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A B S T R A C T

Chagas disease is a tropical disease caused by the protozoan parasite Trypanosoma cruzi and currently affects
millions of people worldwide. Curcumin (CUR), the major constituent of turmeric spice (dry powder of Curcuma
longa L. plant rhizomes and roots), exhibits antiparasitic activity against protozoan parasites in vitro. However,
because of its chemical instability, poor cellular uptake and limited bioavailability it is not suitable for clinical use.
The objective of this study was to synthesize and evaluate in vitro CUR monoketone analog dibenzalacetone (DBA
1) and its non-phenolic, methoxy (2–4) and chloro (5) derivatives for better stability and bioavailability against
T. cruzi. Diveratralacetone, the tetramethoxy DBA (DBA 3), was found to be the CUR analog with most enhanced
activity against the amastigote forms of four strains of T. cruzi tested (Brazil, CA-I/72, Sylvio X10/4 and Sylvio
X10/7) with 50% inhibitory concentration (IC50)< 10 μM (1.51–9.63 μM) and selectivity index (SI)> 10 (C2C12
non-infected mammalian cells). This was supplemented by time-course assessment of its anti-T. cruzi activity. DBA
1 and its dimethoxy (DBA 2) and hexamethoxy (DBA 4) derivatives were substantially less active. The inactivity of
dichloro-DBA (DBA 5) was indicative of the important role played by oxygenated groups such as methoxy in the
terminal aromatic rings in the DBA molecule, particularly at para position to form reactive oxygen species
essential for anti-T. cruzi activity. Although the DBAs and CUR were toxic to infected mammalian cells in vitro, in a
mouse model, both DBA 3 and CUR did not exhibit acute toxicity or mortality. These results justify further
optimization and in vivo anti-T. cruzi activity evaluation of the inexpensive diveratralacetone for its potential use
in treating Chagas disease, a neglected parasitic disease in economically challenged tropical countries.
1. Introduction

Trypanosomatids are unicellular organisms that colonize a wide di-
versity of environments and hosts (Stevens, 2008). Among the human
diseases attributed to trypanosomatids is the American trypanosomiasis,
commonly known as Chagas disease (CD) caused by T. cruzi (see Bern,
2015). The transmission of the disease occurs mainly by large
blood-sucking reduviid bugs of the subfamily Triatominae. Other
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mechanisms of transmission include blood transfusion and vertical
transfusion from mother to infant (Rassi et al., 2010). Trypanosoma cruzi
infection can be divided into three phases. The first phase occurs shortly
after transmission and can last up to two months. This acute phase can be
asymptomatic or symptomatic but rarely fatal. The second phase is in-
termediate or indeterminate during which years may pass without the
individual presenting clinical symptoms. The third phase is the chronic
phase in which about 30% of the infected individuals will develop organ
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malfunction without symptoms (20%) or develop cardiac and gastroin-
testinal manifestations (10%) (Guarner, 2019). Treatment of CD is still
challenging since it is currently restricted to only two nitro drugs,
benznidazole (BZ) and nifurtimox. While they are very efficient in
treating acute infections, both drugs have frequent undesirable side ef-
fects and have limited efficacy in the chronic phase of the disease
(P�erez-Molina & Molina, 2018).

Thus, the high impact on human health and its adverse effects of lost
manpower and economic productivity worldwide emphasizes the urgent
need for new drugs for the treatment of this neglected parasitic disease.
In this context, it should be acknowledged that the phytotherapeutic use
of natural products of plant origin in treating parasitic diseases has a long
history in the indigenous herbal medical practice, particularly in the
treatment of trypanosomiasis (Pereira et al., 2017). One such phyto-
chemical agent identified is curcumin [(1E,6E)-1,7-bis(4-hydrox-
y-3-methoxyphenyl)-1,6-heptadiene-3,5-dione)] (CUR) (Fig. 1B), the
major polyphenolic constituent of turmeric spice from Curcuma longa L.
plant rhizomes and roots widely used in the global-favorite Indian curry
powder with potent in vitro antiparasitic activity against trypanosomatid
parasites (Cheraghipour et al., 2018). However, CUR is unstable in
Fig. 1 A One-step synthesis of trans-dibenzalacetones (DBAs 1–5). B Chemical stru
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biological systems, poorly absorbed in the intestine and rapidly metab-
olized through reductive and conjugative processes which make it un-
suitable for clinical use by the oral route (Cas & Ghidoni, 2019).
Additionally, it can be either beneficial or harmful for the host depending
on dose (Marathe et al., 2011). Although classified as a Pan-assay
interference compound (PAIN) (Nelson et al., 2017), both in vitro and
in vivo antiparasitic activities of CUR are well-established (Reddy et al.,
2005; Magalh~aes et al., 2009; Gressler et al., 2015; Elamin et al., 2021).
Thus, it might be interesting to explore the structure-activity relationship
of new analogs based on the CUR chemical structure to identify better
candidates for T. cruzi treatment.

The β-diketone (keto-enol) compounds are prone to rapid hydrolytic
degradation which accounts for the instability of CUR in biological sys-
tems (Liang et al., 2009). To overcome this deficiency, recent studies
with structural modifications have resulted in CUR analogs with its un-
stable β-diketone functionality replaced by monoketone moiety between
the two terminal symmetric aromatic rings (Chakraborti et al., 2013;
Shetty et al., 2015). These CUR monoketone analogs exhibit better sta-
bility and increased tissue uptake profile under both in vitro and in vivo
experimental conditions (Liang et al., 2009). These modifications have
cture of curcumin (CUR). C Chemical structure of diveratralacetone (DBA 3).
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resulted in their higher bioavailability with enhanced cytotoxic and
anti-inflammatory activities (Liang et al., 2009; Arshad et al., 2017).
Similar enhancement of antiparasitic activity in vitro has been observed
with several monoketone analogs of CUR against protozoan parasites
(Changtam et al., 2010; Alkhaldi et al., 2015; Chauhan et al., 2018;
Carapina da Silva et al., 2019).

The present study reports the synthesis and anti-T. cruzi activity of
dibenzalacetone (DBA 1) and a series of its non-phenolic, methoxy (DBAs
2–4) and chloro (DBA 5) derivatives (Fig. 1A) against amastigotes and
trypomastigotes of four strains of T. cruzi (Brazil, CA-I/72, Sylvio X10/4
and Sylvio X10/7) under in vitro experimental conditions. Benznidazole
(BZ), a currently used drug to treat Chagas disease, and CUR were also
tested alongside for reference and comparative purposes. Additionally,
the cytotoxicity of the DBAs and CUR in two mammalian cell lines were
evaluated in vitro and in a mouse model, and the most active DBA 3 and
CUR were tested in vivo for acute oral toxicity. It is noteworthy that CUR-
containing turmeric spice and CUR itself as yellow food color E100 are
currently used worldwide, and both are considered safe for human
consumption (Chainani-Wu, 2003; Chauhan et al., 2018). Further, the
use of DBA 1 as an efficient UV blocker in sunscreens is approved by
European Union and FDA in the USA (Thaman et al., 1996).

2. Materials and methods

2.1. Chemistry

2.1.1. General analytical methods
NMR spectra were recorded on a Bruker DRX-400 operating at

400MHz for 1H and 100MHz for 13C, respectively. CDCl3 was used as
solvent with reference solvent peaks at δH 7.26 and δC 77.10 ppm.
Chemical shifts are in ppm (δ) and coupling constants (J) in Hz. Elec-
trospray ionization mass spectrometry (ESI-MS) analyses were carried
out on a Xevo TQS (Waters Assoc., Milford, MA, USA) tandem quadru-
pole mass spectrometer (QqQ) equipped with a Z-spray ionization source
operating in the positive ion mode. High-resolution electrospray ioniza-
tion mass spectra (HRESIMS) for compound 4 were obtained using a
Bruker Daltonics MicrOTOF-Q IITM ESI-Qq-TOF (Billerica, MA, USA) in
positive ion mode. Accurate masses were obtained using sodium tri-
fluoroacetate (TFA�Naþ) as the internal standard.

2.1.2. Synthesis of trans-dibenzalacetones
trans-Dibenzalacetone (DBA 1) and its methoxy (DBAs 2–4) and

chloro (DBA 5) derivatives were synthesized by Aldol condensation
(Claisen-Schmidt reaction) of acetone and the appropriate methoxy/
chloro aromatic aldehyde (Fig. 1A), as described in the literature (Vieira
et al., 2018). The starting compounds benzaldehyde, 4-methoxybenzal-
dehyde (anisaldehyde), 3,4-dimethoxybenzaldehyde (veratraldehyde),
2,4,6-trimethoxybenzaldehyde and 4-chlorobenzaldehyde were pur-
chased from Sigma-Aldrich, St. Louis, MO, USA. In general, a solution of
sodium hydroxide (2.5mol/l) and ethanol (20ml) was added to a
100ml-flask containing aromatic aldehyde (26mM) and acetone
(13mM) at room temperature and stirred continuously for 1–24 h. The
reactionmixture was then washed with cold water to remove excess base,
and filtered under reduced pressure, dried under vacuum, and purified by
recrystallization from hexane-ethanol mixture. The chemical structure of
DBAs 1–5 was confirmed by NMR, EI-MS/HRESIMS and IR spectral an-
alyses as described below.

Dibenzalacetone (DBA) (1): (1E,4E)-1,5-diphenylpenta-1,4-dien-3-
one). C17H14O. Yield, 80%. Yellow powder, m.p. 109–111 �C (Lit:
113 �C) (Leow et al., 2014). ESI-MS (m/z, relative intensity): 235 [M þ
H]þ (100%). NMR 1H (400MHz, CDCl3): δ 7.10 (2H, d, J2;3¼2ʼ;3ʼ¼ 16.0,
H2 ¼ H2ʼ), 7.76 (2H, d, J3;2¼3ʼ;2ʼ¼ 16.0, H3 ¼ H3ʼ), 7.62 (2H, m, H5 ¼
H5ʼ¼H9 ¼ H9ʼ), 7.42 (2H, m, H6 ¼ H6ʼ¼H8 ¼ H8ʼ), 7.40 (2H, m, H7 ¼
H7ʼ). 13C (100MHz, CDCl3): δ 125.6 (CH, C2), 128.5 (CH, C5 ¼ C5ʼ¼ C9
¼ C9ʼ), 129.1 (CH, C6 ¼ C6ʼ¼ C8 ¼ C8ʼ), 130.6 (CH, C7 ¼ C7ʼ), 132.8
(CH, C7), 134.9 (C, C4), 143.4 (CH, C3 ¼ C3ʼ), 189.0 (C ¼ O, C1).
3

Dimethoxy-DBA (dianisalacetone) (2): [(1E,4E)-1,5-bis(4-methox-
yphenyl)penta-1,4-dien-3-one]. C19H18O3. Yield, 64%. Yellow powder,
m.p. 143–145 �C) (Lit: 128–130 �C) (Weber et al., 2005). ESI-MS (m/z,
relative intensity): 295 [M þ H]þ (100%). NMR 1H (400MHz, CDCl3): δ
3.85 (3H, s, H10¼H10ʼ), 6.93 (4H, d, J6,5¼6ʼ,5ʼ¼ 8.7, H6 ¼ H6ʼ¼H8 ¼
H8ʼ), 6.96 (2H, d, J2,3¼2ʼ,3ʼ¼ 15.8, H2 ¼ H2ʼ), 7.56 (4H, d, J5,6¼5ʼ,6ʼ¼ 8.7,
H5 ¼ H5ʼ¼H9 ¼ H9ʼ), 7.71 (2H, d, J3,2¼3ʼ,2ʼ¼ 15.8, H3 ¼ H3ʼ). 13C
(100MHz, CDCl3): δ 55.4 (CH3, C10¼ C10ʼ), 114.6 (CH, C6 ¼ C6ʼ¼ C8¼
C8ʼ), 123.2 (CH, C3¼ C3ʼ), 127.5 (C, C4¼ C4ʼ), 129.7 (CH, C5¼ C5ʼ¼ C9
¼ C9ʼ), 142.4 (CH, C3 ¼ C3ʼ), 161.4 (C, C7 ¼ C7ʼ), 188.6 (C ¼ O, C1).

Tetramethoxy-DBA (diveratralacetone) (3): [(1E,4E)-1,5-bis-(3,4-
dimethoxyphenyl)penta-1,4-dien-3-one]. C21H22O5. Yield, 83%. Yellow
powder, m.p. 125–127 �C (Lit: 93–95 �C) (Leow et al., 2014). ESI-MS
(m/z, relative intensity): 355 [M þ H]þ (100%). NMR 1H (400MHz,
CDCl3): δ 4.00 (12 H, s, H10¼H10ʼ¼H11¼H11ʼ), 6.80 (2 H, d, J6,5¼6ʼ,

5ʼ¼ 8.3, H6 ¼ H6ʼ), 6.98 (2 H, d, J2,3¼2ʼ,3ʼ¼ 15.8, H2 ¼ H2ʼ), 7.16 (2H, d,
J9,5¼9ʼ,5ʼ¼ 1.8, H9 ¼ H9ʼ), 7.22 (2 H, dd, J5,6¼5ʼ,6ʼ¼ 8.3 e J5,9¼5ʼ,9ʼ¼ 1.8,
H5 ¼ H5ʼ), 7.70 (2H, d, J3,2¼3ʼ,2ʼ¼ 15.8, H3 ¼ H3ʼ). 13C (100MHz,
CDCl3): δ 55.9 (CH3, C10¼ C10ʼ¼ C11¼ C11ʼ), 110.0 (CH, C9¼ 9ʼ),
111.0 (CH, C6¼ C6ʼ), 123.0 (CH, C5¼ C5ʼ), 123.5 (CH, C2¼ C2ʼ), 127.8
(C, C4 ¼ C4ʼ), 142.9 (CH, C3 ¼ C3ʼ), 149.2 (C, C8 ¼ C8ʼ), 151.6 (C, C7 ¼
C7ʼ) 188.4 (C ¼ O, C1).

Hexamethoxy-DBA (4): [(1E,4E)-1,5-bis-(2,4,6-trimethoxyphenyl)
penta-1,4-dien-3-one]. C23H26O7. Yield, 97%. Yellow powder, m.p.
121–124 �C. ESI-MS (m/z, relative intensity): 415 [M þ H]þ (100%).
HRESIMS: calcd. for C23H27O7 [M þ H]þ: 415.1751 found 415.1762.
NMR 1H (400MHz, CDCl3): δ 3.88 (18 H, d, H10¼H10ʼ¼H11
¼H11ʼ¼H12¼H12ʼ), 6.12 (4 H, s, H6,8¼H6,8ʼ), 7.07 (2 H, d,
J2,3;2ʼ,3ʼ¼ 16.5, H2 ¼ H2ʼ), 7.94 (2H, d, J3,2;3ʼ,2ʼ¼ 16.5, H3 ¼ H3ʼ). 13C
(100MHz, CDCl3): δ 56.2 (CH3, C10¼ C10ʼ¼ C11¼ C11ʼ¼ C12¼
C12ʼ), 90.2 (CH, C6 ¼ C6ʼ¼ C8 ¼ C8ʼ), 106.1 (CH, C2 ¼ C2ʼ), 128.0 (C,
C4 ¼ C4ʼ), 135.4 (CH, C3 ¼ C3ʼ), 161.9 (C, C7 ¼ C7ʼ), 163.5 (C5 ¼
C5ʼ¼ C9 ¼ C9ʼ), 201.1 (C ¼ O, C1).

Dichloro-DBA (5): [(1E,4E)-1,5-bis-(4-chlorophenyl)penta-1,4-dien-3-
one]. C17H12Cl2O. Yield, 44%. Yellow powder, m.p. 195–197 �C (Lit:
193 �C) (Vanchinathan et al., 2011). ESI-MS (m/z, relative intensity): 303
[M þ H]þ (100%). NMR 1H (400MHz, CDCl3): δ 7.05 (2H, d, J2,3;2ʼ,
3ʼ¼ 16.0, H2 ¼ H2ʼ), 7.40 (4H, d, J5,6¼5ʼ,6ʼ¼ 8.5, H5 ¼ H5ʼ¼H9 ¼ H9ʼ),
7.55 (4H, d, J6,5¼6ʼ,5ʼ¼ 8.5, H6 ¼ H6ʼ¼H8 ¼ H8ʼ), 7.68 (2H, d, J3,2¼3ʼ,

2ʼ¼ 16.0, H3¼ H3ʼ). 13C (100MHz, CDCl3): δ 126.0 (CH, C2¼ C2ʼ), 129.4
(CH, C6¼ C6ʼ¼ C8¼ C8ʼ), 129.7 (CH, C5¼ C5¼ C9¼ C9ʼ), 133.3 (C, C4
¼ C4ʼ), 136.6 (C, C7 ¼ C7ʼ), 142.2 (CH, C3 ¼ C3ʼ), 188.6 (C ¼ O, C1).

2.2. Parasites, mammalian cells and cell cultures

Four strains of T. cruzi parasites were selected for evaluation in this
study. The Brazil strain tested consistently produces 100% mortality in
mice between 9 and 14 days after the subcutaneous inoculation of 105

trypomastigotes/ml (Raether & Seidenath, 1983). The CA-I/72 strain
used is the clone 72 derived from the CA-I strain, originally isolated from
a man with chronic myocarditis in the Province of San Luis, Argentina in
1974. It has partial resistance to treatment with trypanocidal drugs BZ
and nifurtimox (Nozaki et al., 1996). The Sylvio X10/4 and Sylvio X10/7
strains used are clones of the Sylvio X10 strain from Par�a, Brazil. The
Sylvio X10/4 strain, after reaching the acute stage, induces a chronic
non-fatal phase in experimental mice, while the Sylvio X10/7 strain is
responsible for inducing a fatal acute phase in mice (Postan et al., 1983).

Trypanosoma cruzi (Brazil, CA-I/72, Sylvio X10/4 and Sylvio X10/7
strains) parasites were cultivated as amastigote forms with C2C12 (murine
muscle myoblast) cells at 37 �C in an atmosphere of 5% CO2 in Dulbeccoʼs
Minimal Essential Medium (DMEM) (Gibco, Grand Island, NY, USA) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma-
Aldrich), 25mM [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]
(HEPES), penicillin and streptomycin (Gibco), at pH 7.2, and sub-cultured
every 7 days. Trypanosoma cruzi (Sylvio X10/4 strain) trypomastigote
forms were obtained from supernatant of amastigotes culture.
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The LLC-MK2 (monkey kidney fibroblasts) cells were cultivated in
Roswell Park Memorial Institute (RPMI) medium (Gibco) supplemented
with 10% FBS at 37 �C with 5% CO2. For cytotoxicity studies, the
following mammalian cells were used: C2C12 and LLC-MK2 with or
without infection with T. cruzi parasites.

2.3. Anti-T. cruzi activity

2.3.1. Trypanocidal activity against trypomastigotes of T. cruzi
An initial screening against trypomastigotes of T. cruzi (Sylvio X10/4

strain) was performed as described previously with some modifications
(de Menezes et al., 2016). Briefly, trypomastigotes of the parasite were
seeded at 1� 106 cells per well in 384-well plates. DBAs 1–5 and CUR in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich) solvent (0.19–100 μM)
(0.1% DMSO) were added to the wells using Acoustic Transfer System
(ATS) (Biosero, San Diego, CA, USA). The plates were incubated at 37 �C
under 5% CO2 for 72 h. Then, parasite viability was determined using
resazurin blue dye (Sigma-Aldrich) (40 μM in PBS) by measuring the
fluorescence intensity at 530 nm and 630 nm using EnVision 2105
Multimode Plate Reader (Perkin-Elmer). As positive and negative con-
trols, parasites were incubated with BZ at concentrations 0.019–10 μM
(2-fold dilution) and DMSO (0.1%), respectively.

2.3.2. Trypanocidal activity against amastigotes of T. cruzi
The parasite viability screening of DBAs 1–5 and CUR (Sigma-

Aldrich) was performed using T. cruzi Sylvio X10/4 strain which was
followed by testing with T. cruzi Brazil, CA-I/72, and Sylvio X10/7
strains. The screening assays were performed using a previously reported
protocol with slight modifications (Ekins et al., 2015). Trypomastigotes
were seeded with C2C12 cells with 1:15 infection rate in 384-well plates
(Greiner Bio-One GmbH, Frickenhausen, Germany), using a FlexDrop™
liquid handler (Perkin-Elmer, San Jose, CA, USA). DBAs 1–5 and parent
CUR in DMSO (Sigma-Aldrich) (0.19–100 μM, 2-fold dilution, 0.1%
DMSO) were added to the wells using ATS. The plates were incubated at
37 �C under 5% CO2 (trypomastigotes) for 72 h. The cells and parasites
were then stained with 0.2 mg/ml of 40,6-diamidine-20-phenylindole
dihydrochloride (DAPI) (Sigma-Aldrich) fluorescent stain solution for
2 h. Automated confocal microscope, ImageXpress® Micro Confocal
High-Content Imaging System (MolDev, Sunnyvale, CA, USA) was used
to take images; these were analyzed using the software MetaXpress
version 5.3.0.5 for Windows (MolDev). The host cells and intracellular
amastigotes were differentiated by the size of their DAPI-stained nuclei
(125 μm2 and 1–2 μm2, respectively). Then, the growth inhibition was
assessed by comparison to untreated controls (Ekins et al., 2015). As
positive and negative controls, parasites and cells were incubated with
BZ (Sigma-Aldrich) at concentrations 0.019–10 μM (2-fold dilution) and
DMSO solvent (0.1%), respectively.

2.3.3. Time-course study against amastigotes of T. cruzi
The time course of anti-T. cruzi activity was performed as described

above (Section 2.3.2) with intracellular amastigotes form of T. cruzi CA-I/
72 strain which is known to exhibit partial resistance to BZ (Nozaki et al.,
1996). DBAs 1–5 and CUR in DMSO solvent (0.19–100 μM, 2-fold dilu-
tion, 0.1% DMSO) were added to the plate after 48 h of incubation. The
plates were then incubated at 37 �C under 5% CO2 for 8, 12, 24 and 48 h,
and growth inhibition determined by DAPI staining as described above.
As positive and negative controls, parasites plus cells were incubated
with BZ at concentrations 0.019–10 μM (2-fold dilution) and DMSO
(0.1%), respectively.

2.4. Cytotoxic activity in infected and non-infected mammalian cells

The cytotoxicity in infected C2C12 mammalian cells was assessed by
the same procedure used for anti-T. cruzi assays (Sections 2.3.2 and 2.3.3).
Host cell viability was assessed based on the total number of cells divided
by the average number of cells from negative controls (0.1% DMSO).
4

The cytotoxicity in non-infected C2C12 and LLC-MK2 mammalian
cells was assessed using the in vitro toxicology colorimetric assay Kit
(MTT, Invitrogen TM, Thermo Fisher Scientific, Eugene, OR, USA). For
these experiments, 5� 104 cells were plated onto 96-well plates. After
24 h, DBAs 1–5 and CUR in DMSO solvent were added to each well at
concentrations ranging from 0.19 to 100 μM (2-fold dilution, 0.1%
DMSO). Negative (without treatment), solvent (DMSO 0.4%), and posi-
tive (Triton 15%) (Bio Agency, S~ao Paulo, Brazil) controls were used.
After incubation at 37 �C for 72 h, the medium was removed, the cells
were washed with PBS, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) (2mg/ml) was added to each well. The
microplates were then covered and incubated at 37 �C for 4 h. Then, the
cell viability was assessed by measuring NAD(P)H-dependent oxidore-
ductase enzyme activity. This was accomplished by determining the
absorbance of the sample by a multi-plate reader (Microplate Reader
Synergy H1, Biotek, Vermont, USA) at a test wavelength of 450 nm and a
reference wavelength of 620 nm.

2.5. In vivo toxicity study in mice

2.5.1. Animals
Female BALB/c mice weighing between 25 and 30 g were maintained

under controlled conditions of temperature (20–22 �C), humidity
(10–50%), and 12 h light/dark cycle with ad libitum access to water and
standard rodent chow (Labina, S~ao Paulo, Brazil).

2.5.2. Acute toxicity test
The study was performed according to Organization for Economic

Cooperation and Development (OECD) test guideline 423 (OECD,
2002) with slight modifications. Five groups of five 6-week-old female
mice were used: Group I [diluent Tween 80/ethanol/water (7:3:90)];
Group II (DBA 3, 300 mg/kg dose); Group III (DBA 3, 1,000mg/kg
dose); Group IV (CUR, 300 mg/kg dose); and Group V (CUR, 1,
000 mg/kg dose). DBA 3 was chosen for this experiment because it
showed the highest activity against all parasites tested and CUR was
used as a reference compound.

DBA 3, CUR and the solvent vehicle were administered orally (p.o.) as
a single dose of 300mg/kg or 1,000mg/kg. Although the OECD guide-
line suggests the oral doses of 300 and 2,000mg/kg, our dose selection
was based on an earlier study which found CUR to be non-toxic in mice
and rats at doses up to 5,000mg/kg p.o. during a 14-days acute toxicity
test (Aggarwal et al., 2016).

Clinical signs of toxicity (e.g. general appearance, ataxia, vocal
fremitus, irritability, body tone, tremor, salivation, tearing, palpable
ptosis, seizures and abnormal movements) were monitored continuously
for 1 h after the administration, periodically during the first 24 h and
then, daily for a total of 14 days (Da Silva et al., 2016; Saldanha et al.,
2018).

2.6. Statistical analyses

The 50% inhibitory concentration (IC50) was obtained by the infec-
tion ratio normalized by positive and negative controls. The 50% cyto-
toxic concentration (CC50) was obtained by counting C2C12 cells
infected with intracellular amastigotes of T. cruzi (Sections 2.3.2 and
2.3.3) or by viability of non-infected C2C12 and LLC-MK2 cells (Section
2.4). Both IC50 and CC50 values were calculated with the aid of sigmoid
dose–response curves, and the selectivity index (SI) values were deter-
mined by CC50/IC50 (Londero et al., 2018). Time course of anti-T. cruzi
activity was analyzed by linear regression and one-way analysis
(ANOVA), with multiple comparisons using the test for linear trend be-
tween column mean and left-to-right column order. All analyses were
performed using Graphical Prism (version 8.0) (GraphPad Software, San
Diego, CA, USA). Data represent the mean number� standard deviation
(SD) of three independent experiments performed in triplicate or as
indicated.
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3. Results

3.1. Synthesis of trans-dibenzalacetones

Synthesis of trans-dibenzalacetones (DBAs 1–5) involved simple, one-
step Aldol condensation reactions at room temperature using readily
available, inexpensive starting chemicals, such as benzaldehyde, ani-
saldehyde and veratraldehyde (Fig. 1A) with high yields (up to 97%).
They were easily purified by recrystallization using common solvents. All
are stable compounds and safely storable at room temperature (Chauhan
et al., 2018; Carapina da Silva et al., 2019).
3.2. Activity against trypomastigotes and amastigotes of T. cruzi

Initially, the trypanocidal activity of DBA 1, its methoxy (DBAs 2–4)
and chloro (DBA 5) derivatives were evaluated against trypomastigotes
Sylvio X10/4 strain after 72 h. As shown in Table 1, DBA 3 showed the
highest activity against the trypomastigotes (IC50¼ 11.54 μM). DBAs 1, 2
and 5 exhibited lower activities against trypomastigotes (IC50 range:
29.82–73.68 μM) while DBA 4 was inactive (IC50> 100 μM). Reference
compound CUR also demonstrated potent anti-T. cruzi activity against
trypomastigotes (IC50¼ 9.89 μM) and BZ exhibited high activity
(IC50¼ 1.16 μM).

Next, DBAs 1–5 were evaluated against amastigotes of T. cruzi Sylvio
X10/4, followed by testingwith amastigotes of T. cruzi Brazil, CA-I/72, and
Sylvio X10/7 strains after 72 h incubation (Table 1). DBA 3 also exhibited
the highest activity against the amastigote forms in all T. cruzi strains (IC50
range: 1.51–9.63 μM), except to Sylvio X10/7 strain. DBA 2 exhibited the
highest activity against Sylvio X10/7 strain (IC50¼ 0.48 μM) followed by
DBAs 3 and 1 (IC50 range: 4.87 and 11.72 μM, respectively). DBA 4
exhibited an IC50 of 5.01 μM against CA-I/72, 33.07 μM against Sylvio
X10/7 and no activity against Sylvio X10/4 and Brazil strains
(IC50> 100 μM). On the other hand, DBA 5 exhibited an IC50 higher than
20 μM against the amastigote forms in all T. cruzi strains (IC50 range:
25.29.51–73.68 μM), except for the Brazil strain (IC50¼ 6.37 μM).

Concurrently run trypanocidal activities of the reference CUR and the
positive control BZ against the four strains of T. cruzi amastigotes showed
ranges for IC50 of 2.71–20.04 μM and 1.19–4.12 μM, respectively. Both
compounds showed potent anti-T. cruzi activity against the CA-I/72
strain (IC50 of 2.71 and 2.02 μM, respectively) comparable to DBA 3
(IC50¼ 1.51 μM) (Table 1).
3.3. Time course of trypanocidal activity against T. cruzi intracellular
amastigotes of CA-I/72 strain and of cytotoxicity in C2C12-infected
mammalian cells

The time-dependent (8–48 h) IC50 values of DBAs 1–5 against T. cruzi
intracellular amastigotes (CA-I/72 strain) are given in Table 2. All DBAs
1–5 and the reference compound CUR were devoid of trypanocidal ac-
tivity at the 8 h incubation period except for BZ (IC50> 10 μM). DBA 1
Table 1
In vitro anti-T. cruzi activity (IC50) of DBAs against trypomastigotes of Sylvio X10/4 stra
72 h incubation

DBA IC50 (μM)� SD

Trypomastigotes Amastigotes

Sylvio X10/4 strain Brazil strain CA

1 41.24� 2.25 21.05� 2.51 4.
2 29.82� 2.12 51.59� 4.90 17
3 11.54� 1.36 3.91� 0.25 1.
4 >100 >100 5.
5 73.68� 2.08 6.37� 0.03 33
CUR 9.89� 0.51 11.15� 1.05 2.
BZ 1.16� 0.04 1.28� 0.64 2.

Abbreviations: BZ, benznidazole (positive control for Chagas disease); CUR, curcumin
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and DBA 3 showed anti-T. cruzi activity after 12 h of incubation (IC50
values of 76.78 and 63.30 μM, respectively). DBA 3 was the most active
at 48 h of incubation with an IC50 value of 3.72 μM followed by DBAs 1
and 4 (IC50 values of 14.61 μM and 34.47 μM, respectively). In contrast,
DBAs 2 and 5 lacked trypanocidal activity in any of the incubation times
evaluated (8–48 h), all with IC50> 100 μM. The reference CUR exhibited
trypanocidal activity after 48 h of incubation (IC50¼ 2.25 μM). In
contrast, the positive control BZ showed gradual increase in trypanocidal
activity with time (incubation period of 8–24 h) with IC50> 1.54–10 μM.

As shown in Table 2, all DBAs tested (except DBA 4), the reference
compound CUR, and the positive control BZ showed cytotoxic activity in
C2C12 cells infected with intracellular amastigotes of T. cruzi (CA-I/72
strain) after incubation of 8 h,with CC50 values ranging between 93.29 and
12.20 μM. After 48 h of incubation, all DBAs, CUR and BZ showed CC50
values of <1 μM. Another parameter evaluated was the selectivity index
(SI), and the SI values obtained in the time-course evaluation were <1 for
all DBAs, the reference compound CUR, and the positive control BZ.

Fig. 2 shows that DBAs 1, 3, and 4, the reference compound CUR and
the positive control BZ showed significant (P< 0.05 to P< 0.0001) time-
dependent trypanocidal activity against intracellular amastigotes of
T. cruzi (CA-I/72 strain). On the other hand, all compounds tested
showed significant (P< 0.05 to P< 0.0001) time-dependent cytotoxic
activity in C2C12 cells infected with intracellular amastigotes (CA-I/72)
(Fig. 2).
3.4. Cytotoxicity in infected and non-infected mammalian cells

Table 3 lists the cytotoxicity of DBAs 1–5 in C2C12 cells infected with
intracellular amastigotes of T. cruzi Brazil, CA-I/72, Sylvio X10/4 and
Sylvio X10/7 strains. The DBAs 1–5 showed CC50 values between 15.46
and 0.09 μM in cells infected with all four strains of the parasite. The
reference compound CUR and the positive control BZ tested in the same
assay exhibited CC50 of 6.71–1.91 and> 10 μM, respectively. The DBAs
presented SI values between 0.01 and 2.25 for all four strains evaluated;
these results were comparable with the values obtained for the reference
compound CUR (0.09–2.47).

Additionally, the cytotoxic activity of DBAs 1–5 in two non-infected
cell lines, C2C12 and LLC-MK2, were evaluated (Table 4). In general,
among the five DBAs evaluated, those with the strongest activity against
T. cruzi parasites were also found to be the most cytotoxic. Thus, DBA 3
showed CC50 values of 20.82 and 11.51 μM in C2C12 and LLC-MK2,
respectively, followed by DBAs 1, 2, 4 and 5 (all were less toxic than
DBA 3). The reference CUR exhibited CC50 of 18.03 and 32.49 μM, in
C2C12 and LLC-MK2, respectively. The positive control BZ was the least
toxic in the two non-infected cell lines tested (CC50 of 37.85 and
167.50 μM, respectively). In non-infected C2C12 cells, DBAs 3 and 4
showed the highest SI values of 13.78 and 10.71, respectively among all
DBAs tested (Table 4). Similarly, in non-infected LLC-MK2 cells, DBAs 3
and 4 among the DBAs along with CUR exhibited the highest SI values of
7.62, 10.00 and 11.98, respectively (Table 4). The positive control BZ
in and amastigotes of Brazil, CA-I/72, Sylvio X10/4 and Sylvio X10/7 strains after

-I/72 strain Sylvio X10/4 strain Sylvio X10/7 strain

67� 1.96 33.98� 2.92 11.72� 0.81
.46� 1.06 46.58� 0.48 0.48� 0.02
51� 0.42 9.63� 1.58 4.87� 0.05
01� 1.14 >100 33.07� 2.05
.63� 1.39 56.91� 1.86 25.29� 1.34
71� 0.47 20.04� 2.61 11.55� 4.93
02� 0.12 4.12� 1.02 1.19� 0.25

(reference curcuminoid).



Table 2
In vitro anti-T. cruzi (amastigotes, CA-I/72 strain) activity of DBAs (IC50), cytotoxicity in infected C2C12 cell line (CC50) and selectivity index (SI) in the time-course
evaluation

DBA IC50, CC50 (μM)� SD and SI

8 h 12 h 24 h 48 h

IC50 CC50 SI IC50 CC50 SI IC50 CC50 SI IC50 CC50 SI

1 >100 12.20� 1.15 ND 76.78� 1.39 2.00� 0.42 0.02 37.53� 1.01 0.28� 0.04 0.007 14.61� 1.10 0.03� 0.02 0.002
2 >100 40.73� 1.07 ND >100 3.03� 0.79 ND >100 0.33� 0.41 ND >100 0.02� 0.03 ND
3 >100 29.81� 1.32 ND 63.30� 3.87 2.79� 0.30 0.04 62.08� 1.52 0.21� 0.13 0.003 3.72� 0.56 0.22� 0.17 0.05
4 >100 >100 ND >100 60.41� 1.11 ND >100 2.98� 0.24 ND 34.47� 0.94 0.66� 0.29 0.01
5 >100 93.29� 0.42 ND >100 10.55� 1.26 ND >100 0.30� 0.02 ND >100 0.20� 0.01 ND
CUR >100 60.34� 1.54 ND >100 9.95� 1.17 ND 51.65� 1.26 1.88� 0.17 0.03 2.25� 0.65 0.47� 0.09 0.20
BZ >10 >10 ND 6.85� 1.56 3.98� 0.31 0.58 5.97� 1.20 3.48� 0.70 0.58 1.54� 0.36 0.27� 0.07 0.17

Abbreviations: SI, selectivity index (values determined by CC50/IC50); BZ, benznidazole (positive control for Chagas disease); CUR, curcumin (reference curcuminoid);
ND, not determined.

Fig. 2 Time-course statistical analysis of the anti-T. cruzi activity against intracelullar amastigotes form (CA-I/72 strain) and cytotoxic activity in C2C12-infected cells
of dibenzalacetones (DBAs 1–5) 1–5, curcumin (CUR) and benznidazole (BZ). A DBA 1. B DBA 2. C DBA 3. D DBA 4. E DBA 5. F CUR. G BZ. *P < 0.05; **P < 0.01;
***P < 0.001; ****P< 0.0001.

J.M. Souza et al. Current Research in Parasitology & Vector-Borne Diseases 1 (2021) 100031

6



Table 3
In vitro cytotoxicity activity (CC50) of DBAs in infected C2C12 cell line and selectivity index (SI) after 72 h

Compound CC50 (μM)� SD of infected C2C12 cells

Brazil strain CA-I/72 strain Sylvio X10/4 strain Sylvio X10/7 strain

CC50 SI CC50 SI CC50 SI CC50 SI

1 7.32� 0.41 0.35 5.74� 1.95 1.22 3.80� 0.24 0.11 3.29� 1.00 0.28
2 5.15� 0.13 0.10 4.30� 1.22 0.24 2.54� 1.86 0.05 0.90� 1.20 1.87
3 1.73� 0.05 0.43 1.62� 0.22 1.07 1.25� 0.02 0.13 1.15� 0.29 0.23
4 0.09� 0.11 ND 0.60� 0.16 0.12 0.11� 0.10 ND 0.37� 0.14 0.01
5 12.38� 2.29 2.25 15.46� 1.25 0.45 11.79� 7.74 0.20 4.06� 2.31 0.16
CUR 2.36� 1.24 0.20 6.71� 0.70 2.47 1.91� 0.02 0.09 3.37� 1.33 0.29
BZ >10 ND >10 ND >10 ND >10 ND

Abbreviations: SI, selectivity index (values determined by CC50/IC50 from intracellular amastigotes assays of the different strains after 72 h incubation); BZ, benznidazole
(positive control for Chagas disease); CUR, curcumin (reference curcuminoid); ND, not determined.

Table 4
In vitro cytotoxicity activity (CC50) of DBAs in non-infected C2C12 and LLC-MK2
cell lines and selectivity index (SI) after 72 h

DBA CC50� SD (μM) SI

C2C12 LLC-MK2 C2C12 LLC-MK2

1 40.13� 1.25 16.57� 0.61 8.59 3.54
2 35.50� 0.50 31.39� 1.20 2.03 1.79
3 20.82� 0.67 11.51� 0.34 13.78 7.62
4 53.67� 1.26 50.10� 7.92 10.71 10.00
5 38.27� 1.69 38.12� 1.81 1.13 1.13
CUR 18.03� 0.42 32.49� 0.49 6.65 11.98
BZ 37.85� 1.54 167.50� 2.98 18.73 82.92

Abbreviations: SI, selectivity index (values determined by CC50/IC50 from intra-
cellular amastigotes assay (72 h incubation, CA-I/72 strain)); BZ, benznidazole
(positive control for Chagas disease); CUR, curcumin (reference curcuminoid).

Table 5
Effects of DBA 3 and CUR in female BALB/c mice for 14 days in the acute toxicity
study

Groups DA/TA Mortality (%) Latency to
mortality (min)

Signs of toxicity

CN 0/5 0 – None
DBA (3)300 0/5 0 – None
DBA (3)1000 0/5 0 – None
CUR300 0/5 0 – None
CUR1000 0/5 0 – None

Note: Signs of toxicity assessed: general appearance; ataxia; vocal fremitus; irri-
tability; body tone; tremor; salivation; tearing; palpable ptosis; seizures; and
abnormal movements.
Abbreviations: CN, control (vehicle, n¼ 5); DBA (3)300, dose 300mg/kg (n¼ 5);
DBA (3)1000, dose 1,000mg/kg (n¼ 5); CUR300, dose 300mg/kg (n¼ 5);
CUR1000, dose 1,000mg/kg (n¼ 5); DA, dead animals; TA, total animals.
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showed highest SI values of 18.73 and 82.92 with C2C12 and LLC-MK2
non-infected cell lines, respectively among all the compounds tested.

3.5. In vivo acute toxicity study in mice

DBA 3 and the reference CUR were further evaluated in an acute
toxicity test in female BALB/C mice. Both compounds at oral doses 300
and 1,000mg/kg produced no toxic effects as evidenced by the absence
of general signs of toxicity (ataxia, vocal fremitus, irritability, body tone,
tremor, salivation, palpable ptosis, seizures and abnormal movements) or
mortality evaluated in the animals during the 14-day experimental
period (Table 5).

4. Discussion

Curcumin is a widely studied phytochemical agent with anticancer,
antiviral, antibacterial and antiparasitic activities, including against
Trypanosoma parasites (Maghadamtousi et al., 2014; Salem et al., 2014;
Cheraghipour et al., 2018). However, it is not a suitable candidate for the
development of clinically useful drug because of its instability, poor ab-
sorption, and rapid elimination in the body. Currently, efforts are being
made to identify clinically effective CUR analogs with improved phar-
macokinetic profiles by modification of its chemical structure (Changtam
et al., 2010; Chauhan et al., 2018; Carapina da Silva et al., 2019).

In the present study, we evaluated five DBAs (1–5) and identified DBA
3 as the most active compound against four strains of T. cruzi under the in
vitro experimental conditions employed. In general, the CA-I/72 strain of
T. cruzi was more susceptible than its Brazil, Sylvio X10/4 and Sylvio
X10/7 strains when their intracellular amastigote forms were tested.

Due to the partial resistance of CA-I/72 strain against BZ (Nozaki
et al., 1996) and the susceptibility to DBAs, the selected for the
time-course study DBAs 1, 3 and 4, the reference compound CUR, and
the positive control BZ, showed a time-dependent response against the
intracellular amastigotes of the CA-I/72 strain of T. cruzi. However,
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DBAs 2 and 5 did not show such time dependency in their activity as
both were inactive.

It should be noted that there is a significant difference in the infection
status (time of infection) of parasites used for the evaluation of the time-
course of anti-T. cruzi activity and those used for trypanocidal activity
against amastigote forms involving 72 h incubation periods. In the try-
panocidal activity assay against amastigote and trypomastigote forms of
parasites, mammalian cells and test samples were all added together at
the beginning of incubation. In contrast, for the time-course evaluation,
trypomastigotes were first incubated with mammalian cells for 48 h to
transform them into amastigote forms and then test samples were added.
This difference in the methodology used may account for the observed
difference in the activity of the DBAs tested. This may enhance the in-
direct activity of the compounds against the parasites (see below).

The above effect can be related to the mechanism of elimination of
parasites by host cells. Earlier studies have shown that the death of
parasites in vitro by macrophages or cardiomyocytes can be triggered by
the production of chemokines which is associated with the production of
nitric oxide synthase (iNOS) and nitric oxide (NO) (Machado et al.,
2000). While these effects are generally related to the protection of host
cells, their overproduction can aggravate adverse pathology and lead to
cell death (Titus et al., 1991). Previous studies have demonstrated both
pro- and anti-oxidant activity of CUR, depending on the concentration
used (Marathe et al., 2011). Thus, the above two factors can lead to
higher toxicity against parasites and infected cells. Accordingly, all of the
factors mentioned above can be responsible for the higher cytotoxic ac-
tivity observed in the present study.

As discussed by Carapina da Silva et al. (2019), the use of SI has been
suggested as an efficient way to analyze antiparasitic biological efficacy
by comparing it with cytotoxicity. Thus, SI values� 10 would be
considered good, because these would indicate that the in vitro antipar-
asitic activity is not the result of an in vitro cytotoxicity. Other studies
have also suggested SI� 10 as a criterion for selection of hit compounds
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against kinetoplastid protozoans (Ioset et al., 2009; Katsuno et al., 2015;
Pe~na et al., 2015; Tempone et al., 2017; Linciano et al., 2018; Rol�on et al.,
2019; Martinez-Peinado et al., 2020). Additionally, the 2008 Drugs for
Neglected Diseases Initiative workshop on experimental models in drug
screening for Chagas disease has recommended determination of SI
values during in vitro studies with trypomastigotes and intracellular
amastigotes of T. cruzi parasites and comparing with those of the refer-
ence drug BZ (Romanha et al., 2010).

In these cytotoxicity studies, CUR which is considered safe to use in
humans (Chainani-Wu, 2003; Chauhan et al., 2018) and DBA 1, an
approved sunscreen agent (Thaman et al., 1996), as well as the positive
control drug BZ, showed CC50 values of 6.71–2.36, 7.32–3.29 and> 10,
respectively, in infected C2C12 mammalian cells. Although DBAs 1–5
have shown cytotoxicity in infected C2C12 mammalian cells, due to the
inherent high toxicity of the parasite in host cells, it is important to
evaluate the toxicity of DBAs 1–5 in mammalian cells without parasitic
infection. All DBAs tested showed lower cytotoxicity in non-infected
C2C12 and LLC-MK2 cell lines (CC50 values of 53.67–11.51 μM). In
general, DBAs 3 and 4 exhibited SI values> 10 when incubated with
non-infected C2C12 cells. Similarly, SI values were �10 for DBA 4 and
CUR when evaluated in non-infected LLC-MK2 cells. BZ exhibited no
cytotoxicity in the non-infected cell lines tested.

The acute oral toxicity test aims to check for adverse effects in a short
period after oral administration of a single dose of a substance or after
multiple doses delivered over a period of 14 days (OECD, 2002). In the
present in vivo study inmice, DBA 3waswell tolerated at single oral doses
of 300mg/kg and 1,000mg/kg without any clinical toxicity signs
throughout the 14-day experimental period. Moreover, during and after
14 days of acute single dosing, no animal died. Similar results were ob-
tained with the reference curcumin-treated mice (single oral doses of
300mg/kg and 1,000mg/kg). An earlier cytotoxic study (Ohori et al.,
2006) found a general good safety profile for a series of DBA compounds
(which included DBA 3) when tested in human hepatocytes. While
studies with CUR in humans and experimental animals have shown it to
be non-toxic (Chainani-Wu, 2003; Ohori et al., 2006; Chauhan et al.,
2018), such toxicity data on DBA 3 are currently not available. However,
it is noteworthy that in the MTT based cytotoxicity test on HeLa cell line,
DBA 3 exhibited selective action against the malaria parasite Plasmodium
falciparum with a therapeutic index of 166 (Aher et al., 2011). Also, DBA
3 was the most active among a series of DBA derivatives with growth
suppression activity against human colon cancer cells (Ohori et al.,
2006).

Our results with DBAs 1–4 based on IC50 and SI values, demonstrate
that enhanced anti-T. cruzi activity is achievable by replacing the highly
reactive β-diketone functionality in the CUR structure with monoketone
moiety and by a selective addition of methoxy groups in the terminal
aromatic rings. These structural modifications appear to facilitate for-
mation of the extended phenoxyl radical ROS with the involvement of
methoxy group oxygen (following in situ ionization and plausible O-
demethylation in biological systems) in para positions of the terminal
aromatic rings and the central methylene carbon chain (Litwinienko &
Ingold, 2004). The ionization potential is highest when one of the
methoxy groups is in para position of phenyl rings, as in DBA 3 which
exhibited the highest anti-T. cruzi activity (Sakalyte et al., 2011). Inter-
estingly, the potent antioxidant activity of DBAs 1, 2 and 3 has been
reported earlier (Handayani & Arty, 2008) and the parent compound
DBA 1, which blocks harmful UV rays, is a common ingredient currently
used in sunscreens to adjust SPF values (Thaman et al., 1996).

Thus, DBA 3 showed the highest activity among all compounds tested
against all T. cruzi strains. This DBA curcuminoid with methoxy groups in
para (R3) and adjacent meta (R4) positions in the aromatic rings showed
higher activity than both DBA 2 with methoxy group at para (R3) only
and DBA 4 with methoxy groups at para (R3) and ortho (R1 and R4)
positions in the terminal aromatic rings (which was inactive
(IC50> 100 μM) or showed low activity (IC50¼ 33.06) against all strains
of T. cruzi except for CA-I/72 strain with IC50¼ 5.01 μM) as well as the
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unsubstituted parent compound DBA 1. Interestingly, DBA 3 has two
oxygenated (methoxy) groups in its aromatic rings similar to those
(methoxy and hydroxy) in the CUR molecule, namely the adjacent para
(R3) and meta (R4) positions. The electron releasing methoxy and/or
hydroxy groups in adjacent positions in aromatic rings are known to
enhance the stability of ROS essential for the antiparasitic activity of CUR
and its analogs (Pal & Bandyopadhyay, 2012). This may be attributable
to the favorable steric interaction of these groups (Aher et al., 2011). In
contrast, incorporation of electron withdrawing chlorine substituent in
para position (R3) of aromatic rings, as in DBA 5, generally lowered or
completely abolished anti-T. cruzi activity.

The lipophilicity of DBAs also appears to play an important role in
their anti-T. cruzi activity. Thus, DBA 3, which is more lipophilic than
CUR with two phenolic hydroxyl groups, exhibited higher anti-T. cruzi
activity in these studies. Similar correlation between structure and lip-
ophilicity with antioxidant activity essential for biological activities has
been observed with other curcumin analogs (Shang et al., 2010).

By comparing the above anti-T. cruzi activity observedwith CUR, DBA
1 and its non-phenolic, methoxy derivatives (DBAs 2–4) and chloro de-
rivative (DBA 5), the following structure-activity relationships (SAR) can
be deduced: (i) symmetry between the terminal aromatic rings is essen-
tial to form ROS; (ii) retention of bis(phenyl)heptadiene/pentadiene
skeleton is crucial to elicit antiparasitic activity; (iii) para, meta and ortho
positions in aromatic rings are useful to introduce additional functional
groups to modify activity; (iv) addition of strong electron donating
methoxy groups in aromatic rings increases antiparasitic activity, espe-
cially when para and meta positions are utilized together; and (v) intro-
duction of electron withdrawing chlorine substituent in para position of
aromatic rings leads to loss of activity.

The above SAR analysis indicates that the highest enhancement of the
in vitro anti-T. cruzi activity in the present study is achieved by DBA 3
with a pentadiene monoketone symmetrical structure containing
methoxy substituents at adjacent para and meta positions of the terminal
aromatic rings. It is noteworthy that such enhanced in vitro and in vivo
pharmacokinetic and cytotoxic profiles of tetramethoxy DBA compared
to CUR have been recently reported (Liang et al., 2009). Similar SAR
results with other curcuminoid analogs have also been observed with
their anti-inflammatory (Arshad et al., 2017), anticancer (Shetty et al.,
2015), antimicrobial (Vieira et al., 2018) and antiparasitic (Alkhaldi
et al., 2015) activities. Interestingly, these diverse biological activities of
CUR analogs are related to their antioxidant potency.

Some of the DBA curcuminoids investigated in this study were pre-
viously evaluated against other protozoan parasites and oral disease-
causing bacteria. DBAs 1, 2 and 5 exhibited moderate antimicrobial ac-
tivity (MIC¼ 100 μg/ml) against several Streptococcus species (Vieira
et al., 2018). In another study, among the DBAs 1, 2 and 5 that showed
antiparasitic activity against Trichomonas vaginalis, DBA 1 was the most
active with a 98.8% reduction in the parasitic viability after 24 h incu-
bation with an IC50 value of 50 μM (Carapina da Silva et al., 2019).
Additionally, DBA 3 was the most active among a series of twelve DBA
compounds tested against P. falciparum (both chloroquine-sensitive and
chloroquine-resistant strains, IC50 of 1.97 and 1.69 μM, respectively)
(Aher et al., 2011).

Compounds with IC50 values< 10 μM in in vitro experiments with
infective protozoan parasites are considered as a hit and lead candidates
for further in vivo evaluations (Katsuno et al., 2015). In the present study,
DBA 3 consistently showed IC50 values< 10 μM under in vitro conditions
in all four strains of T. cruziwhich qualifies it as a hit and lead compound
for further in vivo studies. Additional support for this selection comes
from the time-course analysis of its in vitro antitrypanosomal activity.
Diveratralacetone, with a 5-carbon monoketone linker between terminal
non-phenolic rings, is more stable and should have better bioavailability
profile than CUR, with a 7-carbon diketone linker between its terminal
phenolic rings. A study in mice (Pan et al., 1999) found glucuronidation
of phenolic OH in CUR to be the major metabolic pathway (99% of i.p.
dose) and its oral dose resulted in very low absorption (90% less than i.p.
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dose) into blood. However, such biotransformation may not be relevant
for the bioavailability of DBA 3 since it is a non-phenolic compound
(Tamvakopoulos et al., 2007).

Finally, pharmacokinetic studies in animals and humans are needed
as the DBAs (the present study and Chauhan et al., 2020) progress to in
vivo phase to establish route and dosage for potential treatment of
trypanosomiasis and leishmaniasis. Based on the in vitro results, the
following comments may be made regarding this: (i) DBA 1 compared
favorably under in vitro conditions to antileishmanial drug miltefosine
which is orally effective (Chauhan et al., 2018); (ii) based on the current
use of DBA 1 as a sunscreen agent, its topical application in treating
parasitic diseases has been suggested (Chauhan et al., 2020); and (iii) in
addition to oral dosing similar to BZ (for CD) and miltefosine (for visceral
leishmaniasis), diveratralacetone should also be amenable to topical
administration; such topical ointments containing turmeric and CUR are
commonly used in herbal medical practice (Cheraghipour et al., 2018).

5. Conclusions

To the best of our knowledge, the present study establishes for the
first time the versatile anti-T. cruzi activity of monoketone, non-phenolic
DBA analogs of CUR against multiple strains of the parasite. Among the
DBAs evaluated, we have identified DBA 3 (diveratralacetone) as a hit
compound for further in vivo studies against T. cruzi parasites. Although
DBA 3 showed higher cytotoxicity in infected mammalian cells tested
under in vitro conditions when compared to BZ, its toxicity profile is
comparable to CUR, the reference compound. Moreover, our preliminary
in vivo acute toxicity study in a mouse model, reported herein, indicated
the safety of diveratralacetone which is comparable to CUR. Thus, based
on the in vitro antitrypanosomal activity of DBA and its analogs, we
conclude that diveratralacetone is a suitable candidate to further opti-
mize and evaluate in vivo its potential to treat Chagas disease.
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