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In the course of our screening program to discover antimalarial antibiotics, which are
active against drug resistant Plasmodium falciparum in vitro and rodents infected with P
berghei in vivo, from the culture broth of microorganisms, we found a selective and potent
active substance produced by an actinomycete strain K99-0413. It was identified as a known
polyether antibiotic, X-206. We also compared the in vitro antimalarial activities and
cytotoxicities of 12 known polyethers with X-206. Among them, X-206 showed the most
selective and potent inhibitory effect against both drug resistant and sensitive strains of P
falciparum. Comparison of biological activities and ion-affinities of the above antibiotics
suggests that monovalent cations play an important biological role for the intracellular growth
of P falciparum in parasitized erythrocytes. Moreover, X-206 showed potent in vivo
antimalarial activity on the rodent model, though the therapeutic window was narrow compared
with its selective toxicity in vitro. These observations are the first report of antimalarial activity
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of X-206.

Malaria has had a resurgence in many tropical areas.
This disease now occurs in more than 90 countries
worldwide, and it is estimated there are over 500 million
clinical cases and 2.7 million malaria-caused deaths per
year!. Furthermore, the spread of Plasmodium falciparum
strains resistant to antimalarials such as chloroquine
indicates that new antimalarials having novel structures and
mechanisms of action are needed for chemotherapeutic
control of this disease. In the course of our screening
program to discover antimalarial antibiotics, which are
active against drug resistant parasites in vitro and in vivo
from soil microorganisms, an actinomycete strain K99-
0413 was found to produce a known polyether antibiotic,
X-206 (Fig. 1)?. 4~5 years ago, GUMILA et al. reported that
22 ionophore compounds including 17 polyether antibiotics
showed in vitro antimalarial activities against drug sensitive
strain of P falciparum and 7 polyether antibiotics among
them showed in vivo antimalarial activities*®.

Here, we describe the results of the sensitivity tests of the
K1 and FCR3 strains against known antimalarial drugs
under our in vitro assay condition, the antimalarial activities
and cytotoxicities of 13 polyether antibiotics including X-

206 in vitro, and the evaluation of X-206 on the rodent

malaria model in vivo.

Material and Method

Chemicals

X-206 was purified in our Institute from the culture broth
of an actinomycete strain K99-0413 as shown below.
Culture mycelium of strain K99-0413 was extracted with
acetone and concentrated in vacuo to remove acetone. The
resulting aqueous solution was further extracted with n-
hexane. The broth filtrate extracted with n-hexane was
combined with the mycelial extract and concentrated. The
combined extract was chromatographed on a silica gel
column, and X-206 was eluted with CHCI;- MeOH
(100:1). Octacyclomycin was purified from the culture
broth of a Streptomyces sp. No. 82-85%. Artemether and
artesunate were generous gifts of WHO/TDR. Dianemycin
and lysocellin were obtained from the antibiotic library of
Research Center for Biological Function of our Institute.
RPMI-1640 (with glutamine) and MEM media were
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Fig. 1. Structures of X-206 and octacyclomycin.

Octacyclomycin

obtained from Life Technologies (Gland Island, N. Y.
USA). Fetal Calf Serum (FCS) was obtained from Hyclone
Laboratories Inc. (Logan, Utah USA). Malstat reagent was
obtained from Flow Inc. (Portland, OR. USA). MTT
reagent was obtained from Research Organics Inc.
(Cleveland, OH. USA). Other chemicals were commercially
available and analytical grades.

In Vitro Anti-malarial Assay against P falciparum

Type A” human plasma and erythrocytes were obtained
from healthy volunteers in the Research Center for Clinical
Pharmacology of our Institute. P falciparum strains X1
(drug resistant) and FCR3 (drug sensitive) were generous
gifts of Prof. K. Kita (The University of Tokyo). The
parasites were grown based on a method described by
TRAGER and JENSEN®. P, falciparum strains were cultured in
the human erythrocytes in RPMI medium (RPMI-1640
- with 25 mm HEPES buffer, 24 mm NaHCO,, 0.2% glucose,
0.05% L-glutamine, 50 gg/ml hypoxanthine, and 25 ug/ml
gentamicin) supplemented with 10% human plasma at
37°C, under 93% N,, 4% CO,, and 3% O,. Anti-malarial
activity of the test compound have been achieved by dose
response curve using the parasite lactate dehydrogenase
(pLDH) assay according to the method of MAKLER et al”.
One hundred ninety ul of asynchronous parasites (2.0%
hematocrit and 0.5 or 1% parasitaemia) was seeded in a 96-

well microplate, and 10 ul of a test compound solution
(dissolved in 25% ethanol or 5% dimethylsulfoxide:
DMSO) was added. After incubation at 37°C for 72 hours
under 93% N,, 4% CO,, and 3% O,, the plate was
immediately frozen at —20°C for 18 hours. The plate was
then thawed at 37°C, and 20 yl of the haemolyzed parasite
suspension was transferred to another plate containing
100 ul of Malstat reagent. The plate was further incubated
for 15 minutes at room temperature, and 20 ul of a 1:1
mixture of nitroblue tetrazolium and phenazine ethosulfate
(2mg and 0.1 mg/m] respectively) was added to each well.
Afier incubation for 2 hours at room temperature in the
dark condition, the blue formazan product was measured at
655nm by an iEMS microplate reader MF (Labosystems,
Helsinki, Finland). The 50% inhibitory concentration (ICs)
value was estimated from a dose response curve.

Cytotoxicity Tests on MRC-5 Cells

A human diploid embryonic cell line, MRC-5 was a
generous gift of Dr. L. MaEes (Tibotec NV, Mechelen,
Belgium). The cytotoxicity of the test compound was

measured by the colorimetric MTT assay®® in 96-well
microplates. In brief, 100 pl of MRC-5 cell suspension was
added in 96-well microplates at 1X10°cells/well, and
cultivated for 24 hours. Then 90yl of standard culture
medium (MEM+10% FCS) with or without 10 ul of test
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compound solutions, which were dissolved in 25% ethanol
or 5% DMSO were added to each well. The cultures were
further incubated at 37°C under § % CO,-95% air for 7
days, and 20 ul of MTT-PBS solution (5 mg/ml) was added
to each well. The plate was then incubated at 37°C for 4
hours under 5% CO,-95% air. Then the incubation
medium was aspirated, and 100 ul of DMSO was added to
solubilise the MTT formazan product. After mixing,
absorbance at 540nm was measured with an iEMS
microplate reader MF. The 50% inhibitory concentration
(ICp) value was estimated from a dose response curve.

In Vivo Anti-malarial Assay with P berghei

P, berghei strain N was a generous gift of Dr. W. PETERS
(Northwick Park Medical
Middlesex, UK). In vivo anti-malarial activity was

Institute  for Research,
determined against rodent malaria-derived £ berghei strain
N according to the 4-days suppressive test of PETERS ef
al'®. Male CD-1 (ICR) mice (Charles River Japan Inc.,
Japan) at weight of 18~20g were inoculated with 10°
parasitized red blood cells intravenously. Test compounds
were dissolved in 10% DMSO solution and subcutaneously
(s.c.) injected to the mice two hours after the infection (day
0). Test compounds were successively injected (s.c.) to the
mice once a day for 3 consecutive days (Days 1~3). Five
mice were tested at each dosage, and another 5 infected
mice were injected with 10% DMSO-water as a control.
The day after the last treatment (Day 4), thin blood films
were made from the tail blood of the infected mice, and the
parasitaemia was determined. The 50% effective dose
(EDs,) was estimated from a dose response curve. The
values were tested for statistical significance by Dunnett
protocol.

Results and Discussion

Sensitivity of Plasmodial Strains against
Antimalarial Drugs

The K1 strain which is known to be resistant to
choloroquine, quinine and pyrimethamine. On the other
hand, the FCR3 strain which is known to be susceptible to
choloroquine, quinine and pyrimethamine. First, we studied
the sensitivity of the K1 and FCR3 strains against known
antimalarial drugs under our in vitro assay condition. The
effects of 8 clinically used antimalarials on the drug
resistant K1 strain and the drug sensitive FCR3 strain of
P falciparum were studied and their 50% inhibitory
concentrations (ICys) were determined as shown in Table
1. Among the tested compounds, the derivatives from
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Table 1. Antimalarial activities of antimalarial
drugs against FCR3 and Kl strains of

Plasmodium falciparum.
ICs0 (nM)

FCR3 strain K1 strain
Amodiaquine 14 41
Artemether 22 7.6
Artemisinin 18 24
Artesunate 2.7 11
Chioroquine 29 357
Primagquine 3,300 2,633
Pyrimethamine 7.8 >100,000
Quinine 600 780
Trimethoprim 140 >100,000

artemisinin, artemether and artesunate showed the most
potent antimalarial activity against both strains. The drug
effects of chloroquine, pyrimethamine, and trimethoprim
against the K1 strain were lower about 12 fold, >12,820
fold and >714 fold, respectively, than those against the
FCR3 strain. So the K1 strain exhibited resistance to
chloroquine and also to pyrimethamine and trimethoprim,
which are inhibitors of the parasite dihydrofolate reductase.

In Vitro Antimalarial Activities and Cytotoxicities
of Polyether Antibiotics

The effects of 13 polyether antibiotics including K99-
0413 (X-206) on in vitro antimalarial activity were
evaluated by using the drug resistant K1 strain and the drug
sensitive FCR3 strain of P falciparum. Their ICy; values
are listed in Table 2. All 13 compounds possessed
antimalarial activities against both strains, with the 1Cs,

‘values ranging between 0.15~587nM and between 0.51~

1,203nm for the K1 strain and the FCR3 strain,
respectively. Among the tested compounds, X-206 showed
the highest antimalarial activities with the ICy, values of
0.15nM and 0.51 nM for the K1 strain and the FCR3 strain,
respectively. The antimalarial activity of X-206 on the K1
strain was 50 times more potent than that of artemether.

We then investigated the cytotoxicities of the polyether
antibiotics against a human diploid embryonic cell line
MRC-5 to assess the cytotoxicity for host cells. Their ICs,
values are also listed in Table 2. All the tested compounds
possessed cytotoxicity against MRC-5 cells with the 1Cy,
values ranging between 6.6~1,648nM. Among them,
monensin showed the highest cytotoxicity with the ICy,
value of 6.6 nM. Whereas, lasalocid A, octacyclomycin, and
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Table 2. Antimalarial activities and cytotoxicities of polyether antibiotics.

* drug resistance strain, ** drug sensitive strain, *** determined by PRESSMAN'?, WESTLEY

BOLTE et al.'?, **** not determined.

X-206 showed lower cytotoxicities than the others with the
IC,, values of 1,648 nM, 1,112 1M, and 551 nM, respectively.
To compare the antimalarial activities and cytotoxicities, we
introduced the selectivity indexes (cytotoxicity [ICs, for the
MRC-5 cells}/antimalarial activity [ICs, for the K1 strain or
the FCR3 strain]) as listed in Table 2. Among the tested
compounds, X-206 showed the highest selectivity indexes
with the ratios of 3,673 and 1,080 for the MCR-5 cells/K1
strain - and the MCR-5 cells/FCR3 strain, respectively.
Octacyclomycin also showed a rather high selectivity index
with the ratio of 371 for the MCR-5 cells/FCR3 strain. The
other compounds showed the indexes lower than 100.
Tonophore compounds including the polyether antibiotics
have been reported to be potential antimalarial agents by
GuMILA et al>® and by ADOVELANDE and SCHREVEL'D.
GUMILA et al. have reported in vitro antimalarial activities
using drug sensitive strain of 22 ionophores including 17
polyether antibiotics, and they also evaluated the activity by

3. Here, we studied antimalarial

the selectivity indexes
activities of 13 polyether antibiotics including 4 compounds
(X-206, dianemycin, indanomycin, and octacyclomycin)
that had not been tested by GUMILA et al. using both drug
resistant and sensitive strains. Among them, X-206 showed
the highest selectivity indexes for both strains, and

octacyclomycin also showed good selectivity for the drug

Antimalarial activityA Cytotoxicity B Selectivity
Compound ICs0 (nM) for ICs0 (nM) for (B/A) lon-affinity™*
K1* FCR3* MRC-5cells Ki FCR3

Class 1 PN
K99-0413(X-206) 0.15  0.51 551 3,673 1,080 K, >Na,
Lonomycin A 22 13 43 7.2 K >Na’
Nigericin 2.7 19 100 37 5.3 K'>Na
Narasin 1.0 1.6 65 40 K >Na’
Salinomycin 1.4 1.4 104 74 74 K" >Na_
Dianemyein 1.2 8.5 34 4.8 Na'>K
Monensin 0.9 0.9 7.3 7.3 Na">K*
Class 2
Lysocellin 6.4 5.4 127 20 24  K'>Na; >Mg* Ca®
Lasalocid A 65 29 1,648 25 57  K'sNa) Ca®>Mg?
Class 3
A-23187 115 1,203 210 1.8 0.2 Ca® >Mg*
indanomycin 587 567 506 0.9 0.9 Ca*>Mg*
lonomycin 455 321 428 0.9 1.3 Ca*>Mg*
Unkown class serodok
Octacyciomycin 39 3.0 1,112 29 371 ND

13 and

sensitive strain.

Relationship among Antimalarial Activities, Cytotoxicities
and Ion-affinities of Polyether Antibiotics

GUMILA et al. suggested that the different ion-affinities of
ionophores with cations reveal the different antimalarial
activities of ionophores, and indicated that the ionophores
specific to monovalent cations showed the most or more
potent activity against Plasmodium®. We classified 12
compounds except octacyclomycin by their ion-affinities
according to the results of PRESSMAN'?, WESTLEY'®, and
BOLTE et al'¥ as shown in Table 2. Class 1 polyether
antibiotics, which are specific to monovalent cations, had
the highest antimalarial activities (IC;,=2.7nM for the K1
strain). Class 2 polyether antibiotics, which are able to
complex with both mono and divalent cations, had
moderate antimalarial activities (IC;;=65nM for the K1
strain). Class 3 polyether antibiotics, which are specific to
divalent cations, had weak antimalarial activities (IC;o=
587 nM for the K1 strain).

As for the selectivity indexes of the MRC-5 cells/K1
strain, class 1 polyether antibiotics except monensin
showed good values (=34). Class 2 polyether antibiotics
showed moderate indexes (20~25). Class 3 polyether
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Table 3. In vivo antimalarial activities of X-206,
artemether and artesunate against P berghei

strain N.

Compound  Route EDso(mg/kg)
X-206* S.C. 0.53
Artemether  s.c. 1.5
Artesunate s.C. 1.7

*foxic dose=3mg/kg

antibiotics showed the lowest selectivity indexes (0.9~1.8).
The present results including the selectivity indexes of the
MCR-5 cells/FCR3 strain were similar to the results of
GuMIA et al.®. Therefore, the monovalent cations may also
play the important biological role for the intracellular
growth of drug resistant P falciparum in parasitized
erythrocytes.

The complexation affinity for various cations of
octacyclomycin had not been measured and therefore
classified to the unknown class. Octacyclomycin is a
diglycoside polyether antibiotic, and structurally similar to
the monoglycoside polyether antibiotics, etheromycin and
antibiotic-6016. Because etheromycin is specific for
monovalent cations'”, and the antibiotic-6016 is able to
complex with both mono and divalent cations'®,
octacyclomycin may be classified to class | or 2 from the
results of its antimalarial activity and cytotoxicity.

In Vivo Antimalarial Activities of X-206, Artemether
and Artesunate in Mice

The subcutaneously administration of X-206 and the
clinically used compounds, artemether and artesunate, were
evaluated by using the P berghei strain N (drug sensitive
strain) infected mice. Their EDy, values are listed in Table
3. X-206 showed the highest in vivo antimalarial activities
among the tested compounds, but X-206 was toxic beyond
3 mg/kg (data not shown). The acute toxicity (LD, s.c.) of
X-206 for mice was 11 mg/kg, which has been reported by
BERGER, et al.”). Therefore X-206 had a narrow therapeutic
window in the rodent malaria model though it showed
selective and potent antimalarial effect in vitro.

In vivo antimalarial activities of polyether antibiotics
have been reported by RAETHER et al.'”, SCHILDKNECHT et
al'®, GuMmiLA et al¥, and ADOVELANDE and SCHREVEL!Y
using different test conditions. Salinomycin and lasalocid A
were shown to be inactive or weakly active against the drug
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resistant strain of P berghei in rats after oral or
subcutaneous administration'”. Three synthetic monensin
urethane derivatives were shown to be moderately active
against P berghei in mice after oral administration'®.
Lonomycin, nigericin, narasin, monensin A, monensin
methyl ether, lasalocid A, and 5-bromo lasalocid A were
shown to be very active against P vinckei petteri or
P chabaudi in mice after oral or intraperitoneal
administration®. Recently, ADOVELANDE and SCHREVEL
reported that the combination of nigericin and monensin
using the lower doses showed a synergistic effect on the
rodent malaria model in vivo'!). These observations suggest
the possibility of using X-206 in combination therapy for
malaria chemotherapy.

Acknowledgments

This work was supported, in part, by funds from the
UNDP/World Bank/WHO Special Program for Research and
Training in Tropical Diseases (grant ID 990806), and Grants-
in Aid from the Ministry of Health and Welfare, the Ministry
of Education, Science and Culture, Japan. We are grateful to
Professor K. Kita and Dr. S. TAkEO, University of Tokyo and
Professor T. Hor, Osaka University, and Drs. Y. SUGINO and
K. Hata JPMW Coordination Center, for valuable discussions.
We also thank Miss. M. KoBayasHI (The Kitasato Institute) for
her technical assistance throughout this work.

References

1) NUSSENZWEIG, R. & F. ZavAaLA: A malaria vaccine based
on a sporozoite antigen, N. Engl. J. Med. 336: 128~130,
1997

2) BERGER, J; A. I RacuLiNy, W. E. Scorr, L. H.
STERNBACH & M. W. GOLDBERG: The isolation of three
new crystalline antibiotics from Streptomyces. J. Am.
Chem. Soc. 73: 5295~5298, 1951

3) GumiLa, C.; M. L. ANCELIN, G. JEMINET, A. M. DELORT,
G. MIGUEL & H. I. ViaL: Differential in vitro activities of
ionophore compounds against Plasmodium falciparum
and mammalian cells. Antimicrob. Agents Chemother.
40: 602~608, 1996

4) GumiLa, C.; M. L. ANCELIN, A. M. DELORT, G. JEMINET,
A. M. DELORT & H. J. ViaL: Characterization of the
potent in vitro and in vivo antimalarial activities of
ionophore compounds. Antimicrob. Agents Chemother.
41: 523~529, 1996

5) Funavama, S.; S. Nozog, C. TRONQUET, Y. ANRAKU, K.
Komivama & S. OMURA: Isolation and structure of a new
polyether antibiotic, octacylomycin. J. Antibiotics 45:
1686~1691, 1992

6) TRAGER, W. & J. B. JEnNsEN: Human malaria parasites in
continuous culture. Science 193: 673~677, 1976

7) MakLer, M. T; J. M. Ries, . A. WiLLiams, J. E.
BaNcrorT, R. C. PIPER, B. L. GiBBINS & D. J. HINRICHS:
Parasite lactate dehydrogenase as an assay for
Plasmodium falciparum drug sensitivity. Am. J. Med.
Hyg. 48: 739~741, 1993



VOL. 54 NO.8

8)

9)

10)

11)

12)

13)

MossmaN, T.. Rapid colorimetric assay for cellular
growth and survival. Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 65: 55~63,
1983

OT1oGURO, K.; K. KomivaMa, S. OMURA & C. A. TYSON:
An in vitro cytotoxicity assay using rat hepatocytes and
MTT and coomassie blue dye as indicators. ATLA 19:
352~360, 1991

PETERS, W.; J. H. PorTUs & B. L. ROBINSON: The
chemotherapy of rodent malaria. XXII. The value of
drug-resistant strains of P berghei in screening for blood
schizonticidal activity. Ann. Trop. Med. Parasitol. 69:
155~171, 1975

ADOVELANDE, J. & J. SCHREVEL: Carboxylic ionophores
in malaria chemotherapy: The effects of monensin and
nigericin on Plasmodium falciparum in vitro and
Plasmodium vinckei petteri in vivo. Life Sciences 59:
309~315, 1996

PrEssMAN, B. C.: Biological applications of ionophores.
Annu. Rev. Biochem. 45: 501~530, 1976

WESTLEY, J. W. Polyethers antibiotics: naturally
occurring acid ionophores, /n J. W. WESTLEY (ed.),
Biology, Vol. 1. Marcel Dekker, Inc., New York, 1982

14)

15)

16)

17)

18)

THE JOURNAL OF ANTIBIOTICS ’ 663

BoLrg, I; C. DEMUYNCK, G. JEMINET, J. JUILLARD & C.
Tissier: Etude comparée de trios antibiotiques
ionophores: X.537 A (lasalocid), A.23187 (calcino-
mycin) et X.14547 A. Complexation des cations IA et
I[IA, transport de Ca**. Can. J. Chem. 60: 981~989,
1982

Mitani, M.; T. UMETSU, T. YAMANISHI & N. OTAKE:
Studies on the ionophorous antibiotics. VII. Effects of
monovalent and divalent cation ionophores on blood
platelets. J. Antibiotics 30: 239~243, 1977

OTaKE, N. & M. Mitant: Ionophorous properties of
antibiotic-6016, a novel magnesium selective ionophore.
Agric. Biol. Chem. 43: 1543~1546, 1979

RAETHER, W.; H. SEIDENATH, H. MEHLHORN & H. J.
GANSTER: The action of salinomycin-Na and lasalocid-
Na on chloroquine- and mepacrine-resistant line of
Plasmodium berghei K 173-strain in Wistar rats. Z.
Parasitenkd. 71: 567~574, 1985

ScHILDKNECHT, E. G.; D. SIEGEL & R. W. RICHLE:
Antiparasitic activity of natural and semisynthetic
monensin urethanes. Chemotherapy (Basel) 29: 145~
152, 1983



