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The increasing resistance of malarial parasites to almost all available drugs calls for the identification of
new compounds and the detection of novel targets. Here, we establish the antimalarial activities of risedronate,
one of the most potent bisphosphonates clinically used to treat bone resorption diseases, against blood stages
of Plasmodium falciparum (50% inhibitory concentration [IC,] of 20.3 = 1.0 nM). We also suggest a mech-
anism of action for risedronate against the intraerythrocytic stage of P. falciparum and show that protein
prenylation seems to be modulated directly by this drug. Risedronate inhibits the transfer of the farnesyl
pyrophosphate group to parasite proteins, an effect not observed for the transfer of geranylgeranyl pyrophos-
phate. Our in vivo experiments further demonstrate that risedronate leads to an 88.9% inhibition of the rodent
parasite Plasmodium berghei in mice on the seventh day of treatment; however, risedronate treatment did not

result in a general increase of survival rates.

Malaria is the leading cause of morbidity and mortality in
tropical regions, with 300 to 500 million clinical cases and
around 1 million deaths a year (40). Plasmodium falciparum is
responsible for the most severe form of the disease. Malaria
expansion in some areas has been attributed to the failure of
vector control policies and, mainly, to the increase of parasite
resistance to drugs commonly used for its therapy (33). This
alarming scenario has accelerated research into new antima-
larial drugs, focusing efforts on the study not only of conven-
tional but also of novel targets, such as isoprenoid biosynthesis
(41). Isoprenoids are abundant and diverse compounds widely
distributed in nature, and many of them (e.g., retinoids, carot-
enoids, ubiquinones, dolichols, and prenyl groups bound to
proteins) are essential components of the cellular machinery of
all organisms due to their roles in a plethora of biological
processes (39).

All isoprenoids are derived from a common precursor, iso-
pentenyl pyrophosphate (IPP), and its isomer, dimethylallyl
pyrophosphate (DMAPP). Farnesyl pyrophosphate synthase
(FPPS) catalyzes the consecutive condensation of IPP with
DMAPP and geranyl pyrophosphate (GPP) to produce farne-
syl pyrophosphate (FPP). FPP biosynthesis is considered the
branching point in the isoprenoid synthesis pathway, since it is
the substrate for enzymes that catalyze the first committed step
for the biosynthesis of diverse isoprenoids. FPP can also be con-
densed with an additional molecule of IPP to yield geranylgeranyl
pyrophosphate (GGPP), a reaction catalyzed by geranylgeranyl
pyrophosphate synthase (GGPPS) (17).

FPP and GGPP are substrates for prenyl:protein trans-
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ferases (farnesyl transferase and geranylgeranyl transferase),
catalyzing the posttranslational modification of proteins (6).
Protein prenylation is a general pathway in eukaryotic cells and
has been described for several protozoan parasites (12, 19, 26,
34, 44), including P. falciparum (5). In addition, our group has
characterized farnesylated and geranylgeranylated proteins in
P. falciparum and showed that prenylation can be inhibited by
terpenes (30). The process of protein prenylation is a very
attractive goal for the development of new drugs targeting
malignant cells and protozoan parasites (4, 16).

Bisphosphonates are potent inhibitors of bone resorption
and are in clinical use for the treatment and prevention of
osteoporosis, Paget’s disease, hypercalcemia caused by malig-
nancy, and tumor metastasis in bone (29), and it is promising
as an antibacterial, anticancer, and antiparasitic drug (10, 32,
36). In vitro and in vivo antiparasitic effects of bisphospho-
nates against Leishmania mexicana, Leishmania donovani,
Trypanosoma cruzi, Trypanosoma brucei, Cryptosporidium
parvum, Toxoplasma gondii, and P. falciparum have been
established (10, 15, 24, 27, 31, 38, 42). Recently, it was
demonstrated that “lipophilic” bisphosphonates are effec-
tive against Plasmodium liver stages (35). Specifically, nitro-
gen-containing bisphosphonates (N-BPs) have been developed
to be employed in the treatment of bone diseases, targeting
FPPS. N-BPs prevent the posttranslational prenylation of pro-
teins in J774 macrophages (25) and osteoclasts in vitro by
inhibiting FPPS (8, 13).

In this study, we characterized the in vitro and in vivo anti-
plasmodial activities of risedronate, a commercially available
N-BP. Our results further confirm the inhibition of parasite
protein prenylation as a possible mechanism of action for rise-
dronate, as this drug decreased FPP and GGPP biosynthesis
and inhibited FPP transfer to proteins.

MATERIALS AND METHODS

Reagents. Percoll was purchased from GE Healthcare. [1-(n)->H]geranylgera-
nyl pyrophosphate triammonium salt {[1-(n)-*H]GGPP} (16.5 Ci/mmol), [1-(n)-
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3H]farnesyl pyrophosphate triammonium salt {[1-(n)->H]FPP} (16.5 Ci/mmol),
and [1-'*Clisopentenyl pyrophosphate triammonium salt (['*C]IPP) (55.0 Ci/
mmol) were obtained from GE Healthcare. Life Technologies supplied Albumax
1. Sigma-Aldrich provided isopentenyl pyrophosphate (IPP), farnesyl pyrophos-
phate ammonium salt (FPP), geranylgeranyl pyrophosphate ammonium salt
(GGPP), farnesol (FOH), and geranylgeraniol (GGOH). Risedronate was pur-
chased from Gerbras Quimica Farmacéutica (Brazil).

Plasmodium falciparum culture. P. falciparum clone 3D7 was cultured accord-
ing to a protocol described previously by Trager and Jensen (37), where human
serum was replaced by Albumax I (0.5%) (21). Parasites were grown in a 40-ml
volume in an atmosphere of 5% CO,, 5% O,, and 90% N,. The cultures were
initially synchronized in the ring stage (1 to 20 h after reinvasion) by two
treatments with 5% (wt/vol) p-sorbitol solution in water for subsequent mainte-
nance in culture until the differentiation to the trophozoite (20 to 30 h after
reinvasion) or schizont (30 to 35 h after reinvasion) stage. Parasite development
and multiplication were monitored by the microscopic evaluation of Giemsa-
stained thin smears.

Inhibition tests with risedronate and rescue assays. Risedronate was dissolved
in sterile deionized water, resulting in a 25 mM stock solution. The inhibition
tests were carried out with flat-bottomed microtiter plates using the following
drug concentrations: 3,000, 300, 30, 3, 0.3, 0.03, and 0.003 uM. We employed a
method described previously by Desjardins and coauthors (9), with some mod-
ifications, to determine risedronate 50% inhibitory concentrations (ICsus) for
P. falciparum intraerythrocytic stages after 48 h of treatment. Briefly, synchronic
ring-stage parasite cultures (5% hematocrit and 1% parasitemia) were exposed
to increasing drug concentrations, and the parasitemia and parasite morpholo-
gies were determined with Giemsa-stained smears immediately before the start
and at intervals of 24 to 96 h, instead of [*H]hypoxanthine incorporation. All
tests were performed in triplicates for three independent experiments. The 1Cs,
1Cy, (* standard deviation), and 95% confidence interval (Clysg,) values for
growth inhibition were calculated by using Origin 8.1 software (OriginLab). For
the rescue assays, FPP, GGPP, and IPP were solubilized in RPMI medium (5
mM stock solution), and different concentrations of each compound (100 nM to
1,000 nM) were then added simultaneously to synchronous P. falciparum cultures
in the ring stage previously treated with 20 wM risedronate. Parasitemia was
assessed every 24 h. Statistical analysis was performed by using one-way analysis
of variance (ANOVA) followed by Dunnett’s post hoc test (GraphPad Prism,
CA). A P value of <0.05 was considered statistically significant.

Treatment with risedronate and metabolic labeling. Asynchronous cultures of
P. falciparum were treated with 15 pM risedronate for 36 h and labeled with
[1-*H]GGPP (3.125 wCi/ml) or [1-*H]FPP (3.125 p.Ci/ml) in normal RPMI 1640
medium for the last 12 h in the presence of drug. After labeling, ring, tropho-
zoite, and schizont forms were purified on a 40%-70%-80% discontinuous Per-
coll gradient (3), followed by cell lysis in a solution containing ice-cold 10 mM
Tris-HCI (pH 7.2), 150 mM NaCl, 2% (vol/vol) Triton X-100, 0.2 mM phen-
ylmethylsulfonyl fluoride (PMSF), 5 mM iodoacetamide, 1 mM N-(p-tosyl-
lysine)chloromethyl ketone, and 1 pg/ml leupeptin (TEN-Triton). After in-
cubation for 15 min at 4°C, lysates were centrifuged at 10,000 X g for 30 min.
Supernatants of parasites were stored in liquid N, for subsequent SDS-PAGE
analysis. For the analysis of isoprenoids, synchronic cultures in the ring stage
were treated with 15 uM risedronate for 36 h and metabolically labeled with
[1-4C]IPP for the last 12 h. After labeling, schizont-stage parasites were purified
on a 40%-70%-80% discontinuous Percoll gradient as described above and
freeze-dried prior to lipid extraction as described elsewhere previously (30).
Risedronate at 15 wM was considered the ideal drug concentration to be used in
our metabolic labeling experiments, since approximately 90% of the parasite
population remained viable after 36 h of treatment.

Reverse-phase thin-layer chromatography (RP-TLC). Similar amounts of schiz-
ont-stage pellets of untreated or risedronate-treated parasites labeled with [1-
14C]IPP as described above were extracted with hexane for the subsequent
separation of alcohols on reverse-phase Silica Gel 60 plates (Merck) with ace-
tone-H,O (6:1, vol/vol) (23). Plates were sprayed with En*Hance (DuPont NEN)
and subjected to autoradiography for 45 days at —70°C. The standards were
visualized with iodine vapor, and R, values were determined. Hexane extracts of
uninfected erythrocytes were used as a control group.

Gel electrophoresis. SDS-PAGE was performed with 12.5% gels as described
elsewhere previously (22). The same numbers of drug-treated or untreated
parasites labeled with [1-*H]GGPP or [1->H]FPP were extracted in TEN-Triton
and solubilized in SDS sample buffer (50 mM Tris-HCI [pH 6.8], 100 mM
dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and applied onto
each well for protein extract analyses. All gels were incubated with Amplify
(Amersham), dried, and exposed to Kodak X-Omat film with intensifying screen
sets at —70°C for 30 days.
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Immunoprecipitation assays. Synchronic cultures in the ring stage were
treated with 15 wM risedronate for 24 h and metabolically labeled with [1-
SH]FPP or [1->’H]GGPP for an additional 12 h in the presence of the drug. After
labeling, schizont-stage parasites were purified on a 40%-70%-80% discontinu-
ous Percoll gradient as described above. Pellets of untreated and treated schiz-
ont-stage parasites were resuspended in immunoprecipitation buffer (50 mM
Tris-HCI [pH 8.0], 150 mM NaCl, 1% [vol/vol] Triton X-100, 0.5% [wt/vol]
sodium deoxycholate, 0.1% [wt/vol] SDS, 5 wg/ml protease inhibitor cocktail [0.2
mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 2 mM B-mercaptoeth-
anol, chymostatin {5 mg/ml}, and 1 wg/ml leupeptin, antipain, and pepstatin A])
and then precleared with protein A-Sepharose beads (GE Healthcare) (28).
Schizont forms were then incubated with anti-human Ras or anti-Rap1/Krev-1
monoclonal immunoglobulins (1:20 dilution; Cell Signaling Technology) for 2 h
at 4°C. The antigen-antibody complex was precipitated by using 100 wl of a 10%
protein A-Sepharose slurry. After five washes with phosphate-buffered saline
(PBS), the bound antigen was released in SDS sample buffer and analyzed by
SDS-PAGE and autoradiography (20). Densitometric analyses were performed
by using Image J software (National Institutes of Health).

In vivo assays. Each male BALB/c mouse (3 to 4 weeks old) (n = 10 to 15 per
group) was injected intraperitoneally (i.p.) with 10° blood-stage Plasmodium
berghei strain ANKA parasites. Our laboratory previously established this para-
site burden as the 50% lethal dose 14 days after inoculation. Risedronate treat-
ment with different concentrations was initiated in 2 h after infection on day 0
and continued for 7 days. The drug was diluted in PBS and administered i.p. at
10, 15, 20, and 25 mg/kg of body weight/day. Parasitemia levels were monitored
microscopically by examining Giemsa-stained thin blood smears on days 4, 7, 11,
14, and 17 postinfection. Throughout this period, the spontaneous death of each
animal was computed. The percentage of parasitemia inhibition was calculated
as follows: 100 — [(mean parasitemia for the treated group/mean parasitemia for
the control group) X 100] (14). For comparisons of average parasitemias at
different time points, analysis of variance was performed with a post hoc Mann-
Whitney test for comparisons of the means (Origin 8.1 software; OriginLab). All
in vivo assays were approved by the Ethics Committee for Animal Experimen-
tation of the Instituto de Ciéncias Biomédicas, University of Sdo Paulo.

RESULTS

Inhibition of P. falciparum development after treatment with
risedronate. To test the inhibitory effect of risedronate on P.
falciparum growth, parasites were cultured in the absence or
presence of increasing concentrations of the drug. The growth
of parasites was inhibited in a dose-dependent manner with an
1G5y 0f 20.3 = 1.0 pM (Clyse,, 19.17 to 21.43; 1C,,, 38.6 = 0.9
wM). The inhibitory effect of risedronate was reverted by the
simultaneous addition of FPP or GGPP at 1 pM during 48 h of
treatment (88.3% =+ 9.1% and 83.5% = 9.8% of growth, re-
spectively). When IPP, an upstream precursor of FPP, was
incubated under the same experimental conditions, the in-
hibitory effect of risedronate was not reversed, validating
the hypothesis that FPPS is a potential target of risedronate
(Fig. 1).

Effect of risedronate on the biosynthesis of P. falciparum
isoprenoids. To determine the effect of risedronate on iso-
prenoid biosynthesis, parasites were metabolically labeled with
[1-'*CJIPP, and lipid extracts of schizont-stage parasites for
untreated and treated parasites (15 wM risedronate for 36 h)
were analyzed by RP-TLC (Fig. 2). [1-**C]IPP incorporation
into isoprenoids was inhibited in risedronate-treated schizont-
stage parasites, as the intensities of bands with R, values cor-
responding to farnesol (FOH) and geranylgeraniol (GGOH)
standards were decreased. The intensities of bands with R,
values equivalent to prenol of 8 and 9 isoprenic chains were
also reduced.

Risedronate interferes with Plasmodium protein isoprenyla-
tion. Given that FOH and GGOH biosyntheses were clearly
inhibited after risedronate treatment, one could speculate that
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FIG. 1. Effect of a 48-h risedronate treatment on the growth of
P. falciparum. Parasite growth inhibition by risedronate (55.2% =
7.1%) was partially reversed by the addition of FPP (88.3% = 9.1%) or
GGPP (83.5% = 9.8%) to a final concentration of 1,000 nM in parasite
cultures. The addition of IPP did not reverse the inhibition. Parasite
growth percentages when FPP, GGPP, or IPP was added alone in
parasite culture were not statistically different from those of the par-
asite control. One-way analysis of variance with Dunnett’s multiple-
comparison test was used to determine statistical differences (*) be-
tween FPP plus risedronate versus risedronate (P < 0.05) and between
GGPP plus risedronate versus risedronate (P < 0.01). Results are
expressed as the means of parasite growth (percent) *+ standard devi-
ations from three independent experiments.
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one of the effects of risedronate is probably related to its
interference with the protein isoprenylation process. To test
this hypothesis, we labeled parasites with [1-*’H]FPP or [1-
SH]GGPP in order to analyze protein extracts by SDS-PAGE.
When ring- and schizont-stage parasites were treated with 15
uM risedronate and then labeled with [1-*’H]FPP, we observed
significant differences in the incorporation of this precursor
into proteins. The intensities of bands presenting molecular
masses of around 51, 41, 27 to 29, and 7 kDa decreased.
Interestingly, trophozoite-stage parasites presented almost all
the farnesylated proteins inhibited (except for the 7-kDa
band) after incubation with risedronate (Fig. 3A). In con-
trast, when parasites were treated with the drug and labeled
with [1-*’H]GGPP, bands with an apparent molecular mass
of 27 to 29 kDa showed an increase of intensity for all stages
evaluated (Fig. 3B). Noninfected red blood cells showed no
incorporation of radioactivity under these conditions (data not
shown). In order to evaluate whether risedronate specifically
alters p21"** and p21™” in P. falciparum protein lysates, un-
treated and risedronate-treated schizont forms previously la-
beled with [1-°H]FPP or [1-°H]GGPP were immunoprecipi-
tated with anti-p21™® or anti-p21™” antibodies, respectively.
Compared to the control group, Ras-like protein levels in
schizont-stage parasites were reduced approximately 2-fold af-
ter treatment with risedronate. On the other hand, an increase
of 3.8-fold versus the control group was detected for a band of
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FIG. 2. RP-TLC analysis of hexane extract schizont-stage P. falcip-
arum parasites. Parasites were untreated and treated for 36 h with 15
M risedronate and then metabolically labeled for the last 12 h with
[1-'*CJIPP. The solvent system was acetone-H,O (6:1, vol/vol). Abbre-
viations: C, control; T, risedronate-treated parasites; FOH, farnesol;
GGOH, geranylgeraniol.

21 kDa corresponding to Rap-like proteins in treated par-
asites (Fig. 3C). Taken together, these results reinforce that
risedronate modulates the incorporation of [1-*H]FPP and
[1-°H]GGPP into parasite proteins in an opposite manner.

In vivo effect of risedronate. After determining the antiplas-
modial effect of risedronate in vitro, we verified its efficacy in
BALB/c mice infected with P. berghei strain ANKA. The ad-
ministration of 20 and 25 mg/kg risedronate for 4 days led to
decreases of parasitemia of 68.9% and 83.6%, respectively. On
the seventh day of treatment the inhibitions were 63% and
88.9% with 20 and 25 mg/kg, respectively (Fig. 4A). After
recovering the parasitemia, a dose-response curve was ob-
tained for estimating the IDs, (dose causing 50% inhibition),
equivalent to 17 = 1.8 mg/kg after 7 days of treatment. Four
days after the interruption of treatment (11 days postinfec-
tion), the parasitemias of the groups treated with 10, 15, 20,
and 25 mg/kg/day were 15.3%, 15.9%, 15.2%, and 5.7%, re-
spectively. Conversely, the group that received PBS presented
parasitemia of 25.6%. Among the groups treated with risedro-
nate, only the animals that received 25 mg/kg had a significant
inhibition of 77.8% (see Table S1 in the supplemental mate-
rial), demonstrating that even after treatment discontinuation,
the parasitemia of the animals remained low in relation to that
of the controls; however, parasite recrudescence was observed
for all treated groups. By Kaplan-Meier survival analysis there
was no difference between risedronate-treated mice and PBS-
treated groups (Fig. 4B).
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FIG. 3. Invitro treatment of P. falciparum cultures with risedronate
and metabolic labeling with [1-*H]JGGPP or [I-°H]FPP. (A and B)
Parasites were untreated or treated for 36 h with 15 pM risedronate
and labeled for the last 12 h with [1-*H]FPP (A) or [1-*H]GGPP (B).
(C) Immunoprecipitation using anti-p21™* or anti-p21"” antibody with
schizont-stage parasites metabolically labeled with [1-*H]FPP or [1-
“H]|GGPP, respectively. The parasites were harvested and purified by
Percoll gradients, lysed, and analyzed by SDS-PAGE and fluorogra-
phy. The parasite stage analyzed is indicated at the bottom of each
panel (ring, trophozoite, and schizont forms). Molecular mass stan-
dards are indicated on the left (kDa). C, control; T, risedronate-
treated parasites. This is a representative experiment of three inde-
pendent assays.

DISCUSSION

In this report we confirmed that risedronate, a nitrogen-
containing bisphosphonate (N-BP), has a potent activity
against the blood stages of P. falciparum in vitro and P. berghei
in vivo. The ICs, established for parasite growth is in the range
obtained for the same isolate (3D7) in previous studies (27,
35). We also showed that the inhibitory effect induced by
risedronate can be partially reversed by the simultaneous ad-
dition of FPP or GGPP during P. falciparum culture treatment
(Fig. 1). The restoration observed after the addition of GGPP
is plausible, since Couto et al. (7) previously demonstrated that
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FIG. 4. Effect of risedronate on mice infected with P. berghei eryth-
rocytic-stage parasites. Mice were infected by the intraperitoneal in-
jection of 1 X 10° Plasmodium berghei ANKA-parasitized murine
erythrocytes and treated with PBS or different doses of risedronate i.p.
for 7 days. (A) Parasitemia was monitored on days 4, 7, 11, 14, and 17
after infection. Each time point represents the means * standard
errors, and asterisks indicate significant differences between PBS- and
risedronate-treated groups. A Mann-Whitney test was used to evaluate
statistic differences between groups, and a P value of <0.05 were
considered statistically significant (n = 10 per group). (B) Mortality
was checked daily, and survival curves were plotted according to Ka-
plan-Meier analysis using GraphPad Prism 5 (GraphPad Software,
CA). Differences between groups were evaluated by a log-rank test,
but there were no significant differences between groups (P > 0.07;
n = 15 per group).

P. falciparum is able to convert GGPP into FPP. In contrast,
when we added IPP to the cultures, the parasites could not
recover, suggesting that the inhibition of FPPS is a potential
target for risedronate, which could also act by inhibiting
GGPPS. Luckman et al. (25) verified the same event of
restoration after coincubating J774 macrophages with alendro-
nate and FPP or GGPP, observing a partial prevention of
apoptotic events.

Our results regarding the effect of risedronate on isoprenoid
biosynthesis (Fig. 2) suggest the inhibition of FPPS. The RP-
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TLC profile for treated parasites shows that bands with R,
values equivalent to FOH and GGOH are decreased com-
pared to the signal from untreated parasites, leading us to
speculate that risedronate inhibits enzymes involved in FPP
and/or GGPP synthesis. It is known that the major target of
N-BPs, as risedronate, is FPPS (11); therefore, we assume
the possible role of risedronate as a potent inhibitor of the
isoprenoid pathway in P. falciparum by inhibiting FPPS and,
consequently, blocking protein farnesylation and gera-
nylgeranylation. In J774 macrophages, the drug inhibited
protein prenylation, including Ras protein prenylation (25).

These results are supported by the fact that several phos-
phonate and bisphosphonate analogues of FPP have been
demonstrated to inhibit farnesyltransferase (18). Since risedro-
nate inhibits FPP and GGPP biosynthesis, it is expected, in the
case of treated and [1->H]FPP- and [1-°’H]GGPP-labeled par-
asites, to exhibit an increase of intensity in the bands corre-
sponding to isoprenylated proteins. However, the profile of
farnesylated proteins was decreased in intensity compared to
the control group. This result could be explained by the inhi-
bition of FPP transfer to proteins. On the other hand, the
profile of geranylgeranylated proteins was increased in inten-
sity, probably because the transfer of GGPP to proteins was
not altered by risedronate. Moreover, this result shows either
that risedronate inhibits P. falciparum GGPPS or that GGPP is
inhibited as a result of the FPP suppression. Singh et al. (35)
showed recently that lipophilic bisphosphonates have activity
against a recombinant GGPPS from Plasmodium vivax. Re-
cently, Artz et al. (1) showed that risedronate inhibits recom-
binant GGPPS from P. vivax using enzymatic activity assays
and crystallography approaches. In 7. gondii, N-BP was shown
to inhibit the bifunctional enzyme FPPS/GGPPS (23). Consid-
ering that the Ras and Rab proteins are farnesylated and
geranylgeranylated, respectively, the inhibition of Ras and in-
crease of Rab after risedronate incubation (Fig. 3C) confirm
our hypothesis that in P. falciparum, risedronate inhibits FPPS
and the transfer of the FPP group to proteins.

Risedronate is indicated for the treatment and prevention of
various bone diseases, such as osteoporosis in postmenopausal
women, glucocorticoid-induced osteoporosis, and severe dis-
eases like Paget’s disease of bone (PDB). This is a chronic
disorder for which treatment with oral risedronate at a dose of
17.5 mg once daily for 8 weeks significantly decreases ab-
normal markers associated with PDB (43). Risedronate and
other bisphosphonates possess antiprotozoal activity, specif-
ically against Chagas’ disease (2) and malaria. Recently, Singh
et al. (35) studied the effect of lipophilic bisphosphonates
(BPH-715) blocking the prenylation of proteins, resulting in a
potent activity against P. berghei liver stages in vivo. Mice
treated with BPH-715 showed complete protection, without
the appearance of erythrocytic-stage parasites after 28 days of
observation. However, this lipophilic bisphosphonate had only
a mild inhibitory effect on erythrocytic stages of the parasite.
Unlike the findings of Singh et al. (35), the bisphosphonate
used in our experiments was effective in intraerythrocytic
stages, where mice infected with P. berghei and treated with
risedronate at 25 mg/kg/day for 7 days presented an 88.9%
inhibition of parasitemia. It is noteworthy that in our in vivo
studies, we determined the IDs, (dose causing 50% inhibition)
of risedronate sodium, which was 17 mg/kg/day for 7 days.
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Even with the efficacy of risedronate in reducing parasitemia in
erythrocytic stages, the survival of mice was not prolonged,
suggesting that during treatment there was an inhibition of the
development of Plasmodium berghei intraerythrocytic forms
but no cure of infected animals. In a previous experiment, the
animals that received risedronate over 7 days died unexpect-
edly on the ninth day postinfection, suggesting a possible toxic
effect of the drug when associated with P. berghei infection.
Curiously, when noninfected mice were treated for longer pe-
riods (14 days), risedronate did not show toxicity, since it was
not lethal to the animals. Probably, the progressive asthenia
caused by infection made the animals more susceptible and
was a determining factor for the lethality despite the anti-
plasmodial activity of risedronate. For that reason, we de-
cided to treat the infected mice for only 7 days and monitor
them regarding their parasitemia and survival rates on the
following days, thereby preventing the toxic effects of rise-
dronate through extended periods of treatment. Our studies
demonstrate that treatment with sodium risedronate exhib-
its significant in vivo antiplasmodial activity but also indicate
a requirement for more investigation into the efficacy and
safety of risedronate as therapy against malaria. Also, other
ways of administration and other bisphosphonate-derived
drugs should be evaluated.

In conclusion, our studies showed that risedronate interferes
with farnesylated and geranylgernanylated proteins in P. fal-
ciparum as a consequence of the inhibition of the biosynthesis
of FPP and GGPP. We also demonstrated that risedronate
inhibits the transfer of FPP to parasite proteins. Additional
experiments are required to assess the specificity of risedronate
in the inhibition of protein farnesyltransferase in P. falciparum.
These results suggest that the antiplasmodial activities of N-
BPs may be exploited as potential antimalarial candidates.
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