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Inhibitors of pyrophosphate metabolism and Inhibitors of pyrophosphate metabolism and 
signaling for the specific treatment of Chagas signaling for the specific treatment of Chagas 

disease: strategy and basic findingsdisease: strategy and basic findings
T.cruzi, T.cruzi, as well as other Kinetoplastida as well as other Kinetoplastida 
and Apicomplexa parasites, contains and Apicomplexa parasites, contains 
large amounts of inorganic large amounts of inorganic 
pyrophosphate and other shortpyrophosphate and other short--chain chain 
polyphosphates, which are stored as polyphosphates, which are stored as 
CaCa2+2+ and Mgand Mg2+2+ complexes in special complexes in special 
organelles termed acidocalcisomesorganelles termed acidocalcisomes, , 
but also intervene in many metabolic but also intervene in many metabolic 
processes in these cells (Docampo at processes in these cells (Docampo at 
al. 2005. Nature Rev.al. 2005. Nature Rev. MicrobiolMicrobiol. 3, . 3, 
251; Urbina et al. 1999. JBC 274, 251; Urbina et al. 1999. JBC 274, 
33609)33609)
Bisphosphonates, Bisphosphonates, metabolically stable metabolically stable 
pyrophosphate analogspyrophosphate analogs, accumulate in , accumulate in 
acidocalcisomes and interfere with acidocalcisomes and interfere with 
pyrophosphate metabolism and pyrophosphate metabolism and 
signalingsignaling



Physiological functions of acidocalcisomes Physiological functions of acidocalcisomes 
(Docampo et al. 2005. Nature Rev.(Docampo et al. 2005. Nature Rev. MicrobiolMicrobiol. 3, 251). 3, 251)



Inhibitors of pyrophosphate metabolism for the Inhibitors of pyrophosphate metabolism for the 
specific treatment of Chagas disease. 1. Inhibitors specific treatment of Chagas disease. 1. Inhibitors 

of farnesylof farnesyl--pyrophosphate synthase (FPPS)pyrophosphate synthase (FPPS)
NN--alkylalkyl-- and Nand N--arylaryl--bisphosphonates, bisphosphonates, 
inhibitors of farnesylinhibitors of farnesyl--pyrophosphate pyrophosphate 
(FPPS) synthase and currently used in (FPPS) synthase and currently used in 
the treatment of bone resorption the treatment of bone resorption 
disordersdisorders (including  osteoporosis) in (including  osteoporosis) in 
humans, have also potent and selective humans, have also potent and selective 
antianti--T. cruzi T. cruzi activity, in vitro and in vivoactivity, in vitro and in vivo
Their potential use as antiparasitic agents Their potential use as antiparasitic agents 
could require could require new pharmacological new pharmacological 
formulations (including proformulations (including pro--drugs) with drugs) with 
pharmacokinetic properties appropriate pharmacokinetic properties appropriate 
for this new applicationfor this new application
The clinical development of these The clinical development of these 
compounds is estimated in the medium compounds is estimated in the medium 
term (within 10 years)term (within 10 years)



NN--alkylalkyl-- and Nand N--arylaryl--bisphosphonates inhibit FPPS bisphosphonates inhibit FPPS 
by mimicking the transition state of the reactionby mimicking the transition state of the reaction

(Martin el al. 1999. BBRC 263, 754)(Martin el al. 1999. BBRC 263, 754)

E. coli E. coli FPPS; FPPS; HosfieldHosfield et al. 2004. JBC 279, 8526et al. 2004. JBC 279, 8526



NN--alkylalkyl-- and Nand N--arylaryl--bisphosphonates are potent bisphosphonates are potent 
inhibitors of inhibitors of Trypanosoma cruziTrypanosoma cruzi FPPS FPPS 

((MontalvettiMontalvetti et al. 2001, et al. 2001, J.Biol.ChemJ.Biol.Chem. 276, 33930 ). 276, 33930 )



Risedronate binds at the active site Risedronate binds at the active site T. cruzi T. cruzi FPPS FPPS 
as a transition state analogas a transition state analog

T. cruzi T. cruzi FPPS (FPPS (GabelliGabelli et al. 2006. Proteins 62, 80)et al. 2006. Proteins 62, 80)

Avian

T. cruzi

MontalvettiMontalvetti et al. 2001, et al. 2001, J.Biol.ChemJ.Biol.Chem. 276, 33930. 276, 33930



In vitro activity of risedronate against In vitro activity of risedronate against Trypanosoma Trypanosoma 
cruzi cruzi extracellular epimastigotes extracellular epimastigotes 

((GarzoniGarzoni et al. 2004a. IJAA 23, 273) et al. 2004a. IJAA 23, 273) 



TABLE 1. Effe cts of ri sedronate on  the free st erol compo sition of Trypanoso ma cruz i ep imas tigo tes (EP stock) a

NAME STRUCT URE RIS
0 μM

RIS
50 µM

RIS
100 µM

RIS
150 µM

EXOGENO US:

CHOLESTEROL
HO

33.9 48.2 54.8 62.1

ENDOGENOU S:

24-METHYL-5,7 ,22-C HOLESTA-
TRIEN-
3β-OL

(ERGOSTEROL)
HO

22.5 20.8 20.2 17.3

24-ET HYL-5 ,7,22 -CHOLESTA-
TRIEN –
3β-OL

HO

16.0 22.8 25.0 20.6

ERGOSTA-5,7-DIEN-
3β-OL

HO
9.6 3.2 n.d. n.d.

ERGOSTA-5,7,24(241)-D IEN-
3β-OL

HO
13.9 5.0 n.d. n.d.

ERGOSTA-7,24(24 1)-D IEN-3β-OL

HO
4.1 n.d. n.d. n.d.

ENDOGENOUS/EXOGENOUS
STEROLS 1.95 1.07 0.82 0.61

 aSterols  were  extrac ted  from T.cruzi    ep imas tigo tes  cultu red in LIT med ium and drug s added  at a ce ll dens ity of 5 .106 epim astigotes /ml;
they were  separa ted  from  pola r lipids by silicic acid  colu mn chro matog raphy  and  analyz ed by quanti tative capi llary  gas- liqu id
chro matog raphy  and  mass spectro metry. Re sults are exp ressed as mas s per cent .

RisedronateRisedronate--induced induced 
growth inhibition is growth inhibition is 
associated with the associated with the 
depletion of depletion of T. cruziT. cruzi--
endogenous sterols endogenous sterols 
((GarzoniGarzoni et al. 2004a. et al. 2004a. 
IJAA 23a, 273IJAA 23a, 273))



In vitro activity of risedronate against In vitro activity of risedronate against Trypanosoma Trypanosoma 
cruzi cruzi intracellular amastigotes intracellular amastigotes 

((GarzoniGarzoni et al. 2004a. IJAA 23, 273)et al. 2004a. IJAA 23, 273)



In vitro activity of risedronate against In vitro activity of risedronate against Trypanosoma Trypanosoma 
cruzi cruzi intracellular amastigotes intracellular amastigotes 

((GarzoniGarzoni et al. 2004a. IJAA 23, 273)et al. 2004a. IJAA 23, 273)
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Recovery ofRecovery of
T. cruziT. cruzi--infectedinfected
cardiomyocytescardiomyocytes
after treatment after treatment 
with risedronate with risedronate 
((GarzoniGarzoni et al. et al. 
2004a. IJAA 23, 2004a. IJAA 23, 
273273))



Activity of risedronate in a murine model of acute Activity of risedronate in a murine model of acute 
Chagas disease: parasitemia and survival (Chagas disease: parasitemia and survival (GarzoniGarzoni et al. et al. 

2004b. IJAA 23, 286)2004b. IJAA 23, 286)



Activity of risedronate in a murine model of acute Activity of risedronate in a murine model of acute 
Chagas disease: parasitemia and survival (Chagas disease: parasitemia and survival (GarzoniGarzoni et al. et al. 

2004b. IJAA 23, 286)2004b. IJAA 23, 286)



Activity of risedronate in a murine model of acute Activity of risedronate in a murine model of acute 
Chagas disease: heart parasitism (Chagas disease: heart parasitism (GarzoniGarzoni et al. 2004b. et al. 2004b. 

IJAA 23, 286)IJAA 23, 286)
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Activity of pamidronate in a murine model of cutaneousActivity of pamidronate in a murine model of cutaneous
Leishmaniasis caused by Leishmaniasis caused by L. L. amazonensis (Rodriguez et amazonensis (Rodriguez et 

al. 2002. J. Infect. Dis. 186, 138)al. 2002. J. Infect. Dis. 186, 138)



Inhibitors of pyrophosphate signaling for the Inhibitors of pyrophosphate signaling for the 
specific treatment of Chagas disease. 2. Inhibitors specific treatment of Chagas disease. 2. Inhibitors 

of pyrophosphateof pyrophosphate-- modulated hexokinasemodulated hexokinase
T. cruziT. cruzi hexokinase (TcHK) is hexokinase (TcHK) is 
unusual  as it unusual  as it is not regulated by Dis not regulated by D--
glucoseglucose--66--phosphate, but is phosphate, but is 
inhibited noninhibited non--competitively by  PPi competitively by  PPi 
(Caceres et al. 2003. MBP 126, (Caceres et al. 2003. MBP 126, 
251)251)
A novel series of aromatic aminoA novel series of aromatic amino--
methylene bisphosphonates has methylene bisphosphonates has 
been identified, been identified, which are 100which are 100-- to to 
10001000--fold more potent than PPi as fold more potent than PPi as 
inhibitors of TcHK inhibitors of TcHK ((HudokHudok et al. et al. 
2006. JMC 49, 215)2006. JMC 49, 215)
These compounds block glycolysis These compounds block glycolysis 
and growth of both proliferative and growth of both proliferative 
stages of the parasite, stages of the parasite, while not while not 
affecting mammalian cellsaffecting mammalian cells



Aromatic aminoAromatic amino--methylene bisphosphonate methylene bisphosphonate 
hexokinase inhibitors (hexokinase inhibitors (HudokHudok et al. 2006. JMC 49, 215)et al. 2006. JMC 49, 215)



3D3D--QSAR studies of T. cruzi hexokinase inhibitors: QSAR studies of T. cruzi hexokinase inhibitors: 
Catalyst pharmacophore Catalyst pharmacophore 

((HudokHudok et al. 2006. JMC 49, 215)et al. 2006. JMC 49, 215)



3D3D--QSAR studies of QSAR studies of T. cruziT. cruzi hexokinase inhibitors: hexokinase inhibitors: 
Comparative molecular similarity indices analysis Comparative molecular similarity indices analysis 

((CoMSIACoMSIA; ; HudokHudok et al. 2006. JMC 49, 215)et al. 2006. JMC 49, 215)



Effects of aromatic aminoEffects of aromatic amino--ethyl bisphosphonates on ethyl bisphosphonates on T. T. 
cruzicruzi hexokinase, amastigote and mammalian cells hexokinase, amastigote and mammalian cells 

growth (growth (HudokHudok et al. 2006. JMC 49, 215)et al. 2006. JMC 49, 215)



Effects of aromatic aminoEffects of aromatic amino--ethyl bisphosphonates ethyl bisphosphonates 
inhibit inhibit T. cruziT. cruzi hexokinase but not FPPS (hexokinase but not FPPS (HudokHudok et al. et al. 

2006. JMC 49, 215)2006. JMC 49, 215)



Aromatic aminoAromatic amino--ethyl bisphosphonates are nonethyl bisphosphonates are non--
competitive inhibitors of competitive inhibitors of T. cruziT. cruzi hexokinase (hexokinase (SanzSanz--

Rodriguez et al, in press)Rodriguez et al, in press)

Soluble TcHKSoluble TcHK
GlycosomeGlycosome--boundbound

TcHKTcHK



Aromatic aminoAromatic amino--ethyl bisphosphonates are nonethyl bisphosphonates are non--
competitive inhibitors of competitive inhibitors of T. cruziT. cruzi hexokinase (hexokinase (SanzSanz--

Rodriguez et al, in press)Rodriguez et al, in press)



Aromatic aminoAromatic amino--ethyl ethyl 
bisphosphonates bisphosphonates 
block glucose block glucose 
consumption of consumption of 
digitonindigitonin--treated  treated  T. T. 
cruzicruzi epimastigotes epimastigotes 
((SanzSanz--Rodriguez et al, Rodriguez et al, 
in pressin press))



Growth inhibition ofGrowth inhibition of T. cruziT. cruzi epimastigotes by aromatic epimastigotes by aromatic 
aminoamino--ethyl bisphosphonates ethyl bisphosphonates 

((SanzSanz--Rodriguez et al, in press)Rodriguez et al, in press)



Correlation of TcHK and epimastigote growth inhibition Correlation of TcHK and epimastigote growth inhibition 
by aromatic aminoby aromatic amino--ethyl bisphosphonates ethyl bisphosphonates 

((SanzSanz--Rodriguez et al, in press)Rodriguez et al, in press)



ConclusionsConclusions
T.cruzi, T.cruzi, as well as other Kinetoplastida and Apicomplexa as well as other Kinetoplastida and Apicomplexa 
parasites, contains parasites, contains large amounts of inorganic pyrophosphate large amounts of inorganic pyrophosphate 
and other shortand other short--chain polyphosphateschain polyphosphates, which are stored as Ca, which are stored as Ca2+2+

and Mgand Mg2+2+ complexes in special organelles termed complexes in special organelles termed 
acidocalcisomes, but also intervene in many metabolic acidocalcisomes, but also intervene in many metabolic 
processes in these cellsprocesses in these cells
Bisphosphonates, Bisphosphonates, metabolically stable pyrophosphate analogsmetabolically stable pyrophosphate analogs, , 
accumulate in acidocalcisomes and interfere with pyrophosphate accumulate in acidocalcisomes and interfere with pyrophosphate 
metabolism and signalingmetabolism and signaling
NN--alkyl and Nalkyl and N--arylaryl--bisphosphonates, bisphosphonates, inhibitors of FPPS currently inhibitors of FPPS currently 
used in the treatment of bone resorption disordersused in the treatment of bone resorption disorders, are also , are also 
potent antipotent anti--T. cruzi T. cruzi agents, in vitro and in vivo agents, in vitro and in vivo 
A novel group of A novel group of aromatic aminoaromatic amino--methylene bisphosphonates are methylene bisphosphonates are 
potent inhibitors of potent inhibitors of T. cruzi T. cruzi hexokinasehexokinase and selectively block and selectively block 
parasiteparasite’’s glycolysis and proliferations glycolysis and proliferation
The potential use of bisphosphonates as antiparasitic agents The potential use of bisphosphonates as antiparasitic agents 
may require may require new pharmacological formulationsnew pharmacological formulations and its clinical and its clinical 
development is estimated in the medium term (within 10 years)development is estimated in the medium term (within 10 years)
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