, sometimes life-threatening, side effects and long, parenteral administration [19]. Second-line drugs
include aromatic diamidines (pentamidine) and amphotericin B. Amphotericin B (Figure 1) is a polyene and
binds to ergosterol in leishmanial cell membranes [20]. This forms pores which disrupt the integrity of the cell
membrane [21]. The cell is unable to regulate osmolarity, leading to apoptosis. With pentamidine, it has been
reported that the isothionates and methansulfonate salts of pentamidine, an aromatic diamine, are taken up into
the promastigotes via arginine and polyamine transporters [22,23]. These two drugs however are also toxic and have
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Figure 1. Current first-line and alternative treatments for leishmaniasis.

severe side effects [8] and inconvenient, parenteral route of administration preclude their widespread. In addition,
the prohibitive cost of these formulations also means that this treatment is unavailable to the majority of patients [9].

The latest antileishmanial drug introduced into the clinics is miltefosine, an alkylphospholipid (hexadecylphos-
phocholine) [24]. Miltefosine has more than one molecular site of action, and acts by disturbing lipid-dependent
cell-signaling pathways and apoptosis [25]. It has shown to be an effective oral treatment for VL in India [26], and also
proven to be efficacious for CL caused by some New World Leishmania species [27]. Its use is limited by relatively
high costs, gastrointestinal side effects as well as hepatotoxicity and nephrotoxicity and teratogenic properties [28].
In general, decreasing efficacy of the antiparasitic monotherapy points to the use of multidrug therapies that can
combine synergistic or additive activities of drugs, hence shorten the duration of therapy, lower the dose and reduce
side effects and costs. Despite new regimens being introduced during the past decade and some success of the
combination therapies, there is an urgent need for the development of new antileishmanial compounds of increased
activity spectrum, greater efficacy and lesser side effects to the currently used chemotherapeutics.

Impact & importance of bismuth
Antimony, classified formally as a metalloid, is located below arsenic in group 15 of the periodic table. Directly
below antimony is the last member of the group bismuth, which is technically classified as a heavy metal. The three
elements (As, Sb and Bi) are therefore related and share many common chemical, electronic and physical features.
Interestingly, and somewhat counterintuitively, arsenic is considered to be more toxic than antimony, which in
turn is more toxic than bismuth [29,30]. All three elements can be found in two oxidation states, +III and +V, with
the comparatively lower stability +V state being considered less toxic, and more rapidly cleared, in mammals than
the +III state. The caveat to this is that when comparing SbV and BiV, the large difference in standard reduction
potential of 0.6 versus 2.0 V means that while SbV compounds (such as sodium stibogluconate) are generally stable,
the bismuth analogs are mostly unstable and highly oxidizing. Inorganic compounds of both Sb and Bi have a long
history of use in medicine. However, these days they are used in a more targeted manner for specific diseases with
the development of highly defined inorganic and organometallic complexes of both metals now being targeted for
use as antimicrobial and anticancer agents [20,22,31–33].

Because of toxicity concerns with Sb and the challenges resulting from treatment regimens and increasing
resistance, the use of bismuth offers an interesting and viable alternative. Despite the close periodic relationship of
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antimony and bismuth, still little research has been conducted on the potential of bismuth in antileishmanial drugs.
This most likely stems from observations that difficulties can arise from poor synthetic reproducibility, insolubility
and instability (mainly hydrolytic) of metalorganic bismuth compounds. However, given the generally accepted
anomalous lower toxicity of bismuth compounds, there is an opportunity to develop new drugs that display
antiparasitic activity while reducing unwanted side effects. Particularly enticing is the possibility of designing and
delivering compounds directly in the more active reduced +III oxidation state. Sb(III)-based drugs are now adjudged
too toxic to be given directly.

Bismuth is described as the most nontoxic heavy element, this has been proven in its application as simple
inorganic compounds, and no resistance has yet been observed in parasites toward bismuth. Oral formulations of
bismuth subsalicylate are used to treat gastrointestinal ailments [34], and both bismuth subsalicylate and bismuth
citrate can be consumed daily in the treatment of Helicobacter pylori [35]. The apparent low toxicity of bismuth
in humans means that toxic effects are not normally observed unless there is deliberate overdosage. Furthermore,
any toxic effects can be reversible upon the removal of bismuth from the system [36]. This low systemic toxicity
of bismuth in humans provides a strong motivation for the use, study and application of its biologically active
compounds as therapeutics [37]. Bismuth is also an environmentally acceptable heavy metal in chemical synthesis,
materials and medicine, and this is attractive for the development of ‘green’ and ‘sustainable’ practices in chemistry.

From a drug development perspective, due to the difficulty in the synthetic chemistry and preparation of the
bismuth compounds, many existing bismuth compounds are not completely characterized in terms of their purity,
composition and overall stability. Furthermore, it is difficult to establish concrete structure–activity relationships
due to the deficiency in structural chemistry of bismuth compounds [38]. While our knowledge of the biological
activity of compounds continues to develop, our understanding of the mechanism of action is very limited [10]. In
seeking new treatments based on bismuth compounds, the optimal requirements of any new drug would be: full
compound characterization, synthetic reproducibility in high yield, inexpensive formulation, reduced toxicity and
quicker, more effective, delivery methods through oral and dermal delivery. In this review, the current available
work on bismuth compounds will be explored, and compounds of interest will be identified as candidates for
further study.

At last, there are also opportunities in revisiting the role of antimony in its use in antileishmanial drugs, specifically
targeting oral efficacy and lower dosage. This is coming mainly now in the form of pentavalent (SbV) organometallic
compounds which have the potential to increase lipophilicity and hence bioavailability of the compounds in the
stomach. Progress in the development of these compounds and a direct comparison with the stability and activity
of analogous organometallic BiV complexes is also presented and discussed.

Current work on bismuth complexes against Leishmania
The latest information with regards to bismuth-based complexes was included in Keogan and Griffith’s review
in 2014 on the current and potential applications of bismuth-based drugs [39]. In the past 5 years, a total of ten
studies specifically investigating the use of bismuth complexes on Leishmania have emerged from two main working
groups, Andrews and Demicheli. The studies included both +III and +V oxidation states of the bismuth complexes,
as well as a variation of the class and type of ligands attached to the metal center. The complexes were derived
from oxygen-binding ligands such as α-hydroxycarboxylic acids, carboxylic acids and quinones, sulfur-binding
ligands such as thiocarboxylic acids and thiols, oxygen- and sulfur-binding ligands such as the β-thioxoketones,
and nitrogen-binding ligands such as porphyrins and phenazines. Table 1 provides a summary of the existing
compounds. In some papers, the bismuth complexes have also been tested on cancer cells, and other bacteria such
as H. pylori and Streptococcus aureus; however, we have chosen to exclude those results and to focus just on the
results concerning Leishmania. The aim of this review is not to be a comprehensive guide, but instead to describe
the most efficient complexes among the studies conducted, identify the ligand class they were derived from and
how well they matched up compared with the current available drugs in the market.

As far as possible, every attempt was made to obtain the IC50 values in μM as a standardized measurement
across the various classes of compounds tested on promastigotes. However, this was not always possible due to
nonconvergence of the graphs for compounds that are nontoxic against the species tested. Amphotercin B and
potassium antimonyl tartrate were used as reference antileishmanial controls to compare the results of biological
testing.
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Table 1. An overview of bismuth complexes that have undergone biological testing against Leishmania.
Complex with Compound class Bi OS Numbers

tested
Tested on Biological results.†

Amphotericin B‡
Conclusion Ref.

O-binding
ligands

�-hydroxycarboxylic
acids

III 4 L. major
promastigotes &
amastigotes

SI values of 13.2 and 53.9 on
amastigotes for best
performing compounds

[Bi(gly)(NO3)(H2O)] is a good
candidate with 20.3 ± 8.1
percentage viability at 1.0 μM

[40]

Carboxylic acids III 9 L. major
promastigotes

IC50 range of 1.9–30.8 μg/ml,
SI values unavailable

Unsuitable candidates due to high
fibroblast toxicity despite low IC50

values

[41]

V 25
10

L. major
promastigotes,
L. major
amastigotes

SI ranges of 18.4–28.3 for
o-Tol analogs, 9.0–15.7 for
m-Tol analogs, 4.4–6.6 for
p-Tol analogs and for phenyl
analogs 1.6–4.1

Tris-arylbismuth dicarboxylate o-Tol
and m-Tol analogs were selective
against promastigotes only. In
particular, complexes
[Bi(o-Tol)3(O2CC6H3(2-OH,5-
C6H3(2,4-F2)))2] and
[Bi(m-Tol)3(O2CC6H4(2-OAc))2] had
selectivity ratios of 114 and 838 at
6.12 μM. These compounds were
not strongly effective against the
more stringent and challenging
amastigote assay

[42,43]

V 3 Leishmania
amazonensis
&Leishmania
infantum
promastigotes

SI ranges of 0.74–10.6 on L.
amazonensis
0.75–4.6 on L. infantum.

[BiPh3CO3] was the most selective
complex from the three bismuth
compounds tested with SI values of
10.6 and 4.6 against L. amazonesis
and L. infantum respectively

[44]

Quinones V 2 L. amazonensis
amastigotes

SI value of 1.11 and 4.67 for
lapachol bismuth complex
and [BiPh3Cl2], respectively

Being toxic for murine macrophages,
as shown by the low SI value (1.11),
the bismuth complex of lapachol is
not suitable for further study

[45]

S-binding
ligands

Thiocarboxylic acids III 11 L. major
promastigotes

Four phenyl-substituted
complexes with IC50 ranges
0.39–4.69 μM. SI values
unavailable

Thiocarboxylato bismuth
compounds were highly active on L.
major, with the phenyl-substituted
analogs being far more active than
the complexes with no phenyl
ligand. These compounds were toxic
toward the fibroblasts

[46]

Thiols III 4 L. major
promastigotes

Mono-phenyl derivatives with
IC50 values 0.17 and 8.54 μM,
and tris-thiolato complexes
with 5.15 and 11.52

Complex [BiPh(MBT)2] is an excellent
candidate for further study, with low
IC50 value 0.17 μM against L. major
and no toxicity against human
fibroblasts cells

[47]

O- & S-binding �-thioxoketones III 6 L. major
promastigotes

IC50 values and SI values not
available

Bismuth(III) �-thioxoketonates are
nonselectively toxic to both the L.
major promastigotes and fibroblast
cells in a dose dependent manner

[48]

N-binding
ligands

Porphyrins III 1 L. amazonensis
promastigotes,
wild-type &
antimony
resistant strains

IC50 values of
[Bi(T4CMPP)]NO3 on the
wild-type and
antimony-resistant L.
amazonesis are both
�100 μM

The bismuth pophyrin complex is
not active against L. amazonesis

[49]

Phenazines III 1 L. amazonensis
& L. infantum
promastigotes,
wild-type &
resistant strains

[Bi(dppz)Cl3] has IC50 values
of 0.62 and 0.57 μM on L.
infantum wild-type and
antimony-resistant strains
respectively, and 1.07 μM and
1.12 μM on L. amazonesis
wild-type and resistant
strains, respectively. SI values
with murine macrophages
calculated with L. infantum
wild-type strain is 15.4 for
dppz and 8.1 for its bismuth
complex

Dppz itself is active against
Leishmania. Increased activity is
observed upon complexation to
bismuth metal

[50]

†Selectivity indices or IC50 values.
‡ IC50 = 2.17 μM for Leishmania major promastigotes.
Bi: Bismuth; OS: Oxidation state; SI: Selectivity Index.
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Figure 2. Structure of the two bismuth complexes
derived from glycolic acid [Bi(gly)(NO3)(H2O)] and
[Bi(gly)(H-gly)] which are selective for Leishmania major.

O-binding complexes
The earliest study by Andrews and co-workers in 2011 [41], described Bi(III) carboxylate complexes [BiPhL2] and
[BiL3] derived from simple substituted benzoic acids and NSAIDS (Figure 1). Results from in vitro assays on L.
major promastigotes and human fibroblasts showed that the toxicity of Bi complexes were both ligand and metal
dependent. The parent NSAIDs and their bismuth complexes did not show significant antileishmanial activity
at concentrations lower than 250 μg/ml against the promastigotes, only above 500 μg/ml which is considered
too high for practical use. The opposite was true for the Bi(III) complexes derived from non-NSAID benzoic
acids. Naproxen and its tris-carboxylato Bi(III) complex showed very different activity, which supported a potential
antileishmanial role for Bi. The poor selectivity demonstrated by the two types of complexes (Supplementary Figure
1) indicated that the above Bi(III) carboxylates were not suitable as candidates for further testing.

In a later study in 2015, Loh and co-workers [40] synthesized a number of Bi(III) α-hydroxycarboxylates. Four
complexes, [Bi(H2-tar)(H3-tar)] derived from tartaric acid, [Bi(man)(H-man)(H2O)] derived from mandelic acid
and [Bi(gly)(H-gly)] and [Bi(gly)(NO3)(H2O)] derived from glycolic acid were tested and found to be nontoxic
to the L. major promastigotes and fibroblasts. When tested on amastigotes, however, the two glycolate complexes
[Bi(gly)(H-gly)] and [Bi(gly)(NO3)(H2O)] (Figure 2) showed good selective toxicity toward amastigotes at 50 μM,
compared with the parent compounds which did not have any effect on the survival of the amastigotes. Complex
[Bi(gly)(H-gly)] reduced the percentage viability of infected macrophages to 7.5 ± 3.8%, and another complex,
[Bi(gly)(NO3)(H2O)] reduced the percentage even further to 1.8 ± 0.9%. The displacement of a glycolate group
with nitrate from [Bi(gly)(H-gly)] results in [Bi(gly)(NO3)(H2O)], which has been shown to provide better
antiparasitic activity, and this result is comparable to amphotericin B at a similar concentration of 0.54 μM.

So far, most of the studies mainly focused on the Bi(III) complexes as the active reagent. However, in more recent
studies within the last few years, there was a shift toward the Bi(V) compounds as prodrugs, which presumably
would then be reduced to the more active Bi(III) compounds in vitro. Of course, the mechanism of action of
bismuth on the leishmanial parasite is not yet known nor understood, with only the mechanisms from first-line
antimony treatments to extrapolate from.

There are three studies where the parent compound was found to be more selective than the final complex.
The first example of this was demonstrated in 2013 by Demicheli et al. [45], where the quinone lapachol (LpH),
[BiPh3Cl2] and its derivative [(BiPh3(Lp))2O] (Figure 3) were tested on Leishmania amazonensis amastigotes. Both
[BiPh3Cl2] and lapachol had lower IC50 values of 5.4 ± 0.16 μg/ml and 15.48 ± 5.23 μg/ml, respectively,
compared with that of [BiPh3(Lp)]2O (29.05 ± 18.45 μg/ml). This indicates that the complexation of lapachol
to bismuth did not result in an improvement in activity against the amastigotes. Furthermore, testing for toxicity
against HepG2 cells showed that all compounds [LpH], [BiPh3Cl2] and [(Lp)(BiPh3)]O were more toxic than
amphotericin B. A comparison of their selective indices show that amphotericin B was at least 24-times more
selective than either of the bismuth complexes tested (833.00 vs 34.03 and 13.03).

In 2014, Islam et al. [44] tested and compared three Bi(V) compounds. The [BiPh3CO3], [BiPh3(asp)2] and
[BiPh3(ace)2] (aspH = aspirin, aceH = 3-acetoxybenzoic acid) against L. infantum and L. amazonensis promastigotes.
The parent acids themselves showed no antileishmanial activity. All the bismuth complexes showed promising
antileishmanial activity with the bismuth salt [BiPh3CO3] being the most active compound. [BiPh3CO3] had
the lowest IC50 value out of the three tested, with 1.1 ± 0.37 μM and 2.7 ± 0.34 μM for L. infantum and L.
amazonensis, respectively. Compared with potassium antimony tartrate [50] with an IC50 value of 100 ± 3 and
83 ± 1 μM for L. infantum and L. amazonensis, respectively, the bismuth complexes have performed much better
than the controls. These results suggested that the organometallic salts like [BiPh3CO3] are also able to play a role
in antileishmanial activity.
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Another study by Ong and Andrews et al., started in 2014 [42] and carried on in 2015 [43] studied a series
of pentavalent tris-arylbismuth(V) dicarboxylates (aryl = phenyl, ortho-, meta- and para-tolyl) of the effects of
changing the chemical structure on the biological activity of the complex. Based on amphotericin B average (IC50

= 1.02 μM), all the bismuth complexes had comparable promastigote activity (0.57–1.11 μM). Testing on L.
major promastigotes found that the selectivity of the complex was due to the presence of both the aryl and the
carboxylate group. The aryl group controlled the nontoxicity toward the human fibroblasts, and the carboxylate
ligand controlled activity toward the promastigotes. Ortho- and meta-tolyl analogs were far more selective compared
with the para- and phenyl analogs. This selectivity was shown by the ortho- and meta-complexes with selectivity ratios
of 11–20 (selectivity ratio = IC50 of fibroblasts/promastigotes), compared with those of the para-complexes which
had selectivity ratios below 7. Many complexes were toxic to human fibroblasts at concentrations above 12.5 μM.
Below 10 μM, distinct discrimination between promastigotes and fibroblasts could be observed. By calculating
the selectivity index at 6.12 μM, two complexes, [Bi(o-Tol)3(dif )2] and [Bi(m-Tol)3(asp)2] (difH = diflunisal,
aspH = aspirin) (Figure 4) had indices of 114 and 838 (IC50 = 0.57 ± 0.02 and 0.76 ± 0.02 μM), respectively,
which were far above the usual range of 20–60. These were identified as promising candidates from this series.

S-binding complexes
In 2013, Andrews et al. [46] investigated the bioactivity of [BiPh2L] mono-(6–3b, 6–3c), [BiPhL2] bis-(6–2a to
6–2e) and [BiL3] tris-substituted (Supplementary Figure 1, 6–1a to 6–1d) Bi(III) thiocarboxylates (Supplementary
Figure 1) on L. major promastigotes. The tris-substituted compounds, 6–1a and 6–1d both showed little anti-
leishmanial activity, with IC50 values of >100 μM, while 6–1b and 6-1c were insoluble and were not tested.
Bis-substituted compounds 6–2a to 6–2e showed an IC50 range of 0.39–4.69 μM, comparable to amphotericin B
(IC50 = 2.17 μM). The most active compounds were 6–2c and 6–2e with the same IC50 values of 0.39 μM. Out of
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the mono-substituted compounds 6–3b and 6–3c, only 6–3b was tested, and showed a low IC50 value of 0.59 μM.
The presence of phenyl in bis-substituted complexes resulted in IC50 values (0.39 μM) which were higher in orders
of magnitude compared with the tris-substituted analogs (>100 μM). This indicated that the presence of Bi3+ ions
or phenyl group alone were not only responsible for the higher activity of the complexes; the thiocarboxylate ligands
and the degree of substitution also played an important role. Despite the high antileishmanial activity displayed
by the bis- and mono-subsituted compounds, they were poorly selective and showed toxicity toward the fibroblast
cells.

In another study by Luqman and Andrews et al. [47], heterocyclic thiols, 4-phenylthiazole-2-thiol, [MBT(H)]
and 4-methylthiazole-2-thiol, [4-BrMTD(H)] and their bismuth(III) analogs (Supplementary Figure 2) were
tested against L. major promastigotes. Thiols [MBT(H)] and [4-BrMTD(H)] showed IC50 values of 18.5 and
>100 μM, respectively. The mono-phenyl derivatives [BiPh(MBT)2] and [BiPh(4-BrMTD)2] were more active,
with IC50 values of 0.17 and 8.54 μM, respectively. In comparison, their tris-thiolato analogs [Bi(MBT)3] and
[Bi(4-BrMTD)3] displayed IC50 values of 5.15 and 11.52 μM, respectively. [BiPh(MBT)2] had the lowest IC50

value of 0.17 μM, and were nontoxic toward the fibroblasts at the same concentration. However, the other three
complexes appear to have nonselective toxicity toward both L. major promastigotes and fibroblast cells, and hence
are not promising candidates for future study. Even though [BiPh(MBT)2] is not as selective, it still has a lower
IC50 value than amphotericin B (IC50 = 2.19 μM) and so is worthy of further consideration.

O- & S-binding complexes
The 2014 study by Andrews et al. [51] was a second instance where coordination of the parent compound to the
bismuth metal did not result in an improvement in selectivity toward the promastigotes. A number of Bi(III) tris-
substituted β-thioxoketonates and their parent compounds were tested on L. major promastigotes and fibroblasts.
In general, the bismuth thioxoketonates complexes themselves were less effective than the parent β-thioxoketones,
showing toxicity to both the promastigotes and the fibroblasts in a dose-dependent manner. The parent β-
thioxoketones were all nontoxic to the fibroblasts, and selectively showed activity toward the L. major promastigotes,
and two of these were comparable to amphotericin B. This indicated that although β-thioxoketonates themselves
were promising candidates for antileishmanial drugs, their bismuth analogs unfortunately did not improve their
selectivity.

N-binding complexes
In 2012, Lizarazo-Jaimes et al. [50] tested BiCl3, parent compound dipyridophenazine (dppz), and its Bi(III)
complex, [Bi(dppz)Cl3] against wild-type (WT) and Sb-resistant (SbR) strains of L. infantum chagasi and L.
amazonensis, which are associated with visceral and cutaneous leishmaniasis, respectively. Low micromolar activity
was observed for [Bi(dppz)Cl3] against L. infantum chagasi (IC50 = 0.59 μM for WT, 0.61 μM for SbR) and L.
amazonesis (IC50 = 1.07 μM for WT, 1.12 μM for SbR) (Supplementary Table 1). [Bi(dppz)Cl3] was slightly more
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Table 2. Growth inhibitory constants of H2T4CPP and Sb(V) toward antimony-sensitive and resistant Leishmania
amazonensis strains.
Complexes L. amazonensis promastigotes (IC50 ± SEM μM)

Sb-sensitive Sb-resistant

H2T4CMPP 93.8 ± 1.2 52.4 ± 1.2

[SbV(T4CMPP)Br2]Br 4.4 ± 1.2 1.2 ± 0.2

[Bi(T4CMPP)]NO3 �100 �100

TA 110 ± 1 �3000

SEM: Standard error of the mean; TA: Potassium antimonyl tartrate.

Table 3. A comparison of the activities of dppz, BiCl3 and [Bi(dppz)Cl3] against potassium antimonyl tartrate with
antimony-sensitive and -resistant Leishmania species.
Promastigotes Strains [dppz] [Sb(dppz)Cl3] (μM) [SbCl3] TA

Leishmania infantum
chagasi

WT 0.81 ± 0.04 0.62 ± 0.01 341 ± 2 100 ± 3

SbR 1.86 ± 0.08 0.57 ± 0.01 462 ± 3 �2700

Leishmania amazonensis WT �2 0.95 ± 0.02 362 ± 2 83 ± 1

SbR 2.00 ± 0.05 0.92 ± 0.02 1503 ± 2 �2700

SbR: Antimony resistant; TA: Potassium antimonyl tartrate; WT: Wild-type.

effective than dppz alone (IC50 = 0.81–2 μM) in inhibiting the growth of promastigotes. Compared with reference
potassium antimonyl tartrate, [Bi(dppz)Cl3] was at least 77- and 2400-times more active in WT and Sb(III)-resistant
strains, respectively. The starting reagent BiCl3 was nontoxic against Leishmania. It was also thought that the less
lipophilic/more hydrophilic the compound, the better the activity against Leishmania parasites. Complexation
decreases the lipophilicity of dppz, and the metal itself (BiCl3) has very little activity by itself, indicating that
the complexation of dppz to the metal gives the complex improved activity. Furthermore, it appears that there
is no difference in activity between the Sb(III)-sensitive (WT) and -resistant (SbR) strains when the bismuth
complex [Bi(dppz)Cl3] is tested as compared with the potassium antimonyl tatrate, indicating that the resistance
against antimony does not apply when bismuth is used. A comparison of the IC50 values of dppz, BiCl3 and
[Bi(dppz)Cl3] against potassium antimonyl tartrate with antimony sensitive and resistant Leishmania species is
given in Supplementary Table 1.

A 2015 study by Gomes et al. [49] tested tetrakis(4-carbomethoxyphenylporphyrin) [H2T4CMPP], and
its Bi(III) derivative [Bi(T4CMPP)]NO3(Figure 5) against antimony-resistant L. amazonensis promastigotes.
[Bi(T4CMPP)]NO3 had an IC50 of >100 μM, compared with 52.4 ± 1.2 μM with its parent porphyrin
[H2T4CMPP]. This indicated that the complexation of [H2T4CMPP] with Bi(III) resulted in lower activity com-
pared with the parent porphyrin and in fact had no detectable antileishmanial activity, even at high concentrations
of 100 μM. Furthermore, the Bi(III)-porphyrin complex was unstable due to the large Bi(III) cation. It can be
concluded that such compounds are not suitable as antileishmanial candidates. However, in the same study, the
pentavalent antimonials were also studied with more promising results and these are discussed below.

Promising antimony complexes against Leishmania
Even though we have focused mainly on bismuth compounds for our review, we find it necessary to highlight
certain antimony compounds, which accompanied the bismuth analogs in their respective studies. These three
antimony compounds have performed much better than their bismuth counterparts and are described below.

N-binding antimony (V) porphyrin [SbV(T4CMPP)Br2]Br
In the above mentioned study by Gomes et al. from 2015, the Sb(V) analog [SbV(T4CMPP)Br2]Br (Fig-
ure 5) of the N-binding porphyrin tetrakis(4-carbomethoxyphenylporphyrin) [T4CMPP] was synthesized [49].
[SbV(T4CMPP)Br2]Br] was found to be at least three-times more active against SbR promastigotes compared with
the parental sensitive strain (Table 3). In contrast, the control Sb(III) compound, potassium antimony tartrate,
had an IC50 of 110 μM against the Sb-sensitive promastigotes, and displayed little activity against the SbR strain.
Authors mentioned that the first-line Sb(V) drug meglumine antimonate (glucantime) was also inactive against the
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SbR promastigotes (data not shown). Unlike the bismuth analog [Bi(T4CMPP)]NO3 discussed earlier, which was
not active against both Sb-sensitive and SbR strains of L. amazonensis, [SbV(T4CMPP)Br2]Br] was able to show
selectivity against both strains, and it was also more active than the parent porphyrin compound [H2T4CMPP]
which itself showed antileishmanial activity (Table 2). The complex [SbV(T4CMPP)Br2]Br] was also tested on the
intracellular amastigotes in the macrophage infection assay. It showed high activity in the micromolar range against
both Sb-sensitive and -resistant L. amazonensis strains compared with the first-line drug meglumine antimonate.
Hence this compound is a promising new antileishmanial drug candidate, which can bypass the mechanisms
responsible for resistance of Leishmania to antimony-based drugs.

O-binding antimony (III) carboxylate [Sb(dppz)Cl3]
In the 2012 study on antimony (III) complex [Sb(dppz)Cl3] by Lizararo-Jaimes et al., a comparison of the IC50

values showed that the Sb(III)–dppz complex was equally active against both the WT Sb-sensitive (WT) and
SbR strains of L. infantum chagasi and L. amazonensis (0.57–0.85 μM) (Table 3) [50]. This indicates that the
antimony(III) dppz complex [Sb(dppz)Cl3], in addition to the bismuth analog discussed earlier was able to bypass
the antimony resistance of Leishmania in two separate species of antimony-resistant Leishmania.

O-binding antimony (V) carboxylate [Sb(m-Tol)3(O2CC6H2(3,4,5-(OMe)3))2]
Andrews et al. showed that 11 compounds [R3Sb(O2C)2] containing carboxylates, mainly derived from the tris-
substituted Sb(p-Tol)3 and Sb(m-Tol)3, were highly effective against L. major amastigotes at low micromolar
concentrations of 0.5–3.5 μM, while showing no toxicity toward the mammalian cells at levels below 25 μM.
This selectivity indicates that they are highly promising drug candidates. Of particular interest is the complex
[Sb(m-Tol)3(O2CC6H2(3,4,5-(OMe)3))2], which was unique in its minimal toxicity with human fibroblast cells
at the high concentration of 100 μM, while showing activity against both the promastigote and the amastigote
form of L. major from 1.0 μM. Other compounds were active against the parasites, but also showed toxicity against
the fibroblasts at that concentration. The high selectivity of [Sb(m-Tol)3(O2CC6H2(3,4,5-(OMe)3))2] showed
that it is the most promising compound from this series, as its target appears to be parasite specific. Compared
with the study of tris-substituted bismuth dicarboxylates from 2014 [42] and 2015 [43], the antimony complex
[Sb(m-Tol)3(O2CC6H2(3,4,5-(OMe)3))2] had a higher selectivity overall.

Conclusion & future perspective
To date, all the studies demonstrate that bismuth plays a key role in the selectivity and activity of the final complex.
The degree of selectivity is both metal and/or ligand dependent and with the limited number of studies available,
it remains difficult to predict the bioactivity of any complex prior to testing. Certain structures appear more
favorable toward selectivity, with the following compounds being identified as the most promising candidates thus
far: the bismuth (III) nitrato-glycoate complex [Bi(gly)(NO3)(H2O)], the Bi(V) tris-aryl dicarboxylate complexes,
[Bi(o-Tol)3(dif )2] and [Bi(m-Tol)3(asp)2], the Bi(III) thiolato complex [BiPh(MBT)2] and the Bi(III) phenazine
complex [Bi(dppz)Cl3]. The three antimony complexes highlighted: the N-binding antimony (V) porphyrin
[SbV(T4CMPP)Br2]Br, O-binding antimony (III) carboxylate [Sb(dppz)Cl3] and the O-binding antimony (V)
carboxylate [Sb(m-Tol)3(O2CC6H2(3,4,5-(OMe)3))2] performed better than the bismuth compounds in their class
of ligands. They showed better selectivity toward the parasite and were able to overcome antimony resistant strains
and thus are promising antileishmanial candidates in their own right.

In particular, the studies (to the best of our knowledge, only ten are available) show there is an urgent need to
develop and assay a much broader suite of Bi(III) complexes and from there develop a far better understanding of
structure–activity relationships. This would allow us to understand better how to target the Leishmania parasite
while limiting or negating toxicity toward host mammalian cells. From what we know of the mode of action
of Sb compounds, the parasite specific molecule trypanothione remains a key target. A metallomics approach to
understanding any differences between Bi and Sb in their behavior toward both the mammalian and parasite cells
would not only be highly illuminating but critical in future drug design.

To answer the question posed by this review, all indications are that bismuth compounds have the potential
to be developed as antileishmanial drugs. At this time, targeting the use of Bi(III) directly rather than relying on
intracellular reduction of Bi(V) appears to be the better and more productive approach. Bi(V) complexes have both
solubility and stability limitations, and are in general less selective than corresponding Sb(V) complexes, most likely
due to the strong oxidizing nature of Bi(V).
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Executive summary

Background
• Leishmaniasis is a neglected tropical disease caused by the Leishmania parasite.
• Over 1 million cases of cutaneous leishmaniasis have been reported within the last 5 years, and over 300,000

estimated cases of visceral leishmaniasis, and 20,000 deaths due to visceral leishmaniasis are reported each year.
• Despite progress in drug and vaccine development, pentavalent antimonials remain the most widespread and

cost-effective method of treating leishmaniasis.
• Alternative low-cost drugs are required since pentavalent antimonials (sodium stibogluconate and meglumine

antimonite) cannot be delivered orally, have an onerous treatment regime, provide a high toxic load of Sb(III) on
the body and drug resistance has emerged.

Impact & importance of bismuth
• Bismuth, the heavier periodic relative of antimony, has a long history of being used in antimicrobial compounds,

has been used to treat gastrointestinal ailments as oral formulations, presents low toxicity toward humans and is
relatively inexpensive.

• As no resistance has been observed in parasites, there is a strong motivation for the study for all the reasons
above.

• However, there are challenges due to the difficulty in preparation of bismuth compounds, and it is difficult to
establish concrete structure–activity relationships.

Current work on bismuth complexes against Leishmania
• Each of the available studies for bismuth studied on Leishmania is described in this section.
• Bi(III) and Bi(V) complexes show good (low μM) activity toward parasite promastigotes, outperforming Sb(V)

analogs, but demonstrate a tendency to be less selectively toxic toward mammalian (fibroblast) cells.
• Bi(V) complexes appear to be too unstable and too strongly oxidizing to provide a suitable selectivity index

between parasite and mammalian cells.
• Hydrolytically stable Bi(III) complexes, with either O or S donors, will provide the best lead candidates for drug

development based on bismuth. The toxicity toward both parasite and mammalian cells is dependent both on
the metal and the nature of the ligand(s).

• Ultimately better design and a larger breadth of Bi(III) complexes need to be studied to establish better
structure–activity relationships to improve our overall knowledge, and for lead candidates to emerge.

Promising antimony complexes against Leishmania
• Organometallic Sb(V) complexes which are more lipophilic than the current Sb(V) drugs currently show the best

selectivity and are the most promising lead compounds.
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