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The in vitro activities of 25 quinolones and fluoroquinolones against erythrocytic stages of Plasmodium
falciparum and against liver stages of Plasmodium yoelii yoelii and P. falciparum were studied. All compounds
were inhibitory for chloroquine-sensitive and chloroquine-resistant P. falciparum grown in red blood cells. This
inhibitory effect increased with prolonged incubation and according to the logarithm of the drug concentration.
Grepafloxacin, trovafloxacin, and ciprofloxacin were the most effective drugs, with 50% inhibitory concentra-
tions of <10 pg/ml against both strains. Only grepafloxacin, piromidic acid, and trovafloxacin had an
inhibitory effect against hepatic stages of P. falciparum and P. yoelii yoelii; this effect combined reductions of the
numbers and the sizes of schizonts in treated cultures. Thus, quinolones have a potential for treatment or
prevention of malaria through their unique antiparasitic effect against erythrocytic and hepatic stages of

Plasmodium.

The spread of multidrug-resistant Plasmodium falciparum
has highlighted the urgent need to develop new antimalarial
drugs (14). Quinolones and fluoroquinolones have already
been proposed for treatment of malaria, as these drugs were
proven to have in vitro antimalarial activity against chloro-
quine-sensitive and chloroquine-resistant P. falciparum (5, 8,
13, 20, 23). However, all these studies were restricted to the
erythrocytic stages of P. falciparum and so far there is no
information concerning the potential effects of the drugs
against the hepatic development of the parasite.

In this study we assessed the in vitro inhibitory effects of 25
quinolones and fluoroquinolones against blood stages of P.
falciparum and hepatic stages of Plasmodium yoelii yoelii and P.
falciparum.

The 25 quinolones studied were cinoxacin, enoxacin, flume-
quine, nalidixic acid, norfloxacin, oxolinic acid, pipemidic acid,
piromidic acid, sparfloxacin, temafloxacin, trovafloxacin (Sig-
ma Aldrich, Paris, France), ciprofloxacin, moxifloxacin (Bayer
Pharma), marbofloxacin (Vetoquinol), irloxacin (Laboratoire
Dr. Esteve), grepafloxacin (Glaxo-Wellcome), gatifloxacin
(Griinental), levofloxacin, ofloxacin, pefloxacin (Aventis), ru-
floxacin (Mediolanum Farmaceutic), lomefloxacin (Monsanto
Searle), clinafloxacin (Parke-Davis), fleroxacin (Roche), and
rosafloxacin (Sanofi Synthelabo). From a stock solution at a
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concentration of 1 mg/ml, serial dilutions were prepared in
culture medium for in vitro tests against blood and hepatic
stages of Plasmodium.

In vitro drug susceptibility assays of blood stages of P.
Jalciparum. Cultures of the 3D7 chloroquine-sensitive clone
and NF54-R chloroquine-resistant strain derived from the
NF54 strain were maintained in continuous culture according
to a modified version of the method of Trager and Jensen (19).

The in vitro activities of the drugs were evaluated by using
the method of Desjardins et al. (4) with modifications. In brief,
200 wl of ring stage parasitized erythrocytes (parasitemia,
0.5%; hematocrit, 1.8%) was distributed in 96-well plates pre-
loaded with nine concentrations (0.025 to 166 pg/ml) of each
drug in triplicate and with serial dilutions of chloroquine in
positive-control wells. After 72 h, [?H]hypoxanthine was added
to each well and then plates were incubated for an additional
24 h. Parasites were harvested, and incorporation of radioac-
tivity was determined by liquid scintillation counting. Experi-
ments were repeated twice.

In vitro drug susceptibility assays of hepatic stages of P.
yoelii yoelii and P. falciparum. The in vitro activities of the 25
quinolones against hepatic stages of P. yoelii yoelii were stud-
ied, and only drugs with an activity against P. yoelii yoelii were
examined for activity against P. falciparum. Mouse or human
hepatocyte cultures were prepared in Lab-Tek slides (Nalge
Nunc International, Naperville, I11.) as previously described (1,
10, 15) and then incubated for 24 h before sporozoite inocu-
lation. Sporozoites were obtained by dissection of the salivary
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TABLE 1. Antimalarial activities (ICs) of quinolones and
fluoroquinolones against chloroquine-sensitive (3D7) and
chloroquine-resistant (NF54-R) strains of P. falciparum in vitro

ICsp (ng/ml)*

Drug

3D7 NF54-R
Chloroquine 0.011 = 0.002 0.24 = 0.194
Grepafloxacin 45+ 1.7 31+1.8
Ciprofloxacin 92+29 34+15
Trovafloxacin 9.6 2.2 9.2 =48
Clinafloxacin 13.7 = 1.8 33+ 1.1
Norfloxacin 172 =59 6.7 = 6.1
Marbofloxacin 30.8 £ 11.3 21.6 £ 6.6
Fleroxacin 346 25 129+23
Gatifloxacin 348 9.3 109 £ 0.3
Temafloxacin 349 +1.2 19.1 =72
Flumequine 383 0.7 141+ 14
Enoxacin 388 0.3 1.4+03
Pipemidic acid 409 = 2.0 10.5 £ 3.6
Piromidic acid 414 +04 144+ 14
Moxifloxacin 448 = 1.7 18.0 £ 7.1
Irloxacin 494 +11.9 10.5 = 0.7
Rufloxacin 81.9 £ 6.9 30.1 = 18.3
Pefloxacin 83.7 £ 8.8 6.5+2.1
Rosoxacin 87.9 £ 14.9 10.6 =23
Lomefloxacin 107.9 = 10.1 29.7 £ 17.1
Levofloxacin 111.6 = 21.5 40.3 £ 159
Ofloxacin 113.1 = 26.5 58.6 =339
Nalidixic acid 116.6 = 7.7 59.1 =24.8
Cinoxacin 118.2 = 18.1 28.5 £ 6.4
Oxolinic acid 129.7 =179 422 +1.3
Sparfloxacin 1429 = 34.1 739 = 1.6

“Means * standard deviations from two separate experiments (each one
performed in triplicate for each concentration).

glands of Anopheles stephensi mosquitoes infected with P. yoelii
yoelii (265 BY) or P. falciparum (NF54). Dilutions of drugs
were made in culture medium (1 to 100 pg/ml), and 8 X 10*
sporozoites of P. yoelii yoelii or 2 X 10° sporozoites of P.
falciparum were added to hepatocyte cultures. Each drug was
tested in four replicates. The culture medium containing the
drug was renewed every 24 h, thus maintaining a correct con-
centration. Cultures were incubated for 48 h for P. yoelii yoelii
and for 72 to 120 h for P. falciparum and then fixed with cold
methanol. Schizonts were evaluated using an immunofluores-
cence test with an anti-HSP-70 antibody, as previously de-
scribed (1, 15). Both the numbers and sizes of schizonts in the
cultures were taken into account to assess drug activity. Ex-
periments were repeated twice.

Statistical analysis. For the erythrocytic stage, a linear re-
gression model was used to summarize the concentration-ef-
fect relationship and to determine the 50% inhibitory concen-
trations (ICs,) (3). For the hepatic stage, the ICs, of each
compound was determined from the mean values of schizont
counts calculated from four replicate cultures.

In vitro activities of quinolones and fluoroquinolones with
blood stages of P. falciparum. All the quinolones and fluoro-
quinolones tested were inhibitory against the chloroquine-sen-
sitive clone (3D7) and chloroquine-resistant strain (NF54-R)
of P. falciparum. A progressive inhibitory effect was observed
as judged according to the log,, of the concentration and the
duration of incubation with the drug. A marked chloroquine
inhibitory effect was noted as early as 48 h and did not signif-
icantly vary with time, whereas the quinolone effect progres-
sively increased at 72 and 96 h (data not shown). Table 1 gives
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the ICs, values of the different drugs from two separate exper-
iments. For 3D7, ICs, values ranged between 4.5 and 142.9
pg/ml. Three quinolones presented an I1Cs, of <10 wg/ml; the
most active quinolone was grepafloxacin. ICs were spread over
a narrower range of concentrations for NF54-R than for the
3D7 clone. The molecules that were found to be most active
against the 3D7 clone were also found to be among the most
active against this strain. However, we found that enoxacin,
rosafloxacin, and pefloxacin were more active against this
strain than against the 3D7 clone.

In vitro activities of quinolones and fluoroquinolones with
hepatic stages of P. yoelii yoelii and P. falciparum. On the basis
of schizont counts, 12 out of 25 quinolones were found to be
inactive with P. yoelii yoelii. ICs, values were able to be esti-
mated (Table 2) for 12 drugs, whereas they could not be
determined for rosoxacin, which was toxic on hepatocyte cul-
tures. Grepafloxacin, piromidic acid, norfloxacin, trovafloxa-
cin, and cinoxacin were the five most effective compounds, with
ICs values ranging from 4.4 pg/ml for grepafloxacin to 36.3
pg/ml for cinoxacin. For grepafloxacin, trovafloxacin, and pi-
romidic acid, this inhibitory effect was associated with marked
alteration of schizont morphology (see, e.g., the trovafloxacin
results shown in Fig. 1). Treated parasites were significantly
smaller than untreated control parasites when examined by
immunofluorescence assay (Table 3); staining with DAPI
(4',6'diamidino-2-phenylindole) showed that treated schizonts
contained much less nuclear material than controls (Fig. 1).
After these results of P. yoelii yoelii experiments were collected,
grepafloxacin, trovafloxacin, and piromidic acid were tested
with P. falciparum. The same profile of activity was found. The

TABLE 2. Antimalarial activities of quinolones and
fluoroquinolones against hepatic stages of P. yoelii yoelii at 48 h

Drug ICs (pg/ml)* Effect on schizont size
Grepafloxacin 44+02 Yes
Norfloxacin 17.8 = 2.6 No
Piromidic acid 21.6 £7.2 Yes
Trovafloxacin 30.8 £ 19.9 Yes
Cinoxacin 36.3 = 19.8 No
Ciprofloxacin 44.0+9.3 No
Rufloxacin 478 = 8.0 No
Sparfloxacin 53.0x42 No
Ofloxacin 64.0=*=1.2 No
Temafloxacin 72.2 £ 13.6 No
Pefloxacin 86.3 =3.2 No
Clinafloxacin 90.2 £ 9.5 No
Moxifloxacin >100 No
Gatifloxacin >100 No
Flumequin >100 No
Enoxacin >100 No
Levofloxacin >100 No
Lomefloxacin >100 No
Fleroxacin >100 No
Marbofloxacin >100 No
Nalidixic acid >100 No
Pipemidic acid >100 No
Oxolinic acid >100 No
Irloxacin >100 No
Rosoxacin ND? ND

“ ICs, values were calculated from the average number of schizonts in four
replicate wells for 9 concentrations of each drug in comparison to that of
controls.

®ND, not determined because of cytotoxicity of rosoxacin on hepatocyte
monolayers.
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FIG. 1. Hepatic schizonts of P. yoelii yoelii (arrowheads) at 48 h after infection of mouse hepatocyte cultures treated with trovafloxacin (25 p/ml)
(C and D) or left untreated (A and B) and stained with anti-HSP70 antibodies (A and C) and DAPI (B and D). Bars, 10 pwm.

1Cs, values were estimated at 5.0 = 0.2 wg/ml for grepafloxa-

cin, 21.6 = 2.6 pg/ml for trovafloxacin, and 21.6 = 7.2 pg/ml
for piromidic acid. We observed a significant reduction of the
schizont sizes in treated cultures compared to those of controls
(Table 3), with a marked alteration of parasitic morphology

(data not shown).

Our results show that all of the quinolones and fluoroquino-
lones tested have an antimalarial activity on the blood stages of
a chloroquine-sensitive clone (3D7) and a chloroquine-resis-
tant strain (NF54-R) of P. falciparum. The inhibitory effect
increases according to the logarithm of the concentration in

the culture. Our results are in good agreement with previously

TABLE 3. Mean diameters of P. yoelii yoelii and P. falciparum schizonts in treated and untreated cultures

Compound Mean diam (pm)= SD of schizonts P value vs Mean diam (um) = SD of schizonts P value vs
(ng/ml) in cultures for P. yoelii yoelii © control” in cultures for P. falciparum® control”

Control 257 +178 9.0 = 3.1917.7 £ 9.1
Grepafloxacin

3.125 124 £3.6 <0.0001 4.1+ 1.3° <0.0001

6.25 83 £ 8.0 <0.0001 3.6 £0.1¢ <0.0001
Trovafloxacin

12.5 129 £52 <0.0001 3.7=*0.7 <0.0001

25 9.7 +£5.0 <0.0001 3.9+ 1.0¢ <0.0001
Piromidic acid

25 9.4 =338 <0.0001 144 +35° 0.09

50 4314 <0.0001 63 = 1.6° <0.0001

@ Assessment of in vitro activity at 72 h.
b Activity evaluated at 120 h.

¢ Measurements of 25 schizonts were performed using an immunofluorescence test with an anti-HSPi72 antibody (magnification, X250).

@ Student ¢ test; significant for P < 0.05.
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published data for trovafloxacin, ciprofloxacin, pefloxacin, and
temafloxacin tested against sensitive and resistant strains of P.
falciparum (5, 8, 20, 23). In our study, ciprofloxacin, trovafloxa-
cin, and grepafloxacin were among the most active drugs
against both the chloroquine-sensitive clone and the chloro-
quine-resistant strain of P. falciparum.

One remarkable characteristic of the effect of quinolones or
fluoroquinolones on Plasmodium growth was a progressive in-
hibitory effect corresponding to the duration of the incubation
with the drug. This has already been observed by other groups
for ciprofloxacin, norfloxacin, and ofloxacin (13, 23) and for
other protozoa such as Toxoplasma gondii (7, 9). The reasons
for this delayed effect are still unknown. By analogy with what
has been observed with T. gondii, one can be curious about the
activity of the drug with the apicoplast of Plasmodium (6, 17),
affecting the parasitic viability at the second or even the third
generation. The fact that the reproductive cycle of P. falcipa-
rum is about 48 h and that we saw a meaningful effect at 96 h
tends to support this hypothesis.

For the first time, we showed that seven quinolones and
fluoroquinolones have a significant inhibitory effect on the
hepatic stage of P. yoelii yoelii and P. falciparum. Grepafloxacin
was clearly the most active drug. For grepafloxacin, piromidic
acid, and trovafloxacin, this inhibitory effect combined a sig-
nificant reduction of the number and size of schizonts in
treated cultures compared to untreated controls and marked
morphological alterations of the parasite. For the most active
quinolones, concentrations that were found to be inhibitory for
erythrocytic and hepatic stages of P. falciparum were in the
range of those that can be obtained in human serum and liver
(2, 12). This favors a possible clinical application of the quin-
olones for treatment or prophylaxis of human malaria. Previ-
ous studies already showed that treatment of acute P. falcipa-
rum malaria with norfloxacin or ciprofloxacin was efficient but
was inferior to that with chloroquine (11, 16, 21, 22). This
lower activity can be explained by the in vitro inhibitory effect
of quinolone, which is largely dose dependent and delayed in
time. This indicates that higher doses (or loading doses) are
probably necessary to obtain a good clinical efficacy. Penetra-
tion of quinolones in red blood cells may represent a limiting
factor for treatment efficacy. One study performed using cip-
rofloxacin for three patients treated for malaria showed that
this drug readily diffuses across the erythrocytic membrane,
with a mean erythrocyte-to-plasma drug concentration ratio of
1.5 (18). Obviously, further studies are required to confirm this
finding on a large number of patients and for other quinolones
and fluoroquinolones.

The demonstrated activity of quinolones on the hepatic
stage of Plasmodium could be of particular interest for pro-
phylaxis. Quinolones diffuse well into liver tissues (2), and liver
concentration can reach levels that can markedly inhibit P.
falciparum growth in vitro. Given this activity against hepatic
schizonts, we suggest that these drugs could be used to block
the development of the parasite before the blood stage and
prevent erythrocytic invasion. Although this needs to be as-
sessed in experimental models of in vivo infection, we consider
that quinolones have a potential for treatment or prevention of
malaria through their unique antiparasitic effect against chlo-
roquine-sensitive and chloroquine-resistant strains.
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