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Nearly 90 million people (about a quarter of
the Latin American population) live in zones where
Chagas disease is endemic while 18-20 million are
already infected with is causative agent, Trypanosoma (Schizotrypanum) cruzi. It is estimated that
there are currently >550,000 new cases and 50,000
deaths associated to this condition every year
(Docampo & Schmuñis 1997). This disease leads
to an annual loss of 2.7 millions of disability adjusted years, being the largest parasitic disease
burden in the continent and only third on a global
scale after malaria and schistosomiasis (World
Bank 1993). Chemotherapy of this disease is still
very unsatisfactory, being based in nitrofurans
(nifurtimox, Bayer; recently discontinued) and
nitroimidazoles (benznidazole, Roche) developed
empirically three decades ago. These compounds
have activity in the acute and short-term (up to a
few years) chronic phase (Andrade et al.1996), but
is efficacy varies according to the geographical
area, probably due to differences in drug susceptibility of different T. cruzi strains (Filardi & Brener
1987); however, they have little or no activity in
prevalent, long term chronic form of the disease,
which is widely considered an incurable disease
(Rassi & Luquetti 1992, de Castro 1993, Quintas
et al.1996, Andrade et al.1996, Croft et al.1997).
Furthermore, both drugs have frequent side effects
(generally less severe in pediatric patients) including anorexia, vomiting, peripheral neuropathy and
allergic dermopathy (Rassi & Luquetti 1992, de
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Castro 1993, Quintas et al.1996, Croft et al.1997).
Although great advances have been made in recent years in the control of the vectorial and transfusional transmission of the disease, particularly
through the Southern Cone Initiative involving
Brazil, Argentina, Paraguay and Uruguay, progress
is uneven in other parts of the continent and the
problem of the persons already infected remains
unsolved.
In this brief review I would like to discuss recent work, involving the joint effort of biochemists, chemists, parasitologists, molecular and cell
biologists and immunologists, that have raised the
possibility of radical parasitological cure in chronically infected experimental animals and humans
thorough rational chemotherapeutic approaches. I
would also like to discuss the role of parasites in
the pathogenesis of chronic Chagas disease and
thus the relevance of parasitological cure in the
clinical outcome of this disease. A more extended
version of this discussion has been presented elsewhere (Urbina 1999).
PARASITOLOGICAL CURE OF CHAGAS DISEASE:
IS IT POSSIBLE?

Going beyond the empirical approach, a successful rational approximation to chemotherapy of
infectious diseases must take in account validation
of both the target and the drug candidate.
Target validation (for a through discussion see
Sandler & Smith 1994) should include: (1) demonstration of the essential character of the targeted
metabolic step for the pathogenic organism; (2) the
possibility of potent and selective inhibition of the
pathogen’s target, either through the lack of the
target enzyme in the host or the existence of sufficient differences between pathogen and hosts homologous enzymes to allow selective activity.
Validation of the drug candidate should include
primarily its capacity to penetrate the target organism and pharmacokinetic/pharmacodynamic properties, which depend on the biology of the hostpathogen relationship as well as on the mechanism
of action of the drug. These aspects have received
very little attention in the context of Chagas dis-
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ease, but in fact they are of decisive importance.
Taking in account the intracellular character of T.
cruzi parasitism, its relatively slow but sustained
proliferation in the host tissues and the necessity
of patient compliance during prolonged treatments,
some pharmacokinetic/pharmacodynamic properties could be delineated for drugs successfully acting on this parasite in vivo: (1) large volumes of
distribution (tissue accumulation); (2) long terminal half lives (slow elimination/biotransformation);
(3) oral bioavailability.
In the case of currently available nitrofurans
and nitroimidazoles, the empirical approach from
which these drugs resulted leaves little room for
maneuvering in terms of improving their activity
and/or decrease their toxicity, according the principles delineated above: we didn’t choose the ball
game. However, basic studies in the last two decades have helped to illuminate the molecular basis of both their anti-T. cruzi activity and toxicity
(Docampo & Moreno 1986, Docampo 1990).
Nifurtimox acts via the reduction of the nitro group
to very reactive nitroanion radicals, which in turn
react to produce highly toxic reduced oxygen metabolites. T. cruzi has been shown to be deficient
in detoxification mechanisms for oxygen metabolites, particular hydrogen peroxide, and is thus more
sensitive to oxidative than vertebrate cells
(Docampo 1990). Benznidazole seems to act via a
different mechanism (reductive stress), which involves covalent modification of macromolecules
by nitroreduction intermediates. Further support for
the mechanism of action proposed for nitrofurans
and nitroimidazoles comes from the recent demonstration that T. cruzi cells which over-express
superoxide dismutase have increased sensitivity to
benznidazole and gentian violet (Temperton et al.
1998). Based on these findings there is a possibility to increase the activity of these compounds (although toxicity will remain a problem) by selectively interfering with the mechanisms of control
of the parasite’s redox state. This possibility received strong support by the discovery of
trypanothione and trypanothione reductase, a
unique system present in trypanosomatids, which
replace glutathione and glutathione reductase in
these cells as the main intracellular thiol-redox
system (Fairlamb & Cerami 1992). Evidence that
trypanothione reductase is an essential enzyme in
the related organism Leishmania donovani has been
presented (Tovar et al. 1998b); disruption of the
trypanothione reductase gene or down regulation
of its expression in L. donovani and L. major decrease their ability to survive oxidative stress in
macrophages (Dumas et al. 1997, Tovar et al.
1998a), but over-expression of this enzyme in L.
donovani and T. cruzi does not alter their in vitro

sensitivity to agents that induce oxidative stress
such as nifurtimox, nitrofurazone and gentian violet (Kelly et al. 1993). Although there is currently
an intense activity in the search for specific
trypanothione reductase inhibitors as potential antiT. cruzi drugs (Bond et al. 1999), none have been
reported to have significant anti-parasitic activity,
neither in vitro nor in vivo.
Hypoxanthine-guanine phosphoribosyl
transpherase (HGPRT) is a trypanosomatid enzyme
involved in the scavenging of purines from the host,
as these parasites are deficient in the de novo biosynthesis pathway of these essential cellular components. Thus HGPRT is a validated biochemical
target for these cells (Quintas et al. 1996). Allopurinol is a pyrazolopyrimidine, which has been used
for a long time in humans for the treatment of gout,
as it is transformed in vertebrates into oxypurinol,
a potent inhibitor of xanthine oxidase. In
trypanosomatids, which are deficient in xanthine
oxidase, the compound acts as a purine analog and
is incorporated into nucleic acids through HGPRT,
disrupting the synthesis of RNA and proteins
(Quintas et al. 1996). The compound was shown
to be active in murine models of acute Chagas disease, but marked differences in susceptibilities
among T. cruzi strains were also reported (Avila
& Avila 1981, Avila et al. 1981). There have been
conflicting reports of the therapeutic efficacy of
allopurinol in humans (de Castro 1993), but a multicentric study launched in 1992 in Argentina, Brazil and Bolivia was stopped as it was a patently
demonstrated therapeutic failure (Gianella 1994,
World Health Organization 1995). The reasons for
the lack of in vivo activity include low incorporation of the drug in the vertebrate stages of many T.
cruzi strains (Avila & Avila 1981, Avila et al. 1981)
and probably inadequate pharmacokinetic properties, to which no attention have been given. Thus,
although HGPRT remains as a valid target we
clearly need a valid drug for it.
Currently, the most commonly used drugs for
the treatment of diseases caused by fungi and yeasts
are compounds that interfere with the de novo biosynthesis or function of sterols in the causative
organisms (Yamaguchi et al. 1992, Lyr 1995). Sterol biosynthesis inhibitors (SBI) have been found
to be particularly useful, as endogenous sterols are
essential for survival in these pathogenic organisms; these compounds are in most cases orally
active, have broad spectrum of activity and very
low toxicity (Ryder & Mieth 1992, Mercer 1993,
Vanden Bossche 1995). T. cruzi has also an absolute requirement of specific endogenous sterols for
cell viability and proliferation and is extremely sensitive to sterol biosynthesis inhibitors (SBI) in vitro
(Docampo et al. 1981, Beach et al. 1986, Goad et
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al. 1989, Urbina et al. 1988, 1993, 1995, 1996b,
Maldonado et al. 1993); thus, the sterol biosynthesis pathway in this organism is a valid chemotherapeutic target (Urbina 1997). Nevertheless, currently
available SBI’s, such as ketoconazole and
itraconazole, have been shown to be unable to
eradicate T. cruzi from experimentally infected
animals or human patients (McCabe 1988, Moreira
et al. 1992, Brener et al. 1993), although a recent
report from Chile claims a high level (>50%) of
parasitological cures in chronic patients treated
with itraconazole (Apt et al. 1998). We have recently shown that fourth generation triazole derivatives, such as D0870 (Zeneca Pharmaceuticals) and
SCH 56592 (Schering-Plough), are capable of inducing very high rates (70-100%) of parasitological cure in murine models of acute (short term)
and chronic (long term) Chagas disease, while currently available drugs such as nifurtimox and
ketoconazole had no significant curative activity
in the same models (Urbina et al. 1996a, 1998,
Urbina 1997, Liendo et al. 1998). These experimental triazoles are the first compounds ever to
display curative activity in the chronic phase of
the disease. Furthermore, these compounds are
active in vivo against T. cruzi strains partially or
highly resistant to nifurtimox and benznidazole,
in both immunocompetent and immunosuppressed
hosts (Molina et al. 1997). In agreement with the
postulates presented at the beginning of this section, the special in vivo anti-T. cruzi activity of these
compounds has been attributed (Urbina et al.
1996a, 1998, Urbina 1997) to both their selective
action on their parasite target (cytochrome P-450
dependent sterol C14 demethylase) and their special pharmacokinetic properties, including large
volumes of distribution and long terminal half lives
in both experimental animals and humans
(Clemons et al. 1993, De Wit et al. 1995,
Girijavallabhan et al. 1995, Nomeir et al. 1995,
Laughlin et al. 1997). Although development of
D0870 has recently been discontinued, SCH 56592
remains a logical candidate for clinical trials with
chronic Chagas disease patients. Studies with other
triazole derivatives with similar characteristics are
currently underway.
Recent studies (Urbina et al. 1998) have shown,
using a combination of mono- and bi-dimensional
high field 31P nuclear magnetic resonance spectroscopy, specific enzymatic and chromatographic
assays, ultrastructural and cell fractionation studies, that inorganic pyrophosphate (P2O74-; PPi) is
the major high energy phosphate compound in
trypanosomatid (T. cruzi, T. brucei, L. mexicana)
and apicomplexan parasites (Toxoplasma gondii),
being 5-15 times more abundant than ATP. PPi is
distributed throughout the cells but is significantly
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accumulated in acidocalcisomes, specialized acidic
vacuoles present in these parasites which contain
their largest intracellular Ca2+ pool (Vercesi et al.
1994, Docampo et al. 1995, Moreno & Zhong
1996, Vercesi & Docampo 1996, Lu et al. 1997).
The abundance of this compound, together with
the presence of recently discovered PPi-using enzymes in T. cruzi such as a proton-translocating
pyrophosphatase in acidocalcisomes (Scott et al.
1998) and pyruvate, phosphate dikinase (Bringaud
et al. 1998), suggest that it may fulfill a primary
role in the survival of the parasite. Thus PPi-metabolism is a new validated biochemical target in
T. cruzi. This was confirmed by the observation
that pamidronate, alendronate and risedronate,
FDA-approved non-metabolizable pyrophosphate
analogs (bisphosphonates) which are currently used
in humans for the treatment of bone resorption disorders (Rogers et al. 1997, Licata 1997, Rodan
1998), blocked the activity of acidocalcisomal pyrophosphatase and selectively inhibited the intracellular proliferation of T. cruzi amastigotes and T.
gondii tachyzoites. Furthermore, pamidronate was
shown to be able to profoundly suppress the proliferation of T. cruzi in a murine model of acute
Chagas disease. Taken together, these results indicate that bisphosphonates could play an important
role in the specific chemotherapy of Chagas disease and other infections caused by protozoan parasites.
PARASITOLOGICAL CURE OF CHAGAS DISEASE:
IS IT RELEVANT?

Although the role of T. cruzi in the pathology
of acute phase of Chagas disease is widely accepted, through direct damage of the host tissues
by the parasite or the ensuing inflammatory process (Quintas & Siqueira-Batista 1996, Brener &
Gazzinelli 1997), the participation of the parasite
in the pathogenesis of chronic Chagas disease has
been the subject of many debates (Cunha-Neto et
al. 1995, Kalil & Cunha-Neto 1996, Levin 1996).
Several studies have strongly implicated autoimmune phenomena as a primary factor leading to
the pathological phenomena associated with this
phase of the disease, including classic chagasic cardiomyopathy (Cunha-Neto et al. 1995, Kalil &
Cunha-Neto 1996). This point is of particular relevance to the subject of this discussion, as it has
been inferred from this interpretation that after the
auto-immune response develops, probably as consequence of “molecular mimicry” between parasite antigens and host’s cellular components, the
parasite presence should not play a pivotal role in
the pathogenesis of the disease (Cunha-Neto et al.
1995, Kalil & Cunha-Neto 1996). Thus, even a
successful antiparasitic treatment may not lead to
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an improvement of the clinical outcome of the patients (Cunha-Neto et al. 1995, Kalil & Cunha-Neto
1996, Bestetti 1996, 1997). In the following, I will
summarize the salient points of this debate:
1 - Presence of T. cruzi in inflammatory lesions:
one strong support for the hypothesis of an autoimmune origin of Chagas disease pathology is the
apparent lack of parasites in the characteristic
inflamamtory lesions present in the heart and other
organs in chronic Chagasic patients and experimental animals (Cunha-Neto et al. 1995, Kalil &
Cunha-Neto 1996). However, these studies were
carried out using light microscopy techniques of
limited sensitivity: more recent work using PCRbased methods have consistently associated specific parasite DNA sequences with active inflammatory lesions, both in humans and experimental
animals (Jones et al. 1993, Brandariz et al. 1995,
1996). An important recent study demonstrated,
using immunohistochemical and PCR methods, the
presence of T. cruzi in cardiac tissue of most
(>90%) chronic chagasic patients, including those
which received specific (benznidazole) treatment.
2 - Role of the immune system in experimental
Chagasic cardiomyopathy: despite previous claims
to the contrary (Ribeiro dos Santos et al. 1992),
Tarleton et al. (Tarleton et al. 1997) have recently
shown that heterotopic neonatal heart transplants
to syngeneic mice with chronic experimental
Chagas disease and severe cardiomyophaty do no
elicit autoimmune-type rejection or are targets of
inflammatory response from the host (Tarleton et
al. 1997). These transplanted hearts survived for
over a year, with normal contractile activity and
free of parasites as assessed by a PCR method; they
were only rejected when directly injected with live
parasites, which leads to a dramatic inflammatory
response and cessation of contractile activity
(Tarleton et al. 1997). The authors concluded that
“the presence of parasites in heart tissue is both
necessary and sufficient for the induction of tissue
damage in Chagas disease” (see also Levin 1996).
3 - Auto-antibodies in experimental and human
Chagas disease: although a large number of vertebrate host’s tissue components have been show to
cross-react with T. cruzi antigens, in many cases
these “auto-antibodies” have been shown to be
heterophilic in nature (Brener & Gazzinelli 1997)
and not related to the pathology of the disease (Kalil
& Cunha-Neto 1996). Moreover, several lines of
evidence show that some of the antibodies previously implicated in Chagas disease pathogenesis
(Cunha-Neto et al. 1995) could be more a consequence than a cause of tissue lesions (Levin 1996).
Antibodies against the parasite’s ribosomal P proteins cross-react with the host’s ribosomal P proteins but also with the cardiac β 1 receptor

(Rosenbaum et al. 1994, Kaplan et al. 1997) and
have been implicated in chagasic cardiomyopathy
(Rosenbaum et al. 1994); however, it has recently
been shown that these antibodies differ from classical auto-antibodies present in diseases such as
lupus erythematosus, being specific for the
parasite’s antigens and having low affinity for the
human antigens (Kaplan et al. 1997).
4 - Effect of specific chemotherapy on the evolution of experimental and human Chagas disease:
in experimental infections chemotherapy-induced
parasite clearance leads to reversion not only of
the inflammatory but also of the fibrotic heart lesions (Andrade et al. 1991). Chronic chagasic patients subjected to antiparasitic treatment
(benznidazole), although not parasitologically
cured, had a marked reduction in the occurrence
of electrocardiographic changes and a lower frequency of deterioration of their clinical condition
(Viotti et al. 1994).
CONCLUSIONS

1 - Recent studies have shown that T. cruzi can
be eradicated with high efficacy from both acutely
and chronically infected experimental animals,
through chemotherapeutic intervention aimed at
rationally validated biochemical targets and using
drugs with appropriate pharmacokinetic/pharmacodynamic properties. This is expected to apply
also to human infections.
2 - Current knowledge seems to indicate that
eradication of T. cruzi from infected human patients and animals may be prerequisite to arrest the
evolution of the disease and to avert its irreversible long-term consequences (Andrade et al. 1991,
1996, Viotti et al. 1994, Docampo & Schmuñis
1997, Kaplan et al. 1997, Andrade & Zicker 1997,
Urbina 1999). Thus, specific chemotherapeutic approaches should play an essential role in the successful clinical outcome of this parasitic disease.
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