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Introduction

Chagas disease is caused by the parasite Trypanosoma cruzi. It

remains the major parasitic disease in Latin America, despite
recent advances in the control of its vector-borne and transfu-

sion-mediated transmission.[1] Moreover, migration of infected
people has spread the disease to non-endemic areas, present-
ing a new worldwide challenge.[2] The chemotherapy regime

employed to control the parasitic infection employs old and
nonspecific drugs, such as Nifurtimox and Benznidazole, and
requires long-term treatment that can give rise to severe side
effects.[3] Although Nifurtimox and Benznidazole are able to

eliminate patent parasitemia and decrease serological titers in

acute and early chronic infections, they are not active against

all T. cruzi strains, exhibit low efficiency in long-term chronic in-
fections, and are mutagenic.[4] Unfortunately, due to a perceived

deficit in potential revenue, most pharmaceutical companies
have neglected this disease despite the urgent need for new
drugs.

A variety of molecular targets has been identified for design-
ing new drugs, among which are metabolites formed during
sterol biosynthesis, glycolysis, and DNA synthesis.[5, 6] An impor-
tant characteristic of T. cruzi is its dependence on glycolysis as

an energy source for cellular survival.[7] Thus, enzymes of this

Triosephosphate isomerase (TIM) is an essential Trypanosoma

cruzi enzyme and one of the few validated drug targets for

Chagas disease. The known inhibitors of this enzyme behave
poorly or have low activity in the parasite. In this work, we

used symmetrical diarylideneketones derived from structures
with trypanosomicidal activity. We obtained an enzymatic in-

hibitor with an IC50 value of 86 nm without inhibition effects
on the mammalian enzyme. These molecules also affected cru-

zipain, another essential proteolytic enzyme of the parasite.

This dual activity is important to avoid resistance problems.

The compounds were studied in vitro against the epimastigote

form of the parasite, and nonspecific toxicity to mammalian

cells was also evaluated. As a proof of concept, three of the
best derivatives were also assayed in vivo. Some of these deriv-

atives showed higher in vitro trypanosomicidal activity than
the reference drugs and were effective in protecting infected

mice. In addition, these molecules could be obtained by
a simple and economic green synthetic route, which is an im-

portant feature in the research and development of future

drugs for neglected diseases.

[a] E. Aguilera, J. Varela, E. Birriel, Dr. H. Cerecetto, Dr. M. Gonz�lez,
Dr. G. Alvarez
Grupo de Qu�mica Medicinal, Facultad de Ciencias
Universidad de la Repfflblica, Igu� 4225, Montevideo, 11600 (Uruguay)

[b] E. Serna, S. Torres, G. Yaluff, Dr. N. V. de Bilbao
Departamento de Medicina Tropical
Instituto de Investigaciones en Ciencias de la Salud
Universidad Nacional de Asunciûn, Asunciûn, 2511 (Paraguay)

[c] B. Aguirre-Lûpez, N. Cabrera, S. D�az Mazariegos, Dr. M. T. de Gûmez-Puyou,
Dr. A. Gûmez-Puyou, Dr. R. P¦rez-Montfort
Departamento de Bioqu�mica y Biolog�a Estructural
Instituto de Fisiolog�a Celular
Universidad Nacional Autûnoma de M¦xico, M¦xico DF, 04510 (M¦xico)

[d] L. Minini, Dr. A. Merlino
Laboratorio de Qu�mica Teûrica y Computacional, Facultad de Ciencias
Universidad de la Repfflblica, Igu� 4225, Montevideo, 11600 (Uruguay)

[e] Dr. H. Cerecetto
Ýrea de Radiofarmacia, Centro de Investigaciones Nucleares
Facultad de Ciencias, Universidad de la Repfflblica
Igu� 4225, Montevideo, 11600 (Uruguay)

[f] Dr. G. Alvarez
Laboratorio de Mol¦culas Bioactivas
Centro Universitario Regional Litoral Norte
Universidad de la Repfflblica, Rute 3 km 363, Paysandffl, 60000 (Uruguay)
E-mail : guzmanalvarezlqo@gmail.com

Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under http ://dx.doi.org/10.1002/cmdc.201500385.

This article is part of a Special Issue on Polypharmacology and
Multitarget Drugs. To view the complete issue, visit :
http://onlinelibrary.wiley.com/doi/10.1002/cmdc.v11.12/issuetoc.

ChemMedChem 2016, 11, 1328 – 1338 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1328

Full PapersDOI: 10.1002/cmdc.201500385

http://orcid.org/0000-0001-8385-6100
http://orcid.org/0000-0001-8385-6100
http://dx.doi.org/10.1002/cmdc.201500385
http://onlinelibrary.wiley.com/doi/10.1002/cmdc.v11.12/issuetoc


pathway represent excellent targets for research of small mole-
cules that could inhibit them selectively and affect their meta-

bolic function.
In this sense, T. cruzi triosephosphate isomerase (TcTIM) has

been proposed as a validated target for drug design against
this parasite .[8] TIM catalyzes the isomerization of glyceralde-

hyde-3-phosphate and dihydroxyacetone phosphate in the
fifth step of the glycolytic pathway. Structurally, most known
TIMs are homodimers, with each monomer consisting of eight

parallel b-strands, surrounded by eight a-helices and forming
a barrel. An important feature of the TIM active site is the con-

certed closure of loop 6 and loop 7 on ligand binding, shield-
ing the catalytic site from bulk solvent. The buried active site
stabilizes the enediolate intermediate. The catalytic residue
Glu167 is at the top of loop 6. On closure of loop 6, the Glu167

carboxylate moiety moves approximately 2 æ towards the sub-
strate. The dynamic properties of the Glu167 side chain in the
enzyme–substrate complex are a key feature of the proton
shuttling mechanism. Two proton shuttling mechanisms, the
classical and the criss-cross mechanism, are responsible for the

interconversion of the substrates of this enolizing enzyme. The
interface between monomers occupies a significant portion of

the molecular surface area of each monomer, approximately

1496 æ2 for TcTIM.[9] Interestingly, TIM is active only as a dimer;
therefore, the use of small molecules to target its interface

may potentially induce structural modifications and alter the
dimer, leading to enzyme inactivation.[10] TIM from homo sapi-

ens (HsTIM) and the T. cruzi enzyme have the same catalytic
residues. However, the identity of the approximately 32 interfa-

cial residues of TcTIM and HsTIM is 52 %, whereas the identity

of those residues between TcTIM and TIM from Trypanosoma
brucei (TbTIM) is approximately 82 %.[11] Therefore, it is theoreti-

cally possible to find molecules that have high specificity for
the interface of the enzymes from these parasites.[11] As part of

an ongoing program in the research for molecules that could
provide leads in the design of a new drug for the treatment of
Chagas disease, in a previous work, we undertook a massive

screening for TcTIM inhibitors. Initially, we performed a primary
screening of 230 compounds from an in-house chemical li-
brary.[12] The IC50 and the selectivity for TcTIM were then deter-
mined for the best inhibitors, and we found that some of the

best inhibitors of TcTIM were symmetric molecules (Fig-
ure 1 A).[12]

Also a lot of simple molecules with structural symmetry
have shown trypanosomicidal activity, like curcumin derivatives
and others with more complex structures.[13–16] In addition, re-

sults obtained in a previous study using a phenotypic screen-
ing of T. cruzi on near 80 new thiazolyl derivatives allowed the

identification of a new bioactive structural motif.[17]

In order to obtain derivatives with inhibitory action on TcTIM

and with good activity against T. cruzi, we selected frameworks

from the diarylideneketone and furylthiazolidine systems (Pro-
totype I and Prototype II in Figure 1 B, respectively), and rede-

signed the synthesis to obtain simpler and symmetrical mole-
cules. In particular, we replaced the diarylidene system (Fig-

ure 1 B) with the furylidene motif previously described to have
good trypanosomicidal activity.[12, 13, 16, 17]

Results and Discussion

Synthesis of diarylideneketones

The scope of the design of these molecules was the presence

of the pharmacophore identified in the previous work: the fur-
ylpropenyl fragment.[14] We synthesized 23 derivatives (Tables 1
and 2) with good to excellent yields (60–100 %). The synthesis
was carried out with environmentally friendly solvents. In most

cases, the purification was done by crystallization from ethanol.
Consequently, these compounds follow the principles of green
chemistry with simple, economical, and environmentally friend-
ly synthesis.[17] For example, the synthesis of one of the most
active compounds was performed using furfural, which can be

obtained from rice husk (a waste material from the food indus-
try), acetone, ethanol, sodium hydroxide, and water—all re-

agents being inexpensive and easy to acquire.[18–20]

Anti-T. cruzi activity in vitro

The derivatives were initially tested in vitro against the epimas-

tigote form of T. cruzi, Tulahuen 2 strain, discrete typing unit
(DTU) Tc VI. The compounds were incorporated into the culture

Figure 1. A) Symmetric inhibitors of TcTIM previously reported; Ar denotes
an aryl group. B) Trypanosomicidal structures used as basis for designing
new and simpler symmetric diarylideneketone from dibenzalketone (Prototy-
pe I) and furylthiazolidines (Prototype II) with some of their biological
data.[12, 13, 17]
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milieu at a final concentration of
25 mm, and their ability to inhibit

the parasite growth was evaluat-
ed and compared to the control

(without drug) on day 5. The IC50

was determined for the most
active derivatives and for Nifurti-
mox used as the reference drug
(Table 1and 2). The 58 % of the

synthesized molecules displayed
good to excellent trypanosomici-

dal activity (IC50<25 mm). In ad-
dition, compounds 7, 12, and

14, with IC50 in the submicromo-
lar and nanomolar range, exhib-

ited enhanced trypanosomicidal

activity relative to Nifurtimox
and their parent compounds

Prototype I and Prototype II. We
confirmed that the incorporation

of a furylacroleine fragment in-
creased the trypanosomicidal ac-

tivity (comparing the activities of

compounds 2 and 1, and 2 and
15).

Symmetry played a key role in
the anti-T. cruzi activity of these

molecules (based on the activi-
ties of compound 23 and the

Prototype I). The number of con-

jugated double bonds, present
between the aryl and carbonyl

moieties, caused different effects
in the trypanosomicidal activity.

For example, for the heteroaryl
cyclic ketones, the increase in

the number of double bonds in-

creased the bioactivity (as seen
for the activities of derivative 6
compared with 7, derivative 11
compared with 12, or derivative
13 compared with 14). With the
exception of derivatives 1 and 2,
the contrary occurred in the

linear ketones (shown by the ac-
tivities of derivative 8 compared
with 9 and 10, or Prototype I
and 15). Additionally, the data
suggest that the incorporation
of an electron donor group (like

methyl) to the system decreases
trypanosomicidal activity (activi-
ties of derivative 2 compared to
3 and 4). In the case of the cy-
cloheptanones, the compounds

without the a,b-ketone system,
and the compounds without

Table 1. Compounds derived from prototype II. Structures of the newly developed compounds, their trypano-
somicidal activity against epimastigotes of Trypanosoma cruzi, and cytotoxicity against mammalian cells.

Compd Structure IC50 [mm] SI[c]

T. cruzi[a] J774.1[b]

Prototype II 4.2�0.4[d] 120�5[d] 28[d]

1 23.9�1.5 115�6 5

2 5.0�0.7 60�3 12

3 9.4�1.4 ND[e] –

4 8.2�2.0 33�5 4

5 5.4�1.6 19�2 4

6 7.3�1.6 115�5 16

7 0.6�0.2 10�2 17

8 5.0�0.8 38�4 8

9 12.6�1.4 188�6 15

10 >25 ND[e] –

11 6.5�1.1 ND[e] –

12 0.04�0.01 15�4 375

13 3.6�0.9 73�4 20

14 0.6�0.2 20�1 33
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symmetry (compounds 20–23,
Table 2), the anti-T. cruzi activity

decreases dramatically. Furyl-cy-
clohexanone 7, thienyl-cyclopen-

tanone 12, and thienyl-cyclohex-
anone 14 have trypanosomicidal

activity in the submicromolar
and nanomolar range. In particu-

lar, compound 12 was 200 times

more potent than Nifurtimox.

Nonspecific toxicity in mamma-
lian cells in vitro

To explore the selectivity of
these new derivatives against

T. cruzi, we evaluated the non-
specific mammalian cell toxicity

in vitro using J774.1 mouse mac-
rophages. The evaluated com-
pounds were selected taking

into account their anti-T. cruzi ac-
tivity, and their selectivity in-
dexes were calculated as the
ratio between the IC50 for mam-

malian cells and the IC50 for
T. cruzi. The most potent com-

pound against T. cruzi (com-
pound 12) showed an excellent

selectivity index (SI), and was

375 times more active against
T. cruzi than the mammalian cells

and near tenfold more selective
than the reference drug (Ta-

ble 1and 2). Comparing the Pro-
totype I with the cyclohexanone

18, we saw that the flexibility re-

striction of the molecule by ad-
dition of a cycle causes a 7-fold

increase in selectivity. Moreover,
the extra double bond in deriva-

tive 2 relative to 1, derivative 9
to 8, derivative 14 to 13, or de-
rivative 15 to Prototype I, also

caused an increase in the selec-
tivity.

Treatment of T. cruzi-infected
mice

Compounds 2, 7, and 12 were
evaluated in vivo in a murine
model of acute Chagas disease.

The chosen compounds for this
in vivo assay were the most

structurally representative and
active molecules of the family of

Table 1. (Continued)

Compd Structure IC50 [mm] SI[c]

T. cruzi[a] J774.1[b]

Nifurtimox 8�1 316�23 40

Compound concentration required to inhibit [a] 50 % epimastigote growth of T. cruzi, Tulahuen 2 strain or
[b] murine macrophages; data represent the mean�SD of two independent experiments performed in tripli-
cate. [c] Selectivity index (SI): IC50 against mammalian cells/IC50 against T. cruzi. [d] Data from Ref. [17] . [e] ND:
not determined.

Table 2. Compounds derived from prototype I, the simplest form. Structures of known compounds, their trypa-
nosomicidal activity against epimastigotes of Trypanosoma cruzi, and cytotoxicity against mammalian cells.[16]

Compd Structure IC50 [mm] SI[c]

T. cruzi[a] J774.1[b]

Prototype I[d] 7.2�0.8 22�5 3

15 11.0�1.3 50�5 5

16 15.9�1.2 ND[e] –

17 >25 ND[e] –

18 5.1�0.3 115�5 23

19 14.2�2.7 168�6 12

20 >25 ND[e] –

21 >25 ND[e] –

22 >25 ND[e] –

23 >25 ND[e] –

Nifurtimox 8�1 316�23 40

Compound concentration required to inhibit [a] 50 % epimastigote growth of T. cruzi, Tulahuen 2 strain or
[b] murine macrophages; data represent the mean�SD of two independent experiments performed in tripli-
cate. [c] Selectivity index (SI): IC50 against mammalian cells/IC50 against T. cruzi. [d] Data from Ref. [16] . [e] ND:
not determined.
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compounds, with lower nonspecific toxicity and good trypano-
somicidal activity. Compound 14 was not tested in vivo be-

cause it was a less potent inhibitor of TIM than compound 7
(see below). Benznidazole was used as the reference drug. For

optimum oral administration we selected a microemulsion as
vehicle which previously demonstrated good bioavailability

with compounds like Prototype II.[17] For the experiment, eight
male BALB/c mice, infected with CL Brener clone, DTU Tc VI,
were treated orally, by intragastric cannula, during 15 days

with compounds 2, 7, and 12 at 192 mmol kg¢1 body weight/
day (the optimal dose previously established for Prototype
II)[17] and compound 7 at 384 mmol kg¢1 body weight/day in
the microemulsion, or Benznidazole at 192 mmol kg¢1 body

weight/day in saline solution. The course of the infection was
monitored by counting blood parasites and animal survival,

and was followed during 60 days postinfection, in two inde-

pendent experiments. Derivative 2 led to a significant decrease
of the parasitemia (over 50 % in the maximum peak of parasi-

temia and in the second peak, Figure 2) and 83 % survival of
the treated mice (versus 50 % for untreated animals in the

same assay). To avoid this fact, a longer duration of treatment
could reverse this situation. In other experiments, derivative 7
at the two analyzed doses showed significant decrease of the

parasitemia level, but no differences were observed in the
double dose (Õ 2) treatment. Derivative 7, mainly at the lower

assayed dose, was able to shift the maximum parasitemia
peaks, from day 21 to 28, and day 38 to 45. Additionally, deriv-

ative 7 produced a survival of 100 % of the animals during the

assay. Derivative 12 showed some toxicity achieving signifi-
cantly reduced parasitemia, although there was a 40 % survival

of the animals. This goes in contrast to the shown in vitro se-
lectivity index (Table 1). Additionally, derivative 12 was able to

abolish the second maximum peak of parasitemia.

Inhibition of triosephosphate isomerase

In order to investigate if these compounds act on TcTIM, we in-

itially tested all of them against the enzyme at a concentration
of 25 mm using percentages of inhibition higher than 70 % as

an arbitrary cut-off point. Some compounds precipitated at
25 mm, leading to variability in the data inhibition at this point.
We could not reach 100 % inhibition for this reason. Using this

cut-off, we detected one new inhibitor (derivative 7) of TcTIM
with better inhibition capacity than the thiadiazolone inhibitor

previously described by our group (Table 3).[21, 22] Derivative 7
was 40 times more potent than the thiadiazolone and in our

knowledge is the best TcTIM inhibitor described until now. Ad-
ditionally, derivatives 1, 2, 4, 12, 13, 14, and 17 also displayed

good IC50 but higher than the corresponding values for deriva-

tive 7. It is worth noting that the lack of the extra double
bond in compound 1 causes a little decrease in the inhibitory

capacity compared with compound 2. The symmetry of the
molecules and the size and the type of the heteroatom pres-

ent in the aryl ring are important for the inhibition of TcTIM
(see molecular docking results in the section below).

To test the selectivity of the inhibition, derivatives 2, 7, and
12 were assayed on TbTIM and HsTIM. These compounds were

unable to inactivate TbTIM or HsTIM at concentrations higher

than 100 mm (see example for 7 in Figure 3). These results con-
firmed the selectivity and the specificity of these molecules for

TcTIM. The destabilization of the dimer was studied using size-
exclusion chromatography of TcTIM, in the absence and pres-

ence of derivative 7. We compared the effect of derivative 7
with a monomerization agent like methyl methanethiosulfo-

nate (MMTS).[7] This study showed that the enzyme always

elutes as a dimer (Figure S1 in the Supporting Information).
These results indicated that the cause of inhibition of TcTIM by
derivative 7 does not involve the disruption of the dimer.

Inhibition of cruzipain

When we observed that the activity of the studied compounds
in the parasite was not explained only by the TIM inhibition,
we decided to explore another target. In order to investigate if

the studied compounds were also inhibitors of another molec-
ular target in the parasite, we tested their activity on cruzipain.

Cruzipain is a cysteine protease of T. cruzi that has been vali-
dated as a target because inhibitors of this enzyme affect the

evolution of the pathology.[6] We initially tested all derivatives

against the enzyme at a concentration of 100 mm using per-
centages of inhibition higher than 30 % as an arbitrary cut-off

point. Using this cut-off, we detected two new inhibitors (de-
rivatives 7 and 14) of cruzipain (Table 4). This enzyme was puri-

fied from epimastigotes, and it is important to highlight that
the activity in this type of enzyme is more representative than

Figure 2. In vivo study of compounds 2, 7, and 12 in the acute model of
Chagas disease. Curve of parasitemia (parasites per mL of blood) at days
postinfection was compared with the control untreated mice (vehicle). The
shaded zone shows the treatment period (15 days), and the dashed line
marked with IgG shows the start of immune system protection (around 30
days postinfection). Treatments with compound 2 at 192 mmol kg¢1 body
weight/day, compound 7 at 192 or 384 mmol kg¢1 body weight/day, com-
pound 12 at 192 mmol kg¢1 body weight/day, and Benznidazole at
192 mmol kg¢1 body weight/day are shown. Each point represents the aver-
age parasitemia of eight mice in each group every seven days. The percent-
age was calculated from the decrease in the parasitemia peak related to the
maximum peak, corresponding to the group of untreated mice. The use of
eight mice determines that the results are statistically correct.
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the activities in the recombinant version of the enzyme (called
cruzain). In the recombinant version one can find inhibitors in

the nanomolar range, but in the version purified from epimas-
tigotes (called cruzipain) in the micromolar range.[23, 32] We

found other derivatives with moderate activity in cruzipain:
compounds 2, 8, 18, and 19. The other tested compounds did

not affect the enzyme at a concentration of 100 mm.

We think that the trypanosomicidal activity of the studied
compounds could also be explained by affecting other targets

like trypanothione reductase,[16] and/or glutatione S-tranferase,
since we have found inhibition of the last enzyme in other par-

asites (data not shown).

Molecular docking studies

Molecular docking studies were
performed after inhibition ex-
periments to investigate the
binding mode of three inhibitors
of TcTIM, derivatives 1, 2, and 7,
and one derivative with no abili-

ty to inhibit TcTIM, derivative 9.
The binding mode of derivative
2 to HsTIM was also analyzed in
order to explain its selectivity for
TcTIM. The predicted binding

modes of derivatives 1, 2, 7, and
9 to TcTIM are shown in Fig-

ure 4 A–D, and the docking

model for derivative 2 with
HsTIM is shown in Figure 5.

As illustrated in Figure 4, de-
rivatives 2 (4 B) and 7 (4 C) bind

to the dimer interface. These
compounds, having an addition-

al double bond relative to com-

pound 1 (4 A), demonstrate the
importance of the distance be-

tween the two aryl rings as a re-
quirement to bind to the dimer

interface. Additionally, the pre-
dicted binding mode for deriva-

tive 1 (Figure 4 A) explains its

lower activity, since it binds to
a loop at the surface of the

enzyme and, thus, can be easily
removed from this site due to

TcTIM dynamics in solution.[36]

Comparing the binding modes
of derivative 2 and 9 (Fig-

ure 4 D), it can be seen that the
active compound 2 is stabilized
in the binding cleft by strong hy-
drogen-bond interactions. The

furyl oxygen of the inhibitor is
hydrogen bonded to the back-

bone nitrogen of Gly100, and
the carbonyl oxygen of the inhibitor interacts with Arg95 side
chain (3.0 æ and 2.9 æ, respectively). These interactions were

absent in compound 9. Therefore, besides the conjugate
double bonds, the presence of a furyl ring in the molecule is

a structural requirement to adequately position the molecule
to exert its inhibitory activity against TcTIM. On the other hand,

derivative 7, which inhibits the enzyme in the nanomolar

range, is also located in at the interface establishing hydropho-
bic interactions with Tyr99 and Phe72 of both monomers, and

the furyl rings also provide p-cation and p–p-type interactions
with residues of Lys110 (monomer A) and Phe72 (monomer B),

respectively (Figure 4 C). Interestingly, residue Phe72 is located
in loop 3, which is involved in maintaining the integrity of the

Table 3. IC50 values against T. cruzi triosephosphate isomerase (TcTIM) of the best enzymatic inhibitors.

Compd Structure IC50 [mm][a]

Prototype II >25

1 5�1

2 3.0�0.7

4 3.3�0.5

7 0.086�0.007

12 4.7�0.8

13 6�1

14 7�1

Prototype I >25

17 7�1

Thiadiazolone[b] 3.5�0.5

[a] IC50 values against TcTIM; data represent the mean�SD of two independent experiments performed in trip-
licate. [b] Inhibitor described previously.[18, 19]
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dimer. Comparing derivatives 2 and 7, one can see that deriva-
tive 7 has a restricted movement and a defined orientation be-

cause of the chair-like conformation of the cyclohexyl moiety.
This orientation increases the p–p interactions. The predicted

binding mode of derivative 2 to HsTIM is shown in Figure 5.
Clearly, derivative 2 was unable to bind to the dimer interface

in HsTIM. Instead, it interacts
weakly on the enzyme’s surface,

which could explain the selectiv-
ity of this compound for TcTIM.

Integration of the data

We found three molecules with
improved in vitro trypanosomici-
dal activity in the nanomolar
range: compounds 7, 12, and
14. These molecules were more
active than the reference drug

(Nifurtimox).
Analyzing the whole popula-

tion of compounds and from the
small differences in their struc-
tures, it can be said that those

containing furyl and thienyl
rings are the most active com-

pounds, and the optimal

number of conjugated double
bonds is four, for the symmetric

forms. Also, the movement re-
striction of the a-carbonyl-

carbon improves trypanosomici-
dal activity. Moreover, this re-

striction of rotation seems to in-

crease the selectivity. The lack of
symmetry leads to loss of trypa-

nosomicidal activity, as seen when comparing compounds 18
with 20 and 23. Derivatives 2, 7, and 12 were able to protect

infected animals with T. cruzi.
Enzymatic inhibition assays showed that one of the biologi-

cal targets of derivatives 2 and 7 is TcTIM, an essential enzyme

for the metabolism of amastigotes and epimastigotes. A posi-
tive qualitative correlation between inhibition of TcTIM and try-

panosomicidal activity in vitro was observed. Moreover, com-
pounds 2 and 7 lacked inhibitory activity against HsTIM and

TbTIM. Structurally TbTIM is 80 % similar to TcTIM, and we dem-
onstrated that it is possible to obtain molecules with specific

inhibition of TcTIM besides this apparently small difference be-
tween them. The mechanism of inhibition does not involve

disruption of the dimer as the other inhibitors previously re-
ported.[24, 25] Initially, it was thought that inhibitors targeting
the dimer interface caused destabilization and loss of activity.

As observed for the MMTS and its analogs, they interact at the
interface at Cys15, which is critical for stability.[7, 11] Molecular

docking studies were consistent with the experimental data,
suggest the mechanisms of inhibition, and could explain the

selectivity for these novel compounds. Docking results also

suggest a possible site of interaction between the inhibitors
and TcTIM. It can be seen that the interaction at the interface

is located near loop 6 and loop 7, critical loops for the move-
ment of the active site and substrate input. Thus, the inhibitors

may stabilize the dimer and prevent the movement necessary
for catalysis. Compound 7 was the most potent inhibitor,

Figure 3. Enzyme inhibition studies. HsTIM (*) and TbTIM (~) activity vs. con-
centration of compound 7. Data points represent the mean for triplicates in
two independent experiments.

Table 4. IC50 values against cruzipain of the best enzymatic inhibitors of T. cruzi triosephosphate isomerase
(TcTIM).

Compd Structure IC50 [mm][a] Inhibition [%][b]

2 – 48 %

7 37.0�1.1 –

8 – 49 %

12 42�2 –

18 – 38 %[c]

19 – 40 %

[a] IC50 values against cruzipain; data represent the mean�SD of two independent experiments performed in
triplicate. [b] Percent inhibition of TcTIM at a compound concentration of 100 mm. [c] According to Ref. [16], at
100 mm, this compound inhibits 31 % of the activity of recombinant cruzain.
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which is 41 times better than the thiadiazolone previously de-
scribed.[21, 22] Additionally, it has in vitro trypanosomicidal activi-

ty in the nanomolar range, which is 13 times more active than
the reference drug.

Cruzipain inhibition assays showed that another biological
target of derivatives 7 and 12 is this essential enzyme. In addi-

tion, a positive qualitative correlation between inhibition of
cruzipain and trypanosomicidal activity was observed in vitro.

We can hypothesize that the trypanosomicidal activity of de-

rivatives 7 and 12 involve the inhibition of at least two biologi-
cal targets : TcTIM and cruzipain. Other mechanisms are proba-

bly derived from the furylacroleine fragment, a previously de-
scribed pharmacophore.[17] This fragment could be acting as

a substrate for a specific oxidoreductase in the parasite, with
the generation of toxic molecules.[26, 27] Another target reported

for diarylideneketones[13, 16] is the thiol metabolism dependent

on trypanothione reductase, a flavoenzyme that maintains bis-
glutathionylspermidine (trypanothione) and monoglutathionyl-

spermidine in their reduced state. This thiol system replaces
the glutathione/glutathione-reductase system (present in

mammalian hosts) and is widely accepted as a target for the
development of novel therapies to treat trypanosomiasis and

leishmaniasis. Finally, another potential target is glutathione S-

transferase, as part of the same metabolic pathway aforemen-
tioned.

Since these compounds are molecules directed to multiple
targets, it makes the generation of resistant parasites less

likely. In this way, less evolutionary pressure on the parasitic
population is generated, thereby lowering the probability of

generation of resistance.[28]

Conclusions

A series of highly potent and selective T. cruzi growth inhibitors

was successfully described. These compounds are structurally
different from known compounds, which are less potent and
have toxicity liabilities.[12–19] Among them, the most promising
compound, derivative 7, showed efficacy in vivo in the acute

model of Chagas disease, with absence of in vivo toxicity and
was able to inhibit TcTIM and cruzipain. These results support
the progress of this compound as a low-cost multitarget drug

candidate.

Experimental Section

General procedure for the synthesis of diarylideneketones 1–
21.[29] All characterization data, appearances, yields, spectroscopic
data, procedures, and elemental microanalyses are available in the
Supporting Information.

In vitro anti-T. cruzi test.[17] T. cruzi epimastigotes (Tulahuen 2
strain) were grown at 28 8C in brain–heart infusion (BHI)-tryptose
milieu supplemented with 5 % fetal bovine serum. Cells from a 10-
day-old culture (stationary phase) were inoculated into 50 mL of
fresh milieu to give an initial concentration of 1 Õ 106 cells mL¢1.
Cell growth was followed by measuring the absorbance of the cul-
ture at 600 nm every day. Before inoculation, the milieu was sup-
plemented with the indicated quantity (for a first evaluation 25 mm

Figure 5. Predicted binding mode of derivative 2 to HsTIM. Derivative 2 did
not interact in the interface and did not inhibit the enzyme.

Figure 4. Predicted binding modes. A) Compound 1 did not interact in the
interface (too short) and was a moderate inhibitor. B) Compound 2 interact-
ed with the interface and was a good inhibitor. C) Compound 7 interacted
with the interface more closely at the critical loop and was the best inhibi-
tor. D) Compound 9 interacted in the interface superficially and was not an
inhibitor.
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was used) of the drug from a stock solution in dimethylsulfoxide
(DMSO). The final concentration of DMSO in the culture milieu
never exceeded 0.4 %. Cultures with nontreated epimastigotes and
0.4 % DMSO were included as negative controls, while cultures
with 8 mm of Nifurtimox were used as positive controls. The per-
centage of growth inhibition (PGI) was calculated as follows: PGI
(%) = {1-[(Ap¢A0p)/(Ac¢A0c)]} Õ 100, where Ap = A600 of the culture
containing the drug at day 5; A0p = A600 of the culture containing
the drug just after adding the inoculum (day 0); Ac = A600 of the
culture in the absence of drug (negative control) at day 5; A0c =
A600 in the absence of the drug at day 0. In order to determine the
50 % inhibitory concentration (IC50) values, parasite growth was fol-
lowed in the absence (negative control) and presence of increasing
concentrations of the corresponding drug. At day 5, the absorb-
ance of the culture was measured and related to the control. The
IC50 value was taken as the concentration of drug needed to de-
crease the absorbance ratio to 50 %. All IC50 values in this work
were obtained by analysis with the program OriginLab8.5, using
sigmoidal regression (PGI vs. logarithm of the compound concen-
tration) and triplicate samples. The positive control PGI was always
around 50 %.

Nonspecific cytotoxicity assay.[17] J774.1 murine macrophage cells
(ATCC, USA) were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) culture milieu containing 4 mm l-glutamine and supple-
mented with 10 % heat-inactivated fetal calf serum. The cells were
seeded in a 96-well plate (5 Õ 104 cells in 200 mL culture medium)
and incubated at 37 8C in a 5 % CO2 atmosphere for 48 h, to allow
cell adhesion prior to drug testing. Afterwards, cells were exposed
for 48 h to the compounds (12.5–400 mm) or vehicle for control
(0.4 % DMSO), and additional controls (cells in milieu) were used in
each test. Cell viability was then assessed by measuring the mito-
chondria-dependent reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) to formazan. For this purpose,
MTT in sterile PBS (0.2 % glucose) pH 7.4 was added to the macro-
phages to achieve a final concentration of 0.1 mg mL¢1 and the
cells were incubated at 37 8C for 3 h. After removing the milieu,
formazan crystals were dissolved in DMSO (180 mL) and MTT buffer
(20 mL, 0.1 m glycine, 0.1 m NaCl, 0.5 mm EDTA, pH 10.5), and the
absorbance at 560 nm was measured. The IC50 was defined as the
drug concentration at which 50 % of the cells were viable, relative
to the control (no drug added), and was determined by analysis
using OriginLab8.5 sigmoidal regression (% of viable cells vs. loga-
rithm of the compound concentration) for triplicate samples.

Formulation for in vivo assays.[14, 17, 30] The lipid-based drug deliv-
ery system was prepared using 1.0 g of surfactant (460 mg polyox-
yl-40 hydrogenated castor oil, 360 mg of sodium oleate, and
180 mg of soya phosphatidylcholine), 1.0 g of cholesterol, and
phosphate buffer enough to make 10 mL of the vehicle. Prepara-
tion: each compound was pulverized in a porcelain mortar and
mixed with cholesterol, phosphatidylcholine, and polyoxyl-40 hy-
drogenated castor oil. The mixture was dissolved in CHCl3, and this
was evaporated under vacuum to dryness. To ensure complete re-
moval of the CHCl3, a stream of N2 was passed through the vial for
5 min. In parallel, sodium oleate was dissolved in phosphate buffer
and shaken for 12 h at rt in an orbital shaker. This solution was
then added to the mix containing the compounds, and the mix-
ture was homogenized and immersed in an ultrasonic bath at full
power for 30–60 min until the desired homogeneity and consisten-
cy were reached.

In vivo anti-T. cruzi activity (acute model).[14, 17, 31] BALB/c male
mice (30 days old, 25–30 g) were infected by intraperitoneal injec-

tions of 5 Õ 103 blood trypomastigotes (CL Brener). One group
(eight animals) was used as control (inoculated orally with the ve-
hicle), and two groups of animals were treated with the studied
derivatives (eight animals) or Benznidazole (seven animals), respec-
tively. The first parasitemia developed five days postinfection
(week 1), and the treatment began seven days later (when 80 % of
the animals were infected). Compounds were administered orally,
using the aforementioned formulation, 0.2 mL at 50 mg kg¢1 body
weight/day, during 15 days (daily, once a day). Parasitemia, in con-
trol and treated mice, was determined in tail-vein blood once
a week after the first administration during 60 days, and the mor-
tality rate was recorded. The number of parasites (trypomastigotes
form) in blood were counted manually in an optical microscope (at
40 Õ magnification). The numbers of parasites in blood were aver-
aged for each group, and the number of parasites in blood vs.
time post-infection in days was graphed. The experimental proto-
cols with animals were evaluated and supervised by the local
Ethics Committee, and the research adhered to the Principles of
Laboratory Animal Care. These recommend five to eight animals
per group for a good relation between the number of parasites
and errors.

Expression and purification of TIMs. TcTIM, TbTIM, and HsTIM
were expressed in Escherichia coli and purified as described in the
literature.[7–11] After purification, the enzymes were dissolved in
100 mm triethanolamine, 10 mm EDTA ,and 1 mm dithiothreitol
(DTT, pH 8) and were precipitated with (NH4)2SO4 (75 % saturation)
for storage at 4 8C. Before use, extensive dialysis against 100 mm
triethanolamine, 10 mm EDTA (pH 7.4) was performed. The purity
of the protein was analyzed by SDS-PAGE electrophoresis (TIM mo-
nomer is 27 kDa). Protein concentration was determined by ab-
sorbance readings at 280 nm. The e (m¢1 cm¢1) were 36 440 for
TcTIM, 33 460 for TbTIM, and for HsTIM concentration was deter-
mined by Bradford’s method, using the Bio-Rad protein assay, with
bovine serum albumin as standard.

TIM enzymatic activity and inhibition assays.[14, 21, 22] Enzymatic ac-
tivity was determined following the conversion of glyceraldehyde
3-phosphate (GAP) into dihydroxyacetone phosphate. The de-
crease in absorbance at 340 nm due to oxidation of NADH in a cou-
pled enzyme assay was followed in a multicell Hewlett–Packard
spectrophotometer at 25 8C. The reaction mixture (1 mL, pH 7.4)
contained 100 mm triethanolamine, 10 mm EDTA, 0.2 mm NADH,
1 mm GAP, and 0.9 units of a-glycerol phosphate dehydrogenase.
The reaction was initiated by addition of 1.0 nm of the correspond-
ing TIM or the corresponding TIM preincubated with the studied
compounds (from the mixture as described below). In these cases
of the inhibition assays, the enzymes at 1.0 mm were preincubated
for 2 h at 37 8C with the studied compounds (at different concen-
trations) in 10 % DMSO. The average specific activity of TcTIM with
1 mm GAP as substrate was 3400 mmol (min mg)¢1 as 100 % of ac-
tivity. The IC50 was defined as the drug concentration at which
there is only 50 % of the initial velocity, relative to the control (no
drug added), and was determined by analysis using OriginLab8.5
sigmoidal regression (% of enzymatic activity vs. logarithm of the
compound concentration). All assays were done in triplicate, and
the average error for each measurement did not exceed 10 %.

Cruzipain enzymatic activity and inhibition assays. .[23, 32] Cruzipain
was purified according to the work of Cazzulo et al.[33] Cruzipain
(2.5 mm e= 58 285 m¢1 cm¢1) was incubated in 50 mm acetate buffer
pH 5.5 with 50 mm DTT, and 100 mm inhibitor was added, and the
solution was shaken for 15 min at 27 8C. The derivatives were
added diluted in DMSO, and the controls contained the same sol-
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vent concentration. The concentration of DMSO never exceeded
1 % in the reaction milieu. E-64 was used as a positive control of in-
hibition.[32b] Then, the fluorogenic substrate Z-Phe-Arg-AMC
(100 mm) was added, and the fluorescence was measured during
10 min at intervals of 3 s (excitation at 350 nm and emission at
460 nm) using a Varioskan Flash Spectrophotometer. From the
slope of the negative control, we calculated the total (100 %)
enzyme activity, while the slopes obtained in the presence of the
compounds yielded the percentage of remaining enzyme activity.
The percentage of enzyme inhibition was determined as 100 % of
remaining enzyme activity. The experiments were done in triplicate
for two independent experiments.

Dimerization check by size-exclusion fast protein liquid chroma-
tography.[9] TcTIM at a concentration of 8.0 mm in the presence and
absence of 10 mm of the studied compound was incubated at
37 8C for 2 h and analyzed immediately in a Superdex 200 10/300
GL (GE Healthcare Life Sciences) column that was previously equili-
brated with 100 mm triethanolamine and 10 mm EDTA, pH 7.4. The
flow in the column was set to 0.5 mL min¢1 in an öKTA Purifier
UV 900 (GE Healthcare Life Sciences). To determine the elution
volume of the monomer, TcTIM, at the same concentration of
8.0 mm, was incubated for 2 h at 25 8C with 100 mm MMTS and ana-
lyzed immediately in the same column and conditions. The enzy-
matic activity of each samples were verified before the chromatog-
raphy.

Ligand–protein molecular docking.[34–40] The geometrical struc-
tures of the synthesized compounds were fully optimized in aque-
ous solution at the PM6 semi-empirical level using IEF-PCM (inte-
gral equation formalism polarizable continuum model) with bond
atomic radius. Molecular docking calculations were carried out
with Autodock 4.2 using the implemented empirical free energy
function and the Lamarckian Genetic Algorithm. In order to take
into account protein flexibility, the average protein structures for
TcTIM[34] and HsTIM[35] (obtained by previous molecular dynamic
simulations) were used to perform ligand–protein docking.[36] The
AutoDockTools package was employed to generate the docking
input files and to analyze the docking results. Gasteiger–Marsilli
charges were used for proteins and ligands.[37] Since the location of
the compounds in the enzyme was unknown, a grid map with
124 Õ 126 Õ 126 points and a grid-point spacing of 0.6 æ was ap-
plied in order to explore the entire protein surface. The maps were
centered on the macromolecule. Each docking consisted of 50 in-
dependent runs, with an initial population of 150 individuals,
a maximum number of 2.5 Õ 105 energy evaluations, and a maxi-
mum number of 27 000 generations. Default values were used for
the remaining parameters. Results differing by less than 2.0 æ in
root-square deviation were grouped into the same cluster.
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