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Abstract: Neglected tropical diseases are one of the most important public health problems in
many countries around the world. Among them are leishmaniasis, Chagas disease, and malaria,
which contribute to more than 250 million infections worldwide. There is no validated vaccine to
prevent these infections and the treatments available are obsolete, highly toxic, and non-effective due
to parasitic drug resistance. Additionally, there is a high incidence of these diseases, and they may
require hospitalization, which is expensive to the public health systems. Therefore, there is an urgent
need to develop new treatments to improve the management of infected people, control the spread of
resistant strains, and reduce health costs. Betulinic acid (BA) is a triterpene natural product which has
shown antiparasitic activity against Leishmania, Trypanosoma cruzi, and Plasmodium. Here, we review
the main results regarding the in vitro and in vivo pharmacological activity of BA and its derivatives
against these parasites. Some chemical modifications of BA have been shown to improve its activities
against the parasites. Further improvement on studies of drug-derived, as well as structure-activity
relationship, are necessary for the development of new betulinic acid-based treatments.
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1. Introduction

Neglected tropical diseases (NTDs) represent a huge problem in many countries world-
wide. NTDs are caused by a variety of pathogenic microorganisms, such as bacteria, fungi,
viruses, and parasites. The World Health Organization (WHO) recognizes 20 major NTDs
spread around the world. Approximately 2 billion people are affected, including 0.5 billion
children, and 200,000 people die per year from NTDs. Together, NTDs are involved in the
loss of 25.1 million disability-adjusted life years, 16.9 million years lived with disability, and
8.21 million years of life lost [1,2]. People living in countries located in the tropical and
subtropical regions are the most affected by NTDs, especially because these diseases are
also exacerbated by the poverty levels, low health assistance, and precarious basic sanitation.
Nowadays, due to the COVID-19 pandemic, the impact of NTDs has significantly increased
because funding is currently allocated predominantly for diagnostic, vaccines, and therapeutic
research on COVID-19 [3-6]. Among the NTDs, the protozoan-borne diseases are the most
prevalent and responsible for more than one million of deaths per year and one-sixth of
the world population is at risk of infection. Among the NTDs spreading around the world,
Leishmaniasis, Chagas disease, and Malaria contribute to a frightening number of deaths
per year. Moreover, these NTDs impair economics of countries via loss of work and high
treatment costs, along with psychologically affecting people [7].

Leishmaniasis is a series of diseases caused by more than 20 species of Leishmania par-
asites, which are transmitted by the bite of female phlebotomine sand flies. These diseases
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are estimated to be the ninth largest disease burden among individual infectious diseases [8].
Different clinical forms develop as a consequence of the parasite species associated with the
infection and the immune status of the patient [9]. The visceral leishmaniasis presents high
mortality mainly among infants. Moreover, the number of HIV /leishmania coinfections
have increased around the world, mainly on the African continent [10]. The cutaneous
clinical manifestation is not lethal but causes scar formation due to secondary infections and
ulcerations, and disfiguring deformations when it evolves to the mucocutaneous form [11].
Regardless of the clinical form, Leishmania infections have a prevalence among 350 million
people living in high-risk areas, with 12 million known cases and an incidence of around
2 million new cases per year [10].

Chagas disease, caused by Trypanosoma cruzi infection, represents an important public
health problem, affecting around 7 million people worldwide. Classically, Chagas disease
is transmitted to animals and people by hematophagous triatomine vectors [12]. However,
the parasite can also infect the vertebrate host by other routes, such as blood transfusion,
organ transplantation, laboratory accidents, congenital transmission, or accidental ingestion
of crushed insects with food (oral contamination), such as sugarcane and guava juices,
and acai [13]. Although Chagas disease is endemic to Latin American countries, due
to the intense migratory flow, an increase in the number of cases is now seen in non-
endemic countries of North America, Europe, Asia, and Oceania, and, in particular, the
United States, Canada, Spain, France, Switzerland, Japan, emerging Asian countries, and
Australia [14]. Chagas disease has two phases: an acute phase, corresponding to the
infection and dissemination of T. cruzi in the body, and a chronic phase, with different
forms, which can be asymptomatic (indeterminate) and symptomatic. The acute phase is
marked by high parasitemia and intense inflammatory response, leading to tissue damage
which may affect the heart, liver, and spleen [15]. After the acute phase, about 20-40% of
patients develop digestive form and/or chronic Chagas cardiomyopathy (CCC) months or
decades after infection [12,13].

Malaria, a disease caused by Plasmodium parasites, is a major life-threatening disease
in tropical and subtropical regions worldwide, leading to about half million deaths annu-
ally [16]. Among the 200 species of Plasmodium known to date, five of them, P. falciparum,
P. vivax, P. ovale, P. malariae, and P. knowlesi, can infect humans [17]. Of these, P. falciparum
causes the most serious infection and is considered the main species responsible for almost
all cases and deaths [18]. According to the World Malaria Report 2021 by the World Health
Organization (WHO), the burden of malaria cases has increased from 227 million cases in
2019 to 241 million in 2020. This alarming number of malaria cases is mostly located in the
Sub-Saharan African countries, which comprise 95% of malaria cases, the majority of these
affecting children under the age of five [19,20]. The current strategies developed for malaria
prevention and vector control include the use of long-lasting insecticide-treated bed nets,
early diagnosis and treatment with artemisinin-based combination therapies (ACTs), and
chemoprevention in pregnant women and young children [21]. In addition, an effective
malaria vaccine would be an important tool to be implemented for preventing Plasmodium
infection due to its ability to induce a potent and protective immune response in phase
3 clinical trials with the first and most promising malaria vaccine RTS,S/AS01 (Mosquirix™)
it had limited efficacy in residents of malaria-endemic regions and, thus, demonstrates the
need for further evaluation before its use is adopted [22,23]. In the absence of an efficacious
malaria vaccine, the therapeutic use of antimalarial drugs remains the only promising
strategy for prophylaxis and treatment of malarial disease.

A common feature among leishmaniasis, Chagas disease, and malaria is the low
efficacy of treatments due to parasite resistance and/or high toxicity. The drugs used
to treat these NTDs are, in general, old, obsolete, toxic, non-compatible with patient
compliance, and involved with parasitic drug resistance development.

The first-line drugs to treat leishmaniasis are pentavalent antimonials, discovered
to be effective in the 1940s. This treatment is extremely toxic and should not be used
in elderly people, persons with cardiac diseases, and pregnant women. The treatment
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causes excess mortality, even in cases of cutaneous leishmaniasis. Amphotericin B is the
drug of choice in some countries where Leishmania is completely resistant to antimonial.
Antimonial has high toxicity and is expensive to formulate into liposomes. Other medicines
such as miltefosine, the only oral treatment, paramomycin, pentamidine, and alternative
therapies, such as thermotherapy, can be used during the treatment of leishmaniasis.
However, there is still a lack of effective and safe therapies along with vaccines for this
NTD [24,25]. Despite more than 100 years of research, Chagas disease treatment is limited
only to two drugs, benznidazole and nifurtimox. Both drugs are prodrugs and need
to be activated by an enzyme known as trypanosome nitroreductase I. These drugs act
through the formation of free radicals and/or electrophilic metabolites, which damage
proteins, lipids, and the DNA of T. cruzi [26]. Benznidazole, due to its better efficacy and
safety profile when compared to nifurtimox, is used as a first-line treatment [27]. Both
drugs are recommended for the treatment of Chagas disease in the acute phase, congenital
infection, as well as in cases of reactivation of the infection in transplanted patients [28].
However, they have low efficacy in the chronic phase of the disease and several side effects
are associated with their use, such as skin rashes, nausea, kidney and liver failure, and
peripheral neuropathy [28]. Therefore, new drugs for Chagas disease are still needed.

In the long past, malaria has been treated with natural products found in bark, roots, or
leaves of plants; however, only in the last century have the active molecules been extracted,
chemically modified, and used as isolated drug compounds for the treatment [29]. In fact,
antimalarial drugs based on natural products, semi-synthetic, and synthetic compounds
have been developed since the 1940s [30-33]. Quinine and artemisinin are examples of
plant-derived potent antimalarial agents, whose synthetic derivatives also play a role in the
chemotherapy [33]. The antimalarials in clinical use for prophylaxis and treatment, such
as the 4-aminoquinolines chloroquine and amodiaquine, the aminoalcohols quinine and
mefloquine, the 8-aminoquinolines primaquine and tafenoquine, and the endoperoxides
artemisinin and their derivatives, present great efficacy, good availability, low toxicity,
and affordable costs [30]. However, the exacerbated use of these drugs in a monotherapy
strategy, together with a lack of effective control strategies to block the transmission of
Plasmodium species, resulted in the appearance of resistance strains and, therefore, the
impairment of the therapeutic efficacy. Thus, the high failure rates of monotherapy for
malaria treatment led the WHO to recommend the use of two or more compounds with
different modes of action to fight malarial infection efficiently [29,32]. Nevertheless, the
development of new and effective antimalarials remains a global challenge.

In view of this scenario, there is an urgent need to develop new therapeutic options to
treat these neglected infections. The sequencing of the genome of the causative parasites
opened several opportunities for drug development, using validated drug targets to screen
compounds [34,35]. However, pharmaceutical companies have low interest in research
and development of new treatments for NTDs because of the expected low return on
investments. Therefore, despite the technological advances in parasitology, chemistry,
and genomics, there are not new medicines approved to treat these diseases. In this case,
universities and public research institutes are the main players focused on drug discovery
and development against these NTDs [8]. In this scenario, alternative treatment options
have emerged, including drug repurposing [8], cell therapy [36], and even antiparasitic
phage therapy [37], approaches which still need validation by robust clinical trials and
authorization by regulatory agencies.

Phenotypic screening is the most applied methodology to screen extracts, fractions,
and purified compounds against these parasites. Indeed, plant biodiversity represents
a promising source of active biomolecules to treat NTDs [38]. Natural products are used
as a source of active molecules, as well a source of structure models to design deriva-
tive molecules. An interesting example is betulinic acid (BA), a lupane-type triterpene
present in Betula species and many other plants [39]. BA has been associated with a wide
range of pharmacological effects, including anti-cancer, antioxidant, anti-inflammatory;,
antiatherosclerotic, antiviral, hepatoprotective, and immunomodulatory activities [40].
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Several studies have shown that this secondary metabolite and its derivatives have demon-
strated pharmacological activity against different parasites. In this work, we review the
main results of BA in preclinical studies in leishmaniasis, Chagas disease, and malaria mod-
els. Our aim is to compilate these data and show that BA and its derivatives deserve more
deep studies to understand their pharmacodynamics, followed by the clinical development
of the drug as an alternative treatment for these parasitic diseases.

2. Antiparasitic Activity of Betulinic Acid and Its Derivatives
2.1. Anti-Leishmania Activity of Betulinic Acid

The anti-Leishmania activity of BA and derivatives have been determined and Table 1
summarizes the main activity values of BA present in plant extracts, and as a pure com-
pound, as well as its derivatives tested. BA was found to be one of the biomolecules
isolated from Pelliciera rhizophorae, which is an endemic plant from mangroves. Among the
biomolecules isolated from this plant, BA was assayed against L. donovani axenic amastig-
otes. However, this compound did not present significant activity either against Leishmania
or T. cruzi. Since BA presented an inhibitory concentration of 50% (ICsp) equal to 18 pM
against P. falciparum, this suggests the absence or a redundant function of a common drug
target in trypanosomatid parasites to explain the absence of activity in trypanosomatids
(Table 1) [41]. Similar data were reported by Mamdouh and colleagues (2014), showing
that BA isolated from Syzygium samarangense did not present activity against L. major [42].
The BA was also isolated from the dichloromethane fraction from Millettia richardiana
barks. This fraction was active against Leishmania, presenting an ICsy 10-fold higher than
the reference drugs (11.8 ug/mL versus 1.4 pg/mL for pentamidine and 1.2 ug/mL for
miltefosine), considering it is an extract compared with a purified drug. However, the
BA isolated from this fraction showed moderated activity against L. major and an ICs of
40 uM (Table 1) [42]. These data suggest that BA, found in many plants which are popularly
used based on ethnopharmacological knowledge, presents low activity against Leishmania
promastigotes and amastigotes. Therefore, different derivative molecules were synthesized
with the aim to improve the anti-Leishmania activity.

Table 1. Summarized activity of betulinic acid against Leishmania.

Activity
Trit]:gesr?(;lificseg:gsgteives Leishmania Specie Promastigotes Amastigotes Reference
Pelliciera rhizophorae L. donovani N.A. N.A. [41]
Syzygium samarangense L. major - IC5p > 100 uM [42]
Millettia richardiana L. major - ICsq of 40 uM [43]
Semisynthetic lupane triterpenoid
3b'H5;§f;gi({2_?I§)ij:§;re‘f'OXO' L. infantum ICsp of 50.8 kM - [44]
carboxylate

Betulinic acid derivative
dliio(llfp“l“;%?;g)ledllezl)z@fﬁH L. infantum ICso of 25.8 UM . [44]

imidazole-1-carboxylate
Dihydrobetulinic acid L. donovani ICsp of 2.6 uM ICs5 of 4.1 uM [45]
Betulonic acid L. donovani - 1Cs59 < 50 uM [46]
Betulin 3-caffeate L. major ICs0 > 100 - [47]
Betulinic acid L. major ICs9 of 2.6 ug/mL - [47]
Betulin aldehyde L. amazonensis ICs50 > 300 pg/mL - [48]
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Table 1. Cont.

Activity
BA Source/Lupane . . . . .
Triterpenoids Derivatives Leishmania Specie Promastigotes Amastigotes Reference
Betulinic acid into
nanoformulations L. major ICs50 < 20 pg/mL ICs59 < 20 pg/mL [49,50]
containing nanochitosan
Betulinic acid into . S1gn1.f icantly reducg
. L. donovani amastigote number in [51]
PLGA nanoparticles -
infected macrophages
L. amazonensis ICs9 0f 45+ 1.1 uM 1C59 0f 4.1 £ 0.7 uM
L. major IC50 of 3.0 £ 0.8 pM
BA5 / %0 . [52]
L. braziliensis 1Cs5p 0f 0.9 + 1.1 uM
L. infantum ICsq of 0.15 £ 0.05 uM

N.A.: not active.

Some BA derivatives produced and tested against Leishmania presented lower ICs values,
suggesting an improvement of its pharmacological effect. The first study of BA derivatives
against Leishmania showed that the dihydrobetulinic acid was able to inhibit the interac-
tion between topoisomerases I and II with the parasite DNA, inducing DNA brake and
an apoptotic-like death in promastigotes and amastigotes. The ICsy values were significantly
lower than that of BA: 2.6 and 4.1 uM for L. donovani promastigotes and amastigotes, respec-
tively [45]. Moreover, dihydrobetulinic acid decreased 92% of the L. donovani infection in
golden hamsters when administrated at 10 mg/kg body weight for 6 weeks [45]. On the other
hand, other BA derivatives did not present promising results compared to dihydrobetulinic
acid, in terms of anti-Leishmania activity and host cell toxicity. This is the case of betulonic acid,
betulin 3-caffeate, BA, and betulin aldehyde (Table 1) [46—49].

The semisynthetic lupane triterpenoids betulin and BA derivatives were developed and
assayed against L. infantum promastigotes. Out of sixteen compounds generated, two presented
selective cytotoxicity to the parasite, the triterpenoid betulin, and one BA derivative. The com-
pounds 3b-Hydroxy-(20R)-lupan-29-oxo-28-yl-1H-imidazole-1-carboxylate (BT06) and 28-(1H-
imidazole-1-yl)-3,28-dioxo-lup-1,20(29)-dien-2-yl-1H-imidazole-1-carboxylate (BT13) showed
an ICs of 50.8 and 25.8 puM, respectively (Table 1). The toxic effect to the parasite was
associated with the GO/G1 phase cell cycle arrest, followed by a rounded morphological
change, but it was not associated with a significant apoptosis/necrosis induction. This
effect seemed to be selective to the parasite, since both drugs did not induce host cell cyto-
toxicity. Moreover, isobologram analysis showed a synergistic interaction between BT13
with miltefosine, reducing the ICsy from 25.8 to 6 uM [44]. It suggests that BT06 and BT13
may represent a promising structure for the development of potential hits compounds.

Among the heterocyclic betulin derivatives, heterocycloadduct between 3,28-di-O-
acetyllupa-12,18-diene and 4-methylurazine presented the highest activity against L. donovani
amastigotes. Based on that, 24 derivatives were designed by chemical modifications at posi-
tions C-3, C-28, and C-20-C-29 of the lupane skeleton. These derivatives were tested against
axenic amastigotes and THP-1-infected human macrophages. The betulonic acid eliminated
98% of axenic amastigotes and 85.3% intracellular parasites at 50 uM (Table 1), and the
carbon—carbon double bond seemed to be important for this activity [46]. Modifications
in BA backbone can improve the anti-Leishmania activity. In general, these modifications
include the C-3 hydroxyl group esterification or oxidation [53].

BA has also been incorporated into nanoformulations containing nanochitosan which
showed promising results against Leishmania. BA-containing nanoformulations at a con-
centration of 20 pug/mL were able to inhibit above 80% the growth of promastigote and
amastigote forms of L. major and increased production of nitric oxide (NO), an impor-
tant metabolite which contributes to anti-Leishmania activity of the host cell, in infected
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macrophages. A BA-containing nanoformulation was also tested in vivo, and at 20 mg/kg
it reduced lesion size in L. major-infected mice (Table 1) [49,50]. A nanoformulation con-
taining BA was also active against L. donovani-infected macrophages, and this activity
correlated to the increase of NO e interleukin (IL)-12 and reduction of IL-10 production
(Table 1) [51]. These results suggest that a carrier able to increase BA levels at the site
of action may improve the activity of this compound in vivo through the direct action of
BA against the parasite and, indirectly, by the immunomodulatory activity [40,54]. More
studies regarding the use of drug carriers and BA are needed to explore in depth the
benefic effects of BA and its derivatives. Moreover, it is well known that cutaneous and
mucocutaneous leishmaniasis are characterized by high inflammatory infiltration, low
parasite burden at the lesion site, and tissues necrosis [55,56]. Then, the use of a compound
showing dual activity (anti-Leishmania and anti-inflammatory activities) will contribute to
the treatment of the clinical manifestations of Leishmaniasis restricted to the skin. Figure 1
shows the main effect found, for now, related to parasite-killing by BA treatment.

1‘_:'.-‘ .-V 48
-\2 Q Lot

@ DNA damage \‘\\‘I}
I,
v
Apoptotic-like
Betulinic Acid @\

death

\®@| Damage to
mitochondria

@ Anti-Leishmania activity @ Death by

necrosis

@ Anti- Trypanosoma cruzi activity Reservosomes |

Figure 1. Known mechanisms of parasite activity against Leishmania and T. cruzi. Previous work
showed that dihydrobetulinic acid inhibits the interaction between topoisomerases I and II with the
parasite DNA, inducing DNA brake and an apoptotic-like death in promastigotes and amastigotes.
Regarding T. cruzi, it was shown a direct effect of BA5 on plasma membrane integrity, the formation
of numerous and atypical vacuoles within the cytoplasm of the parasite, dilatation of some Golgi
cisternae, and appearance of profiles of endoplasmatic reticulum involving organelles accompanied
by the formation of autophagosomes, which ultimately result in trypomastigote cell death by necrosis.
BAD5 also reduced M1 markers and upregulated the M2 markers, inducing a regulatory phenotype.

Recently, our research group evaluated the leishmanicidal effect of BA5, a BA deriva-
tive, previously tested against T. cruzi. The BAS5 presented activity against different
species of Leishmania promastigotes with an ICsg of 4.5 £ 1.1 uM against L. amazonensis,
3.0 + 0.8 uM against L. major, 0.9 & 1.1 uM against L. braziliensis, and 0.15 + 0.05 uM
against L. infantum. This derivative also significantly reduced the percentage and para-
sitism in infected peritoneal macrophages without host cell toxicity, presenting an ICs
of 4.1 + 0.7 uM against intracellular parasites. BA5 was able to induce membrane bleb-
bing, flagella damage, and cell shape alterations in treated parasites. Moreover, BA5 acts
synergistically to the amphotericin B-killing Leishmania parasite [52].
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2.2. Anti-T. cruzi Activity of Betulinic Acid

The antiparasitic activity of BA has also been validated against Trypanosoma cruzi.
Table 2 summarizes the main activity values of BA derived from extracts and as pure
compounds. The first evidence that BA has trypanocidal activity was obtained in studies
with extracts and fractions containing BA. Campos et al. (2005) evaluated the anti-T. cruzi
activity of extracts and fractions from the plant Bertholletia excelsa against trypomastig-
otes forms (Y strain) [57]. A significant trypanocidal activity of acetone and methanol
extract was observed at 500 pg/mL, which promoted a reduction of 100% and 90.3%,
respectively, in trypomastigote viability. Furthermore, BA purified from the hexane extract
inhibited 75.4% trypomastigotes viability at 500 ug/mL [57]. Extracts and fractions of
Ampelozizyphus amazonicus Ducke (Rhamnaceae), a native tree from the Amazon forest, also
showed trypanocidal activity against trypomastigotes forms (Y strain) and proved to be
a source of bioactive compounds, including BA (Table 2) [58].

Table 2. Summarized activity of betulinic acid against T. cruzi.

Activity
Source Strain Trypomastigotes Epimastigotes Amastigotes Reference
% ' - - 57
Bertholletia excelsa Y 100% at 500 pg/mL, [57]
75.4% at 500 pg/mL 2 - B}
BA Tulahuen - ICs0 of 50 pg/mL - [53]
ICs5p of 24.16 Hg/mL [59]
BA Tulahuen IC50 values of 73.43 [60]
Semi-synthetic
derivative BA5 Y ICs59 of 1.8 uM ICs5p of 10.6 uM [61]

N.A.: not active. ! Acetone and methanol extract. 2 Hexane extract.

Most of the subsequent investigations about the trypanocidal effect of BA were carried
through in vitro experiments, using Y or Tulahuen T. cruzi strains. Interestingly, BA presented
anti-T. cruzi activity against all evolutive forms of T. cruzi. Dominguez-Carmona et al. (2010)
showed BA trypanocidal activity against epimastigotes (Tulahuen strain), with an ICs
value of 50 ug/mL [53]. Cretton et al. (2015) demonstrated the activity of BA against T. cruzi
amastigote forms (Tulahuen strain), with an ICsy value of 24.16 ug/mL (Table 2) [59]. In
addition, Sousa et al. (2017) showed the inhibitory effect of BA on the growth of epimastig-
otes after 24, 48, and 72 h of incubation with ICsy values of 73.43, 119.8 uM, and 212.2 uM,
respectively, in trypomastigotes with ICsg values of 51.88 pM after 24 h of incubation, and
in amastigotes with ICs values of 25.94 uM after 24 or 48 h of incubation (Table 2) [60]. In
addition, the mechanism of parasite death was also investigated in epimastigotes forms,
indicating that BA promotes alterations in the mitochondrial membrane, increase in re-
active oxygen species, and swelling in reservosomes, which leads to parasite cell death
by necrosis [60].

Lastly, in order to explore the possibility of improving the trypanocidal activity of BA,
semisynthetic derivatives were prepared and evaluated against T. cruzi. Meira et al. (2016)
screened a series of amide semisynthetic derivatives of BA and identified the derivative
BADS as a promising trypanocidal agent [61]. BA5 showed a potent anti-T. cruzi activity, with
values of ICs5g against amastigotes (ICs9 = 10.6 uM) and trypomastigotes (IC5p = 1.8 uM)
lower than benznidazole (ICsy amastigotes = 13.5 uM; ICsg trypomastigotes = 11.4 uM)
(Table 2) [61]. Interestingly, BA5 also demonstrated a potent trypanocidal effect against
amastigote forms in an infection model using human cardiomyocytes derived from in-
duced pluripotency stem cells, showing an ICs value of 3.2 uM, whereas, under the same
conditions, benznidazole had an ICsy value of 5.9 uM [62]. Using transmission electron
microscopy, it was possible to observe a direct effect of BA5 on plasma membrane in-
tegrity, the formation of numerous and atypical vacuoles within the cytoplasm, dilatation
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of some Golgi cisternae, and appearance of profiles of endoplasmatic reticulum involving
organelles accompanied by the formation of autophagosomes, which ultimately result in
trypomastigote cell death by necrosis. Most importantly, BA5 combined with benznidazole
exhibited synergistic activity against trypomastigotes and amastigotes, which is an interest-
ing finding due to the fact that drug combinations are being largely employed to combat
parasitic diseases [44,63,64].

Finally, in a mouse model of chronic Chagas disease, BA5 (at 10 or 1 mg/Kg) decreased
inflammation and fibrosis in the hearts of T. cruzi-infected mice. These effects were accom-
panied by a reduction of proinflammatory cytokines, such as interferon gamma, IL-13,
and tumor necrosis factor, and increased IL-10 production. Moreover, BA5 promoted an
increase in the expression of macrophage M2 markers, such as arginase 1 and chitanase-
3-like protein 1, and a decrease in M1 markers, such as nitric oxide synthase 2, which
suggests a polarization to anti-inflammatory /M2 macrophage phenotype in mice treated
with BA5 [65].

Altogether, these findings reinforce that BA has trypanocidal activity, and chemical
modifications on BA skeleton might enhance trypanocidal activity. However, future inves-
tigations in animal models of acute and chronic T. cruzi infection need to be carried out in
order to develop BA-based new treatments. Figure 1 shows the main effect found, for now,
related to parasite-killing by BA treatment.

2.3. Anti-Plasmodium Activity of Betulinic Acid

The antiparasitic activity of BA has been also investigated against Plasmodium [66]. Bring-
mann et al. [67] demonstrated the in vitro antimalarial action of BA isolated, for the first time,
from Triphyophyllum peltatum and Ancistrocladus heyneanus, against the P. falciparum asexual
blood stages, achieving an ICs( value of 10.46 pg/mL against the chloroquine-sensitive strain
NF54. Interestingly, BA isolated from a Tanzanian tree Uapaca nitida Miill-Arg. (Euphor-
biaceae) was evaluated for its in vitro activity against T9-69 chloroquine-sensitive and K1
chloroquine-resistant P. falciparum strains. BA was found to have a similar low potency
for both strains, with ICsy values of 19.6 ug/mL and 25.9 nug/mL, respectively (Table 3).
Moreover, these authors assessed, for the first time, the in vivo activity of BA in a mouse
model using P. berghei, but the dosage of 250 mg/kg resulted in animal toxicity and no
parasitemia reduction [68]. After these first reports, more studies have been conducted to
assess the antimalarial activity of BA and structurally related natural products.

In a study conducted by Suksamrarn and collaborators [69], 10 triterpenes isolated
from Gardenia saxatilis were assessed in vitro against P. falciparum K1, a chloroquine-resistant
strain. The results showed that 27-O-p-(Z)- and 27-O-p-(E)-coumarate esters of BA, and
a mixture of uncarinic acid E (27-O-p-(E)-coumaroyloxyoleanolic acid) presented a good
antiplasmodial activity with ICsg value of 3.8 pg/mL. Additionally, with similar potency,
27-O-p-(Z)- and 27-O-p-(E)-coumarate esters of BA, a mixture of uncarinic acid E (27-
O-p-(E)-coumaroyloxyoleanolic acid) and 27-O-p-(E)-coumaroyloxyursolic acid, revealed
an ICs value of 2.9 ng/mL, while BA was not active at the same concentration range
(IC50 > 20 pug/mL). Therefore, the addition of a p-coumarate moiety at the 27-position may
contribute to increasing the antimalarial properties of BA derivatives (Table 3).
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Table 3. Summarized activity of betulinic acid against Plasmodium.

Source Strain Activity Reference
Triphyophyllum peltatum NF54 (chloroquine-sensitive) ICs5¢ value of 10.46 ug/mL [67]
Ancistrocladus heyneanus NF54 (chloroquine-sensitive) ICs5p value of 10.46 pug/mL [67]

T9-69 (chloroquine-sensitive IC5¢ of 19.6 ng/mL 68
Uapaca nitida Mill-Arg ( il ) % He L65]
K1 (chloroquine-resistant) ICs9 of 25.9 pug/mL [68]
Gardenia saxatilis K1 (chloroquine-resistant) ICss of 3.8 ug/mL and 2.9 ug/mL [69]
. . D6 (chloroquine-sensitive) 1Csg of 8.1 uM [70]

Diospyros quaesita Thw
W2 (chloroquine-resistant) 1Cs5q of 8.3 uM [70]
D6 (chloroquine-sensitive) 1Cs5¢ of 8.1 uM [71]

Pure BA

W2 (chloroquine-resistant) 1Cs5¢ of 8.3 uM [71]
Psorospermum glaberrimum W2 (chloroquine-resistant) 1Cs5¢ of 5.1 uM [70]
Pentalinon andrieuxii F32 (chloroquine-sensitive) ICsq of 22.5 uM [72]
Betulinic acid acetate (BAA) F32 (chloroquine-sensitive) ICsg of 11.8 pM [57]
Pure BA W2 (chloroquine-resistant) ICs5¢ 0f 9.89 uM [73]
BAA W2 (chloroquine-resistant) ICsp of 5.99 uM [73]
Artesunic acid-betulinic acid hybrid 3D7 (chloroquine-sensitive) IC5p of 0.085 uM [74]

In the study by Ziegler et al. [75], BA and its analogs were evaluated in vitro for their
ability to alter the erythrocyte shape and prevent P. falciparum invasion and growth. The BA
analogs with a functional chemical group of donating a hydrogen bond caused the forma-
tion of echinocyte structures, whereas the analogs lacking this ability induced the formation
of stomatocytes. The incorporation of the compounds into the lipid bilayer of erythrocytes
may cause a membrane curvature alteration, which apparently presents an inhibitory role
for P. falciparum invasion and further development (Figure 2). In agreement, a different
study evaluated BA as well as lupeol, another pentacyclic triterpene, and also found that
the incorporation of these acids in the host red blood cells consist of a mechanism inhibitory
of parasite growth and development by preventing the merozoite internalization [75]. The
triterpenoids, including BA, are known to reduce membrane fluidity, and this phenomenon
is related to the interaction to the cholesterol-rich membrane rafts. Parasites die into the
erythrocyte because its intercellular viability needs the vesicular traffic from the membrane
to the vacuole-containing Plasmodium. The erythrocyte membrane modification caused the
triterpenoids to affect the traffic of raft-anchored proteins of the erythrocyte host to the
internalized Plasmodium vacuoles [76]. This effect of lupane triterpenoids has also been
seen in other cell membranes and also mediates other pharmacological effects of BA, such
as against malignant cells [77].

Other mechanisms of action for BA and derivatives in Plasmodium infection, such as
inhibition of 3-hematin formation and modulating calcium pathways in the parasite, have
been also investigated [78], but it remains less clear the participation of these mechanisms
for the antiparasitic activity of BA.

Other plants have been reported as sources of BA. For instance, Cui-Ying Ma and
colleagues [70] produced a chloroform-extract from parts of Diospyros quaesita Thw. (Ebe-
naceae) and tested for in vitro antimalarial activity on cultures of P. falciparum clones D6
(chloroquine-sensitive) and W2 (chloroquine-resistant). The results showed an antimalarial
activity with ICs values of 8.1 uM and 8.3 uM, respectively (Table 3). In the search for
active constituents, the extract went through a series of separations in which seven isolated
compounds were generated, including BA. In corroboration with the abovementioned stud-
ies [67,68], BA also had a moderated antiplasmodial activity, with an ICsy value of 8.1 uM
for D6 and 8.3 uM for W2 (Table 3), being approximately eight-fold lower than betulinic
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acid 3-caffeate and betulinic acid 3-diacetylcaffeate for both P. falciparum strains; however,
differently to these two other compounds, BA did not show cytotoxicity for the cell type
tested. Lenta et al. [71] isolated BA from hexane extracts of Psorospermum glaberrimum and
evaluated in vitro against P. falciparum W2 strain, showing a moderate activity, with an ICsg
of 5.1 uM (Table 3), similar to that reported by Cui-Ying Ma et al. [70].

Chemical modifications to the structure of BA have produced compounds with bet-
ter antiplasmodial activity. In fact, BA isolated from the crude extract of the leaves of
Pentalinon andrieuxii (Apocynaceae) and their semisynthetic betulinic acid acetate (BAA)
derivative were evaluated against P. falciparum F32 strain, and both demonstrated anti-
malarial activity, with ICsg values of 22.5 pM and 11.8 uM, respectively (Table 3). BAA had
esterification of the C-3 hydroxyl group, which resulted in an improved activity [53]. In
agreement, Cargnin et al. [79] observed that semisynthetic ursolic acid (UA) and BA deriva-
tives modified at C-3 were shown to be more advantageous to antimalarial activity than
simultaneous modifications at C-3 and C-28 positions, despite less evidenced, structural
modifications at C-27 and C-28 positions also being reported as producing potentiation of
the anti-Plasmodium activity [72].

Likewise, Sa and collaborators [29] observed potent in vitro anti-P. falciparum activity
of BA and BAA derivative and found similar ICs( values: 9.89 uM and 5.99 uM, respectively
(Table 3). However, the lethal dose effective to eliminate the parasite indicated LCsy values
four- to six-fold higher than observed for parasite inhibition. Additionally, due to its
in vitro activity, BAA was also assessed in vivo, at 10, 50, and 100 mg/kg doses by oral
and intraperitoneal routes, in a P. berghei-infection model. The results demonstrated that
treatment with BAA by oral route did not alter the levels of parasitemia in mice infected
with P. berghei compared to mice treated with saline solution, and, by intraperitoneal route,
BAA caused a dose-dependent reduction of parasitemia of at least 70% on the seventh day
following infection, when compared to the vehicle-treated group [73].

In the search for effective bioactive hybrid molecules with improved properties com-
pared to their parent compounds, Karagoz et al. [74] developed a series of betulinic
acid/betulin-based dimer and hybrid compounds carrying ferrocene and/or artesunic acid
moieties by de novo synthesis. These compounds were analyzed in vitro against P. falciparum
3D7 strain and it was found that a series of hybrids/dimers, betulinic acid/betulin, and
artesunic acid hybrids showed the most potent antiplasmodial activities. In fact, the results
revealed ECsg values of 0.085 pM for artesunic acid-betulinic acid hybrid, 0.0097 uM for
artesunic acid, and 1.4 and 3.9 uM for BA and betulin, respectively (Table 3).

The molecular action mechanisms were also investigated in BA and derivatives against
P. falciparum strains. Medeiros and collaborators [80] evaluated the in vitro antiplasmodial
activity of imidazole derivatives of BA against P. falciparum NF54 and chloroquine-resistant
isolated strains and observed that both derivatives presented good ICsps values below
10 uM for both strains. In addition, the BA derivative with ester addition of butyric acid
at C-3 also showed maturation inhibition of the parasite’s ring to schizont forms when
compared to the start of the treatment, potentiating the antimalarial effect in inhibiting the
parasite life cycle. In silico analysis presented a tight bind of BA derivative in the topoi-
somerase [I-DNA complex, which suggests that BA forms a ligand-topoisomerase DNA
complex by hydrogen bonding and hydrophobic interaction and blocks the cell replication.
In addition, both UA and BA derivatives showed synergic effects when combined with
artemisinin for both strains, while an additive interaction was observed when combined
with chloroquine. Table 3 summarizes the main activity values of BA derived from extracts,
and pure BA and its derivative compounds.
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Figure 2. BA and analogs may cause deformation in the lipid bilayer and, consequently, alterations
in the erythrocyte shape. This mechanism of action results in the formation of echinocytes or
stomatocytes structures @, and inhibits the Plasmodium invasion and growth @. The black X symbol
represents a blockage of Plasmodium maturation into erythrocytes. BA structure (CID 64971) was
obtained from PubChem [81].

3. Concluding Remarks

BA is a triterpene compound which shares most of the biological activities related to
this group of natural products. Regarding the development of new treatments to NTDs,
it is well known that the biodiversity is an important source of molecules, and BA has
pharmacological functions useful for application in the treatment of leishmaniasis, Chagas
disease, and malaria. The most active compounds discussed in this review are showed
in Figure 3.

In this work, we brought the most relevant literature data about the activity of BA and
its derivatives against species and strains of Leishmania, T. cruzi, and Plasmodium. These
data showed that extracts containing BA have low activity; however, the isolated compound
(the most important to pharmacological development) presents an activity that needs to
be considered by the research groups working in this field. The antiparasitic activity
improves depending on the molecular changes of the triterpene backbone, as well as when
a nanoparticle carrier is used, suggesting that pharmacokinetic and pharmacodynamic
changes are needed during the development of a new drug based on BA or BA derivatives.
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Betulinic Acid

Heterocyclic betulin Dihydrobetulinic acid BT06
derivatives

AB13 Betulinic acid acetate

BTO06: 3B-Hydroxy-(20R)-lupan-29-oxo-28-yl-1H-imidazole-1-carboxylate
AB13: 28-(1H-imidazole-1-yl)-3,28-dioxo-lup-1,20(29)-dien-2-yl-1H-imidazole-1-carboxylate

Figure 3. Chemical structures of the main efficacious BA and BA-derivative compounds which
presented activity against Leishmania, T. cruzi, and Plasmodium in previous studies. BA structure
(CID 64971) was obtained from PubChem [81].

In addition, the dual effect of BA, the antiparasitic and immunomodulatory activities,
may also be useful to treat infectious diseases caused by Leishmania and Plasmodium. For
instance, the pathogenesis of localized cutaneous and mucocutaneous leishmaniasis lesions
has the participation of the host’s immune response, in addition to the parasites, and the
use of a drug showing this dual effect, such as BA, may contribute to the healing of the
ulcer and reduction of treatment time and cost [55,56].

Similarly, in the cardiac form of the chronic phase of Chagas disease, the inflammatory
process is responsible for the establishment of myocarditis, causing loss of cardiomyocytes
and fibrosis deposition, ultimately leading to arrhythmias, heart failure, and death of
Chagasic patients [18]. In this context, BA and its derivatives with dual effect might
decrease inflammation and fibrosis in cardiac tissue without affecting parasite control,
being an attractive alternative for the treatment of chronic Chagas cardiomyopathy [63].

During cerebral malaria (CM), a multi-factorial process is triggered, including seques-
tration, inflammation, and endothelial dysfunction in the microvasculature of the brain
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leading to coma. In this severe form of malaria, the inflammation outcomes depend on the
delicate balance between proinflammatory and anti-inflammatory cytokines. Once there
is a rupture of this balance, it may contribute to CM pathogenesis; therefore, therapeutic
approaches could target cytokines and chemokines associated with CM severity. In this
sense, triterpenes have been assessed in malaria experimentally and its antioxidant and
pro-oxidant properties demonstrate a moderate phytotherapeutic effect for both decreasing
parasitemia and alleviating inflammation [82-84].

The development and access of the population to new treatments are extremely im-
portant, mainly in poor countries and in places where parasite resistance is predominant.
Based on the literature review, BA and its derivatives represent a group of compounds
that need attention, since they can constitute an important set of compounds for treatment
development against leishmaniasis, Chagas disease, and malaria, also in association with
conventional medicines. Further studies are needed to help the scientific community to un-
derstand the pharmacodynamics and pharmacokinetics of BA and its derivatives, opening
opportunities for clinical trials and drug development.
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