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a  b  s  t r  a  c  t

Thioridazine  (TDZ)  is  a phenothiazine  that  has  been  shown  to be one  of the  most  potent  phenothiazines
to  inhibit  trypanothione  reductase  irreversibly.  Trypanothione  reductase  is an  essential  enzyme  for  the
survival  of  Trypanosoma  cruzi  in  the  host.  Here,  we reviewed  the  use  of  this  drug  for  the  treatment  of  T.
cruzi experimental  infection.  In  our laboratory,  we  have studied  the effect  of TDZ  for  the  treatment  of
mice  infected  with  different  strains  of T. cruzi  and  treated  in  the  acute  or in  the chronic  phases  of  the
experimental  infection,  using  two different  schedules:  TDZ  at a dose  of  80 mg/kg/day,  for  3 days  starting
1  h  after  infection  (acute  phase),  or TDZ  80 mg/kg/day  for  12  days  starting  180 days  post  infection  (d.p.i.)
(chronic  phase).  In our  experience,  the  treatment  of infected  mice,  in the  acute  or  in the  chronic  phases  of
hagas disease chemotherapy
rypanosoma cruzi strains

the  infection,  with  TDZ  led to  a large  reduction  in  the  mortality  rates  and  in the  cardiac  histological  and
electrocardiographical  abnormalities,  and modified  the  natural  evolution  of  the  experimental  infection.
These  analyses  reinforce  the  importance  of  treatment  in  the  chronic  phase  to  decrease,  retard  or  stop
the  evolution  to chagasic  myocardiopathy.  Other  evidence  leading  to the  use  of this  drug  as  a  potential
chemotherapeutic  agent  for Chagas  disease  treatment  is  also  revised.

©  2015  Elsevier  B.V.  All  rights  reserved.
ontents

1. Chagas  disease  .  . . .  . . .  .  . . .  .  .  . .  . . . .  . . . .  . . . .  . . .  .  .  . .  .  . . .  .  . . .  . . .  . . . . . . . .  . . .  . . .  . . . .  . . . . . .  . . .  . . .  . . .  . . . . .  . .  .  . . . .  .  . .  . . . . . .  .  .  . . .  .  .  .  .  .  . . . .  . . . . . .  . . .  .  . .  . . .  .  . . . .  .  . .  80
2. Chemotherapy  .  . . . . .  . . .  .  . . .  . . . .  .  . . .  .  . . .  . . .  .  . . . . . . . . . . .  . . . . . . .  .  . . . . . .  .  . .  . . . . . . .  . . .  . .  .  . . . . . .  .  . . . . .  . . .  . . .  .  . . . .  . . .  . . . .  .  . .  . . . .  . . . . . . .  . . .  .  .  .  .  . . . .  . . . . . .  . . .  .  .  80
3. Trypanotione  reductase  . . .  .  . . .  .  . . . .  . .  . . . .  . . . . . . .  .  . . .  .  .  . . .  . . . . . . .  . .  . . . . .  .  . .  . . . .  . . . . .  . .  .  . . . . . . . . . . .  . . .  .  . . .  . . .  . .  .  . .  . . .  . .  .  . . . .  .  .  .  . .  . .  .  .  . . . . . .  . . .  .  . . . . . .  .  . 81
4.  Thioridazine:  a trypanotione  reductase  inhibitor  . . . .  . . .  . . . .  . . .  . . .  .  .  . .  . . . . . . .  . . . . .  .  . . . . .  . .  .  . . . . .  .  . . . .  . .  .  . . . . . .  .  . . . . . . .  . . . . . .  .  . . .  . . . . . .  .  . . .  .  .  .  .  . .  .  . .  . . 81
5.  Effect  of  thioridazine  treatment  upon  T. cruzi  infection  in  mice  . . .  .  . . .  . . . . .  .  . . .  . . .  .  . . . .  . . . . .  . . . . . .  . . . . . . .  .  . . . .  . . .  .  . . . .  . . . . .  . . . . . .  .  . . .  .  .  .  . . .  .  . . .  .  . .  .  . 82

5.1.  Effect  of  TDZ  upon  infection  with  the  Tulahuen  strain  . .  .  . .  . . . .  .  . . .  . .  . . .  .  . . . .  . . . . . . . .  .  . . . .  . . .  . . .  . . . . . . .  . .  . . . . . . . . . . .  .  . . .  . . . . . .  .  . .  .  .  .  .  . . .  .  .  .  . .  82
5.2.  Effect  of TDZ  upon  infection  with  the SGO-Z12  isolate  . . .  .  . . . .  .  . . . . . .  . . . . . . .  . . .  . . .  . .  .  . . . .  .  . . .  . . . .  . . .  . . .  . . .  . .  . .  .  . .  .  .  .  .  . .  . . . . . .  .  . . .  . .  .  . . .  . .  .  .  . 83

6. Discussion  .  .  .  .  . . . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . . . . .  .  . .  . . .  . . . .  . . .  . .  .  . . . . . .  .  .  . . . .  . .  . . . .  . . .  . . . .  .  . . .  .  .  . .  . . .  .  .  . . . .  .  . . . .  .  . . .  .  .  .  . . . .  . . . .  . .  . . .  .  .  84
7. Final  comments  . . . .  . . .  .  . . .  . . . .  . . .  . . .  .  . . . .  .  . . .  . . .  .  . . .  . . . .  . . . .  . . .  .  . . .  . . . .  .  .  . . . . . .  .  . . . . . . .  . . . . . . .  .  . . .  . . .  .  . . .  . . . . .  . . . . . .  . . .  .  . . .  .  .  . . .  . . . . . .  .  . . .  .  .  .  . . .  . . .  .  . . 85

Competing  interests  . .  . . . .  . . . . . . .  . . .  .  . . .  .  . . .  .  .  . .  .  . . .  . . .  .  .  . .  . . .  .  .  . .  . . .  .  . . .  . . . .  . . . . . . . .  . . . . . . .  . . .  . .  . . .  . . . . . . . .  . .  . . . .  . . . .  . . .  .  . .  .  . . . . . . . .  .  . .  . . .  .  . . . . . . .  . .  .  86

Ethical  approval  . .  .  . .  .  .  . . .  .  . . . . . .  . . . . . .  .  . . . .  .  .  .  .  .  .  .  .  .  . .  . .  .  .  . . .  . . .  . .  .  .  .  . .  .  . . .
Acknowledgments .  . .  .  . . .  . . .  .  . . .  .  . . .  . . . .  . . .  .  . . . .  . . . .  . . .  .  . . . . . .  .  . . . .  . . .  .  . . . . .
References  . .  .  . . .  . .  . . . . . . . . . . .  . . . .  . . .  .  . . .  .  . . .  . . . . . . . . . . .  . . . .  . . .  . . . .  . .  .  .  . . .  . . .

∗ Corresponding author at: Pio Collivadino 4126, Córdoba, Argentina. Tel.: +54 0351 43
E-mail address: silvilopresti@gmail.com (M.S. Lo Presti).

ttp://dx.doi.org/10.1016/j.actatropica.2015.02.012
001-706X/© 2015 Elsevier B.V. All rights reserved.
 .  . . .  . .  .  . . .  . . .  . . . . . . .  . . .  .  . . . . . .  . . . . . . .  .  . . . . . . .  .  . . .  .  .  . . . . . . . . .  .  . .  .  .  .  .  . . . .  .  . .  86
 .  . .  . . . .  . . . . . . .  . . .  .  . . .  . . . .  . . . . . . .  .  . . . . . .  .  .  . . .  .  . . .  .  . . . . . . . . . .  .  .  . .  . .  .  . .  . . . . .  .  86

 .  . . .  . . . . . . . . . . . .  . . .  . . . .  .  . . . . . . . .  . . . . .  .  . . . .  . . .  .  . . .  . .  .  . . . .  .  .  . . . . . . . .  . .  . . .  .  . .  86

32020; fax: +54 0351 4332020.

dx.doi.org/10.1016/j.actatropica.2015.02.012
http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2015.02.012&domain=pdf
mailto:silvilopresti@gmail.com
dx.doi.org/10.1016/j.actatropica.2015.02.012


8 ta Tro

1

i
L
e
t
(

s
c
t
f
a

c
b
a
r
i
e
q
f

c
(
e
s
g
2
b
h
S
o
d
m
T
a
h
t
(
a
P
f
n
e
o
s
t
(
m
f
o
h
e
d
w
o

2

c
b
c

0 M.S. Lo Presti et al. / Ac

. Chagas disease

Chagas disease is a common cause of cardiomyopathy, result-
ng in premature or sudden death and disability across much of
atin America (Barrett et al., 2003), where Trypanosoma cruzi, the
ndemic protozoan parasite responsible for this disease, continues
o represent a health threat for an estimated of 28 million people
Barrett et al., 2003; WHO, 2002, 2007).

T. cruzi infection in mammalian hosts has been divided into
uccessive acute and chronic stages. The initial or acute phase is
haracterized by detectable circulating parasites and symptoms
hat persist for one or two months. These symptoms can include
ever, edema, adenomegaly, hepatosplenomegaly, and myocarditis
nd/or meningoencephalitis.

This acute phase is followed by a long chronic stage that in most
ases presents itself as the indeterminate form (asymptomatic),
ut may  evolve into the cardiac or into the digestive forms, char-
cterized by compromise of the heart and the digestive system
espectively. In this phase the parasite cannot be directly detected
n circulation. The chronic chagasic myocardiopathy is the most
xpressive manifestation of the disease, both because of its fre-
uency and because of its severity (Coura, 2003, 2007) and is a fatal
orm for which no effective treatments are available.

Despite advances made in recent years, the pathogenesis of
hronic Chagas disease is still an unresolved and controversial issue
Teixeira et al., 2006; Manoel-Caetano and Silva, 2007; Haberland
t al., 2013; Viotti et al., 2014). At present time, the disease is
een as the product of the interaction between two highly variable
enomes: those of the parasite and the human host (Macedo et al.,
002; Higuchi et al., 2003). Questions related to the mechanisms
y which tissue lesions are formed in the course of the infection
owever, have long been and still are a matter of intense debate.
everal hypotheses have been raised to explain how cardiac pathol-
gy develops. Primary damage of the neuronal system, cell toxicity
ue to T. cruzi and/or T. cruzi-derived products, parasite-induced
icrovascular alterations, polyclonal B-cell activation, triggering of

-cell-mediated responses induced by persistent T. cruzi antigens
nd autoimmunity induced by T. cruzi-specific antigens or by the
ost antigens, are among the mechanisms that have been proposed
o drive the pathogenesis of symptomatic chronic Chagas disease
Wood et al., 1982; Cossio et al., 1984; Morris et al., 1990; Kalil
nd Cunha-Neto, 1996; Tarleton and Zhang, 1999; Minoprio, 2001;
etkova et al., 2001; Bazán et al., 2012). A multiple background
or the pathogenesis of chagasic cardiomyopathy can therefore
ot be ignored (Lescure et al., 2010; Haberland et al., 2013; Viotti
t al., 2014). There is a growing consensus that the persistence
f parasites, coupled with an unbalanced immune response in
ome individuals, leads to the sustained inflammatory responses
hat underlie the characteristic lesions of chronic Chagas disease
Urbina, 2010). An important point is that none of these alternative

echanisms is mutually exclusive. Without removing the parasite
rom the equation, it is impossible to attribute the inflammation to
nly one mechanism (Tarleton, 2001). These alternative hypothesis
owever, suggest different directions for the treatment of the dis-
ase: the autoimmunity hypothesis would advise treatment only
uring the acute phase when the parasite is present in circulation,
hile the parasite persistence one would advise it at any moment

f the infection (Segura et al., 1994, 1996).

. Chemotherapy
Drugs effective on T. cruzi as trypanocidal agents may  be
lassified as (a) drugs of extensive clinical use: nifurtimox and
enznidazole; (b) drugs of restricted clinical use: azoles (keto-
onazole, econazole, miconazole), amphotericin B, allopurinol,
pica 145 (2015) 79–87

allopurinol ribosides and primaquine; (c) drugs effective on T. cruzi
and in experimental murine models: alkyllysophospholipids, 5-
amino-imidazole-4-carboxamides, bisbenzyl-isoquinolines, cruzi-
pain (crucein) inhibitors, gossipol and phenothiazines; and (d)
drugs effective in vitro without other reported effects: acridines,
actinomycin D, crystal violet, diterpenes, epoxidienthiol carba-
mates and Fe-chelators, among others (reviewed in Stoppani, 1999;
Urbina, 2010; Bustamante and Tarleton, 2014).

Azoles achieve their in vitro and in vivo action upon T. cruzi
growth through the inhibition of the ergosterol production: they
have been found to reduce parasitemia and extend the survival
of infected mice but do not produce parasitological cure (with a
more suppressive rather than curative action) and their clinical
effectiveness is questionable. Allopurinol, allopurinol ribosides and
related compounds inhibit T. cruzi hypoxantine-guanine ribosyl
transferase, thus preventing the synthesis of adenylic and guanylic
acids and tempering parasitic DNA synthesis: they reduce para-
sitemia and negativize xenodiagnosis but these effects may  not
be permanent, which hinders their clinical use. Cysteine-protease
inhibitors in turn recognize T. cruzi protease (cruzipain, crucein)
active site, thus allowing a covalent linkage with the inhibitor:
these peptide inhibitors have been found to be effective in acute
and chronic murine models. Finally, phenothiazines are promis-
ing trypanocidal agents for the treatment of Chagas’ disease since
they inhibit a parasite specific enzyme, as will be discussed in the
following sections (Stoppani, 1999; Urbina, 2010; Bustamante and
Tarleton, 2014).

Despite all these potential agents, the only two drugs approved
by WHO  for the treatment of Chagas disease are nifurtimox
and benznidazole. They are both nitroheterocyclic compounds:
nifurtimox is a nitrofuran and benznidazole is a nitroimidazole
derivative, being the later the most available and widely used
(Urbina and Docampo, 2003; Von et al., 2007). Nifurtimox acts
via the reduction of the nitro group to destabilize nitroanion radi-
cals, which in turn react to produce highly toxic, reduced oxygen
metabolites (such as superoxide anion and hydrogen peroxide). It
has been demonstrated that T. cruzi is deficient in detoxification
mechanisms for oxygen metabolites, particularly hydrogen perox-
ide, and is thus more sensitive to oxidative stress than vertebrate
cells (Docampo, 1990). Benznidazole acts via a different mechanism
(reductive stress), which involves covalent modification of macro-
molecules by nitro-reduction intermediates (Docampo, 1990).

Both nifurtimox and benznidazole have significant activity in
the acute phase, with 60–80% of parasitological cures in treated
patients (Canç ado, 1999; Urbina and Docampo, 2003; Von et al.,
2007). However, chronic Chagas disease treatment is still an open
field for investigation and remains as an unsolved problem, since
these two  currently available drugs are not entirely effective, are
mutagenic and may  produce adverse reactions and toxic effects
(such as hypersensitivity reactions, bone marrow depression, neu-
ropathies, and agranulocytosis) (Castro and Díaz de Toranzo, 1988;
Morello, 1988; Rodrigues Coura and de Castro, 2002; Viotti et al.,
2009). The effectiveness of chemotherapeutic treatment in reduc-
ing disease progression in long-term follow-up studies (Viotti
et al., 2006) has been demonstrated, but these adverse side effects
reported in patients treated with nifurtimox or benznidazole,
together with the appearance of resistant parasite strains (Andrade
et al., 1992; Canç ado, 1999; Kirchhoff, 1999), has discouraged treat-
ment in the chronic phase.

Given the significant limitations of the currently available
drugs, particularly for the treatment of chronic patients, new
approaches to the specific chemotherapy of Chagas disease have

been advanced, particularly in the last two decades (reviewed in
Urbina, 2010): as stated earlier, triazole derivatives (posaconazole,
D0870, TAK-187, UR-9825 and revuconazole), squalene synthase
inhibitors, cysteine protease (cruzipain) inhibitors (CRA-3316 or
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-777) and other compounds have been proposed as candidates for
hagas disease treatment. All these potential candidates achieve
heir anti-T. cruzi activity targeting different essential parasite

etabolic pathways. The development of more-effective and safe
rugs is a clear target to improve patient outcome and for clinical
anagement (Viotti et al., 2014).

. Trypanotione reductase

Experimental studies have identified several novel targets for
hemotherapy, one of them being the parasite’s enzyme trypan-
thione reductase (TR). TR is found in parasitic protozoa such as
eishmania and trypanosomes. Particularly, T. cruzi lacks the ubiq-
itous enzyme glutathione reductase (GR); thus to maintain a
educing intracellular redox environment, it relies on the flavoen-
yme TR to keep their main thiols, bis-(glutathionyl) spermidine
trypanothione (T(SH)2)] and mono (glutathionyl) spermidine
Gsp), in their thiol state (Meiering et al., 2005):

S2 + NADPH + H+ → T(SH)2 + NADP+

The presence of these endogenous antioxidant molecules in T.
ruzi provides the ability to counteract the oxidizing environment
enerated by the cellular immune response of the host and by the
ction of trypanocidal redox cycling drugs (Thomson et al., 2003).

TR shares many mechanistic and structural properties with GR,
he closest related mammalian enzyme (Meiering et al., 2005).

hile glutathione (�-l-glutamyl-l-cysteinylglycine) is involved in
he regulation of diverse aspects of metabolism, its thiol form (GSH)
unctions as a protective agent, maintaining a reduced intracellular
nvironment. GSH can be oxidized to glutathione disulfide (GSSG), a
eaction that generates potentially damaging radicals and oxidants.
he enzyme GR ensures that high thiol levels are preserved by cat-
lyzing the reduction of GSSG. T. cruzi uses TR instead of GR for this
rotective function. In contrast to GR, the active site of TR shows
n overall negative charge and is much wider and more hydropho-
ic (Kuriyan et al., 1991; Hunter et al., 1992; Lantwin et al., 1994;
toll et al., 1997). This opposed charge distribution forms the basis
or the mutually exclusive specificity of these two  enzymes toward
heir respective disulfide substrates (Faerman et al., 1996). Human
R and T. cruzi’s TR are both NADPH-dependent, flavin-containing
isulfide oxidoreductases, sharing about 30% of their sequences.
he key residues involved in their catalytic action are conserved,
ut each enzyme is specific for a particular substrate, despite their
echanistic and structural similarities (Henderson et al., 1987;

airlamb and Cerami, 1992). This indicates that it should be pos-
ible to inhibit the parasite’s TR without affecting the human GR,
hich makes this parasite-specific flavoenzyme an attractive tar-

et molecule for an anti-trypanosomal drug development. This is
articularly important since genetic studies have revealed that TR

s essential for the parasite, playing a key role against oxidative
tress (Krieger et al., 2000).

The current thinking directed toward the discovery of a new
rug involves the identification of the drug target, isolation and
haracterization of its molecular and kinetic properties, target val-
dation by chemical or genetics means, identification of inhibitors
nd their optimization to improve pharmacological and toxicolog-
cal properties (Fairlamb, 1999). TR has been widely identified as

 drug target for Chagas disease treatment (Wang, 1995; Hunter,
997) and has been isolated and its molecular and kinetic prop-
rties characterized in detail by X-ray crystallography (Hunter,
997). The essential role of TR in the parasite thiol metabolism and
ts absence from the mammalian host render the enzyme a highly
ttractive target for structure based drug development against
rypanosomatids. Many different classes of compounds have been
ound that show selective inhibition of the parasite compared to
Fig. 1. (a) Chemical structure of phenothiazines and (b) chemical structure of thior-
idazine.

the host enzyme (Krauth-Siegel and Inhoff, 2003). Between them,
competitive (tricyclic ring structures and related compounds,
polyamine and peptide derivatives, dibenzazepines, etc.) and non-
competitive (8-methoxy-naphtho[2,3-b] thiophen-4,9-quinone
– Zani and Fairlamb, 2003), irreversible (2,2′:6′,2′′-Terpyridine)
platinum (II) complexes – Bonse et al., 2000) and turncoat (which
transform the antioxidant enzyme into a pro-oxidant enzyme –
Jockers-Scherübl et al., 1989; Krauth-Siegel and Schoneck, 1995)
inhibitors has been tested.

4. Thioridazine: a trypanotione reductase inhibitor

Thioridazine (TDZ) is a phenothiazine that has been shown to
be one of the most potent phenothiazines to inhibit TR irreversibly.
Phenothiazines are currently used in psychiatry as antidepressant,
anxiolytic and antipsychotic agents. They possess the ability to
cross the blood–brain barrier and to accumulate in the brain, pro-
viding effective dopamine receptor blockade (Kebabian and Calne,
1979). They also interact with membranes or their compounds
(Fernández et al., 1997; Thorsing et al., 2013), with cellular proteins
(Paglini Oliva et al., 1987), with dopaminergic receptors (Scatton
et al., 1976; Kebabian and Calne, 1979; Ggerfen et al., 1990), act
to inhibit the activity of Mg2+-dependent ATPases, increase mem-
brane fluidity and provide marked anti-calmodulin action (Bondy,
1995).

Phenothiazine drugs, in addition to their antipsychotic prop-
erties, have been shown to have significant antimicrobial activity
against a variety of intracellular microorganisms (Amaral et al.,
2006; Thanacoody, 2011). Phenothiazines are tricyclic drugs with
three rings, two of them being benzenes joined by sulfur and nitro-
gen atoms, as can be observed in Fig. 1a. The substitutions in
positions 2 and 10 (R2 and R1 in the figure, respectively) exhibit
a number of interesting analytical properties due to their charac-
teristic structure. In TDZ, these substitutions are a SCH3 in position
2 and a 2-(1-methyl-2-piperidinyl)-ethyl in position 10 (Fig. 1b).
The quantitative effects of phenothiazines are mediated by the sub-
stituents on the rings, especially at the 2-position (Keyzer, 1995);
TDZ possesses a piperidine group as lateral chain; this structure
would be responsible of the low side effects of this drug and the
increment in its anti-muscarinic activity (Biel et al., 1978).

TDZ, extensively used for its antipsychotic properties, has also
recently attracted attention as a potential candidate as an antimi-
crobial drug (reviewed in Amaral et al., 2001; Thanacoody, 2007;
Amaral and Molnar, 2014; Hahn and Sohnle, 2014; Salie et al.,
2014), since it is associated with the lowest risk of extrapyrami-
dal side-effects of all phenothiazines (Yang et al., 2007). Gutierrez
Correa and co-workers (2001), studied different phenothiazines as
inhibitors of TR and showed that TDZ is one of the most potent
phenothiazines to inhibit this enzyme irreversibly. More than 90%

inhibition may  be required to kill the parasites in absence of oxidant
stress (Fairlamb, 1999); TDZ, at a concentration of 10 �M attained
100% inhibition.
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ig. 2. Mice infected with the Tulahuen strain. (a) Survival and (b) cardiac �-adre
ith  TDZ in the chronic phase. Results from mice treated with benznidazole (- -�- 

The results of exposing trypomastigotes and epimastig-
tes to TDZ in vitro confirms that the drug is trypanocidal,
roducing disruption of mitochondria and kinetoplasts in try-
omastigotes and the condensation of these organelles close
o the plasma membrane in epimastigotes (Paglini-Oliva et al.,
998).

. Effect of thioridazine treatment upon T. cruzi infection
n mice

In our laboratory we have studied the effect of TDZ for the treat-
ent of mice infected with T. cruzi and treated in the acute (Lo Presti

t al., 2004) or in the chronic phases (Bustamante et al., 2007) of the
xperimental infection, in order to determine if a reduction in the
arasite levels at any moment of the infection (not just when the
arasites are present in circulation – acute phase) would reduce the
volution of the cardiac damage. Since not all parasite strains show
he same response to treatment, we studied mice inoculated with
he Tulahuen strain or with the SGO-Z12 isolate, in order to com-
are the effectiveness of TDZ upon two different infection models
Lo Presti et al., 2004; Bustamante et al., 2007). When possible, the
ffect of TDZ was compared to that of benznidazole (Bustamante
t al., 2007; Strauss et al., 2013).

The mice were infected with 50 trypomastigote forms from
ither the Tulahuen strain or the SGO-Z12 isolate and treated orally
ith TDZ. Two treatment schedules were used: TDZ at a dose of

0 mg/kg/day, for 3 days starting 1 h after infection (acute phase),
r TDZ 80 mg/kg/day for 12 days starting 180 days post infec-
ion (d.p.i.) (chronic phase). The amount of parasites used was
ufficient to reproduce the acute phase and the different forms
indeterminate and cardiac) of the chronic phase of the experimen-
al T. cruzi infection (Bustamante et al., 2003a). In both cases, the
ffectiveness of the treatment was assayed through parasitemia,
urvival, electrocardiography, cardiac histopathology and cardiac
-adrenergic receptors (�-AR) density and affinity. The mice from

he first group (treated in the acute phase) were studied 135 d.p.i.
Lo Presti et al., 2004) and the mice from the second group (treated
n the chronic phase) were studied 350 d.p.i. (Bustamante et al.,
007). The first moment was chosen taking into consideration that
he characteristics of the chronic phase of the infection (presence
f inflammatory infiltrates, fibrosis and fiber fragmentation in the

ardiac tissue, among others) would have appeared by this time
135 d.p.i.) (Bustamante et al., 2003b); the second one because the
hronic alterations would have intensified by then (350 d.p.i.) (Lo
resti et al., 2009).
 receptor density. (�) Mice treated with TDZ in the acute phase; (�) mice treated
 mice infected and left untreated (· · ·�· · ·) are shown for comparison.

5.1. Effect of TDZ upon infection with the Tulahuen strain

TDZ assayed in vivo was  effective for the treatment of mice
infected with T. cruzi, Tulahuen strain, decreasing parasitemias lev-
els when used in the acute phase of the infection. Treated mice
cleared their parasitemias (no parasites were observed under the
optical microscope using a Neubauer haemocytometer) in a shorter
period of time (by day 15 post infection – p.i.) and 80% of them sur-
vived for at least one year after the infection (Fig. 2a). Untreated
mice cleared their parasitemias by day 35 p.i., and only 20% of
them were still alive 12 months later (Fig. 2a). When some of these
untreated mice surviving 180 d.p.i. were treated with TDZ, survival
rates showed that by day 350 p.i. only 30% of the mice that were
left untreated were alive, while 88% of the treated ones survived.

Cardiac function was  studied from two different points of view:
by electrocardiography and by quantification of cardiac �-AR’s
affinity and density.

Electrocardiographic results showed that TDZ significantly
reduced the number and the quality of the conduction alterations
when used either in the acute or in the chronic phases of the
experimental infection. Atrio-ventricular blockades (prolonged PR
segment) and intra-ventricular blockades (prolonged QT inter-
val) were the most common alterations presented by 60% of the
untreated infected animals 135 d.p.i.; 37% of the mice treated in
the acute phase presented less intense alterations at this point.
These abnormalities were also more frequent among the untreated
infected group 350 d.p.i (66.6% of the animals), while TDZ treatment
in the chronic phase decreased the percentage of mice showing
conduction disturbances (43.3% of the treated mice). Abnormalities
that could be due to the effects of TDZ on cardiac electrical con-
duction were not detected and treated uninfected mice presented
PR segment and QT interval values similar to those presented by
uninfected controls.

By day 135 p.i., untreated infected mice presented a lower �-
AR’s density and a 3-fold decrease in the receptor’s affinity. The
animals treated in the acute phase also had lower receptor affin-
ity (1.52-fold decrease) but a density that remained similar to that
of the uninfected controls. TDZ treatment in the chronic phase did
not reverse this reduction in the affinity values but significantly
increased the receptor’s density as an important compensatory
mechanism for the loss of affinity (2-fold increase) (Fig. 2b).

The hearts from the untreated infected animals presented dis-
perse lympho-monocitary infiltrates, fiber dissolution and isolated

necrosis when studied 135 d.p.i. (Fig. 3a) and similar, but more
intense cardiac alterations with inflammatory infiltrates, especially
in the right ventricle, thickening of the epicardium, fibrosis and
necrosis in the inter-ventricular septum when observed 350 d.p.i.
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uring  the acute phase; (c) infected and left untreated, 350 d.p.i. and (d) infected an

Fig. 3c). TDZ treatment in the acute phase prevented the appear-
nce of the typical histological alterations of the chronic infection
ince no structural modifications were observed in the treated
earts (Fig. 3b); TDZ treatment in the chronic phase prevented
he evolution to a higher degree of fiber fragmentation, necrosis
nd fibrosis and significantly reduced the inflammatory infiltrates
Fig. 3d).

These results suggest that both treatment schedules (TDZ in
he acute or in the chronic phase) were able to prevent the evo-
ution of the cardiopathy produced by the infection with T. cruzi
ulahuen strain. Heart histology, electrocardiographic studies and
-AR’s density were similar to the ones presented by uninfected
ontrols when the drug was used in the acute phase of the infection,
hus preventing the acute phase evolving into the chronic phase
nd the typical cardiopathy in most of the treated mice. Treatment
ith TDZ in the chronic phase of infection prevented the evolution

f the histological and electrocardiographic alterations typical of
he disease and compensated the modifications in the �-ARs, thus
reventing greater damage to the cardiac function.

.2. Effect of TDZ upon infection with the SGO-Z12 isolate

T. cruzi’s population comprises a set of strains and isolates
hat circulate between vectors, humans and domestic and syl-
atic reservoirs. The different parasite isolates have demonstrated
ntraspecific variation in their morphology, virulence, ability to
nduce lesions, antigenic constitution, infective capacity and treat-

ent susceptibility, among other characteristics (Manoel-Caetano
nd Silva, 2007). Therefore, we also studied the effectiveness of TDZ

reatment upon the infection produced by an isolate obtained from
n endemic area of Argentina (SGO-Z12) (Lo Presti et al., 2004). The
lectrophoretic pattern of this isolate has shown that it belongs
o zymodeme 12 from Argentina (Bustamante et al., 2003a,b);
 strain: (a) infected and left untreated, 35 d.p.i.; (b) infected and treated with TDZ
ted with TDZ during the chronic phase. Bar: 50 �m.

patients infected with zymodeme 12 parasites have demonstrated
to present higher risk of cardiac lesions (Montamat et al., 1996).

Parasite levels were significantly lower in this group than in the
Tulahuen group from the beginning of the infection until 35 d.p.i.
when circulating parasite started to decrease in both infected
groups. Similarly to what was observed with the Tulahuen strain,
parasitemias in the mice infected with the SGO-Z12 isolate and
treated with TDZ in the acute phase were significantly less intense
than those observed in the untreated infected animals and lasted
for a shorter period (56 vs. 63 d.p.i.). By day 40 p.i. survival of the
treated animals began to be higher than the untreated ones and by
day 135 p.i. 80% of the untreated infected but only 50% of treated
mice were dead (Fig. 4a). As can be observed, despite the lower par-
asite levels observed in the SGO-Z12 group, the Tulahuen infected
mice (treated and non-treated) showed a higher survival rate in the
acute phase of the infection. Survival rates were similar in either
infected group (Tulahuen or SGO-Z12) however, by day 135 p.i. and
they showed similar results when treated either with TDZ or with
benznidazole in the chronic phase.

In the SGO-Z12 group, electrocardiographic abnormalities were
more frequent among the untreated infected mice than the treated
ones; the treated group showed a cardiac electric conduction simi-
lar to the non-infected controls 135 days after the inoculation of the
parasites. Similar results to the Tulahuen group were observed with
the treatment in the chronic phase: TDZ decreased the percentage
of mice showing conduction disturbances (33% of the treated mice
vs. 63% of the untreated ones) by day 350 p.i.

The infection with the SGO-Z12 isolate seems to affect differ-
ently the cardiac �-AR: while the affinity of the �-ARs diminished
with the evolution of the infection, as found in the hearts infected

with the Tulahuen strain, the receptors’ density was  significantly
higher in the hearts infected with this isolate throughout all the
stages of the experimental infection (until 350 d.p.i. when it started
to decrease) (Lo Presti et al., 2006, 2008, 2009). The mice treated
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n the acute phase presented an even higher density than the
ntreated ones (5-fold vs. 2.5-fold increase) by day 135 p.i. Simi-

ar results were obtained with the treatment in the chronic phase
tudied 350 d.p.i. (4.8-fold increase in the density of the treated
earts; 1.77-increase in the untreated ones) and with benznidazole
Fig. 4b).

The hearts from the SGO-Z12 infected group also showed the
ympho-monocitary infiltrates and fiber disorganization charac-
eristic of the chronic infection 135 days after the inoculation of
he parasites (Fig. 5a). In this stage no detectable histopatholog-
cal abnormalities were detected in 67% of hearts from the mice
reated with TDZ in the acute phase and 33% of them presented only

ild inflammatory infiltrates (Fig. 5b). Similar results as the ones
btained with the Tulahuen strain were observed with the treat-
ent in the chronic phase: TDZ treatment prevented the evolution

o a higher degree of fiber fragmentation, necrosis and fibrosis and
educed the characteristic inflammatory infiltrates (Fig. 5d).

Again, both treatment schedules (TDZ in the acute or in the
hronic phase) were able to prevent the evolution of the cardiopa-
hy produced by the infection with T. cruzi SGO-Z12 isolate. In
his case, treatment in the acute phase modified the course of the
nfection and prevented the cardiopathy; treatment in the chronic
hase prevented the evolution of the histological and electrocardio-
raphic alterations, reducing the evolution of the cardiac disease.

. Discussion

The use of anti-parasitary drugs in the chronic phase of Chagas
isease is still a controversial issue. Those authors in favor of the
reatment propose that it will prevent and reduce the cardiopathy
nd stop its evolution, thus reducing morbi-mortality in patients
ith chronic infection (Segura et al., 1996; Viotti and Vigliano,

007). Scientific evidence regarding the role of the parasite as a
timulus and trigger for tissue damage has accumulated over the
ast two decades, providing a solid basis to consider antiparasitic
reatment for chronic adult patients (Marin-Neto et al., 2008, 2009;
iotti et al., 2014). Those who discourage treatment with antipara-
itic drugs during the chronic phase of the cardiopathy refer to the
emote possibility of parasitological and serological cure and to the
ide effects of the currently available drugs (Manssur and Barbieri,
002). Aiming to clarify this issue, a large-scale, randomized and
lacebo-controlled clinical trial is currently underway to assess the

ffects of etiologic treatment with Benznidazole in chronic chagasic
atients (BENEFIT – Benznidazole Evaluation for Interrupting Try-
anosomiasis – trial) (Marin-Neto et al., 2008, 2009). Other authors
ave emphasized that the clinical assessment of the side effects
eptor density. (�) Mice treated with TDZ in the acute phase; (�) mice treated with
 infected and left untreated (· · ·�· · ·) are shown for comparison.

must take into account the short time of the treatment and the fact
that the side effects are reversible and not life threatening (Viotti
et al., 2009).

Additionally, the suggestion that autoimmune processes could
underlie the pathogenesis of chagasic myocardiopathy may have
had a negative impact on the efforts to develop a vaccine against T.
cruzi infection and to discover more effective and less toxic drugs
for its chemotherapy (Zhang and Tarleton, 1999). The persistence of
the parasite in the host tissues, on the other hand, has been demon-
strated as a determining factor in inducing chronic Chagas disease
(Zhang and Tarleton, 1999; Braga et al., 2000; Apt et al., 2005; Garcia
et al., 2005; Bazán et al., 2012). This idea has been supported by
the finding of T. cruzi DNA in hearts of patients with chagasic car-
diomyopathy (Jones et al., 1992). This can also be illustrated by the
recrudescence of the infection in many patients with heart failure
due to Chagas disease who  undergo cardiac transplantation; when
these patients are immunosuppressed, myocarditis usually devel-
ops in the transplanted heart and T. cruzi parasites are detected in
blood and tissues (Stolf et al., 1987).

If the immune response directed against T. cruzi is responsi-
ble for the cardiac damage, treatment after the acute phase of the
disease would not be reasonable; however, if parasite levels are a
significant issue in the progression to a severe disease with greater
cardiac damage, treatment during the chronic phase would prevent
or decrease the evolution of cardiac disease.

In our experience, the treatment of infected mice with differ-
ent parasite strains, in the acute or in the chronic phases of the
infection, with TDZ led to a large reduction in the mortality rates
and in the cardiac histological and electrocardiographical abnor-
malities, and modified the natural evolution of the experimental
infection (Rivarola et al., 1999; Lo Presti et al., 2004; Bustamante
et al., 2007). Similar results were obtained with benznidazole used
in the chronic phase of the experimental infection (Bustamante
et al., 2007). These results reinforce the importance of treatment
in the chronic phase to decrease, retard or stop the evolution to
chagasic myocardiopathy. Other studies with mice treated with
benznidazole during chronic T. cruzi infection have demonstrated
that although parasite eradication could not be achieved with the
treatment in the chronic phase, a decrease in the parasite load could
be observed, showing that the drug also produced a decrease in the
cardiac lesions and dysfunction (Garcia et al., 2005).

Our results using TDZ are probably related to the effect of the

drug upon the parasite’s enzyme TR. The absence of this enzyme
in the mammalian cells and its essential role in the antioxidant
defense of the parasite render TR as an attractive target molecule
for rational drug design. TDZ and other phenothiazines are drugs
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n clinical use that have demonstrated to be potent TR inhibitors,
nducing the death of the parasites in in vitro and in vivo experi-

ents, modifying the evolution of experimental T. cruzi infection.
he inhibition of this enzyme results in the accumulation of oxidiz-
ng agents that ultimately lead to the death of the parasites and the
onsequent reduction in the parasite load in the host.

Other mechanism by which phenothiazines, and therefore TDZ,
ay  exert their action, is by binding with sufficient strength to the

alcium-binding protein calmodulin to prevent the influx of cal-
ium into the cells (Hidaka and Naito, 1998). Additionally, it has
een proposed that phenothiazines may  inhibit different bacte-
ial efflux pumps that are associated with resistance to antibiotics,
hus enhancing the activity of such antibiotics when used in com-
ination with them (Kaatz et al., 2003; Kristiansen et al., 2003).
fflux-related multidrug resistance as such, has become appre-
iated as a significant complicating factor in the chemotherapy
f bacterial infections (Kaatz et al., 1993; Neyfakh et al., 1993;
oole and Srikumar, 2001) and inhibitors of these pumps have
hown to be promising agents to overcome such resistance (Couto
t al., 2008). TDZ particularly has been found to reduce resis-
ance of methicillin-resistant Staphylococcus aureus by inhibiting

 reserpine-sensitive efflux pump (Kristiansen et al., 2006). Such
echanism (although not yet studied) could be taking place here,
hich would encourage the use of TDZ in combination with other

rypanocidal agents to potentiate their action. TDZ in combina-
ion with different antibiotics has been described for tuberculosis
reviewed in Amaral and Molnar, 2014) and benznidazole in com-
ination with a related tricyclic compound (clomipramine) for the
reatment of Chagas disease (Strauss et al., 2013).

Another important point to highlight is that TDZ is already in

linical use, although the advent of newer antipsychotic drugs has
ecline it’s use in psychiatry in developed countries (Thanacoody,
007); TDZ potential as an antimicrobial agent however can no

onger be ignored: in experimental T. cruzi infection, TDZ has
 isolate: (a) infected and left untreated, 35 d.p.i.; (b) infected and treated with TDZ
 with TDZ during the chronic phase. Bar: 50 �m.

reduced parasite levels when used in the acute phase, has improved
survival of the infected animals, has reduced electrocardiographic
and histopathological alterations produced by the evolution of the
infection and has permitted compensatory mechanisms in the car-
diac �-ARs, all of which lead us to conclude that the cardiac function
was re-established in the treated animals. Despite the fact that dif-
ferent results were observed in the mice infected with the Tulahuen
strain or with the SGO-Z12 isolate, both infected groups showed
some degree of improvement in the different parameters when
treated with TDZ at either moment (acute or chronic phase). The
antimicrobial properties of this drug and its potential use for the
treatment of other microbiological infections have already been
suggested by other authors (reviewed in Thanacoody, 2007).

7. Final comments

Present results reinforce the idea that parasite persistence is a
determining factor in inducing chronic alterations characteristic of
Chagas disease and this evidence would encourage the treatment of
chronic patients, as well as chronic experimental models, with less
toxic drugs. They also clearly demonstrate that if the parasite load
is reduced, cardiac damage diminishes significantly; the survival
of treated animals and the compensatory mechanism of cardiac
�-receptors demonstrate that cardiac function is reestablished by
either TDZ treatment (in the acute or the chronic phases).

Therefore, TDZ should be considered as a potential agent for the
treatment of Chagas disease, with no apparent toxic effects at the
used dose and treatment schedule. As this drug is clinically used as
a neuroleptic, these results are of great interest because they may
be the basis for new agents for the treatment or prevention of this

disease.

Taking into consideration the distinct mechanism of action of
all the available drugs and the differences described for the several
parasite strains/isolates, this drug could be used in combination
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