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Polyoxometalates (PMs) as discrete metal-oxide cluster anions comprise a versatile class of

inorganic, anionic clusters that have a wide variety of structures, sizes, and a combination of

metals, high solubility in water, and electrochemical activity. Recent investigation of anti-tumor,

-viral, and -bacterial activities of PMs shows induced cell-apoptosis, inhibition of binding of

virus to receptor, and the enhancement of b-lactam antibiotics as well as the inhibition of

bacterial growth, respectively. PMs exemplified for each biological activity are discussed

from the chemotherapeutic point of view for the establishment of a novel inorganic drug

based on PMs.

1 Introduction

Polyoxometalates (PMs) as discrete metal-oxide cluster anions

comprise a versatile class of inorganic, anionic clusters that has

made a mark on disciplines as diverse as materials science

involving electronic, magnetic, electrochemical, and photo-

chemical properties, medicine as anti-tumor, -viral, and

-bacterial agents, and homogeneous, heterogeneous, and

photo-catalysts.1 Our application of PMs to chemotherapeutic

fields originates from our finding of in vivo anti-tumor

effect against solid human-cancer xenografts (MX-1, OAT,

and CO-4).2 The biological activity of PMs was first

noted over 30 years ago in France when [SiW12O40]42,

[Na(SbW7O24)3(Sb3O7)2]182, and [(AsW9O33)4(WO2)4]282

exhibited their activity against various non-retro RNA and

DNA viruses in vitro and in vivo, and the groups of Raynaud

and Jasmin demonstrated the inhibition of Friend leukemia

virus and Monoley murine sarcoma virus in vitro by

[SiW12O40]42 and in vivo by [Na(SbW7O24)3(Sb3O7)2]182 (a

French drug [NH4]17Na[Na(SbW7O24)3(Sb3O7)2]?14H2O his-

torically called HPA-23).3 HPA-23 and other polyoxotung-

states inhibited RNA-dependent DNA polymerases of

retroviruses, and led to an expectation of antiviral activity

against human immunodeficiency virus (HIV). Only HPA-23

was tested in animal models of lentiviral infections and

infected humans. Unfortunately, HPA-23 was too toxic to be

effective in the French clinical trial and a subsequent

one conducted in the US.4,5 The negative result led to a

temporary decline in studying polyoxometalates as

potential anti-HIV agents. Nevertheless, other researchers

familiar with polyoxometalates investigated the possibility

of their antiviral activities, and showed that many poly-

oxotungstates, in particular, K13[Ce(SiW11O39)2]?26H2O

(JM1590), K6[BGa(H2O)W11O39]?15H2O (JM2766), [Me3NH]8-

[(SiNb3W9O37)2O3] (JM2820), K7[PTi2W10O40]?6H2O
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(PM-19), K9H5[(GeTi3W9O37)2O3]?16H2O (PM-504),

[PriNH3]6H[PTi2W10O38(O2)2]?H2O (PM-523), K10[Fe4(H2O)2-

(PW9O34)2]?xH2O (HS-058), K7[P2W17NbO62], and

K7[P2W17(NbO2)O61] exhibited in vitro activity against HIV

and other RNA viruses.6 However, none of these PMs had

activity against RNA viruses and cytotoxicity advantageous

enough to surpass clinically approved drugs such as 39-azido-

39-deoxythymidine (AZT) and ribavirin.2d,7 It seems to be

required for realizing polyoxometalate-based inorganic drugs

that their activity against a biological target is unprecedent-

edly excellent or can not be replaced by the approved drugs.

We recently showed potent antiviral activity of tris(vanadyl)-

18-tungsto-2-antimonate(III) anions, [(VIVO)3(SbW9O33)2]122

and [(VVO)(VIVO)2(SbW9O33)2]112, against a wide variety of

enveloped viruses which infect high-risk individuals such as

infants born prematurely, cardiovascular failure, pulmonary

dysplasia, and HIV: their selective index (SI) values (.104)

for HIV are much higher than the values of 3–4 6 103 of AZT

and dextran sulfate (in mol. wt. 5000, DS5000).8 In addition,

our finding that most of the antiviral polyoxotungstates

exhibited a great synergistic effect with b-lactam antibiotics

against methicillin-resistant Staphylococcus aureus (MRSA)

strains2f,h has stimulated us to investigate the mechanism of

antibacterial activity in relation to the still unclear

mechanism of antiviral activities along with exploring the

activity against other bacteria such as vancomycin-resistant

Staphylococcus aureus (VRSA) and drug-susceptible and

-resistant Streptococcus pneumoniae and Helicobacter pylori.9

VRSA and Streptococcus pneumoniae as well as MRSA are

Gram-positive bacteria and pose serious problems of

hospital-acquired infections in surgical intensive care units

where invasive procedures are performed.10 On the other

hand, Helicobacter pylori is a microaerophilic Gram-negative

bacterium which colonizes gastric mucosa, and is known to

be a principal gastric pathogen of humans.11 H. pylori

infection in humans is associated with the development of

gastritis, gastric ulcers, duodenal ulcers, peptic ulcers, and

gastric cancer. It also poses a serious public health problem

since approximately half of the world population is infected

with H. pylori. The eradication of H. pylori usually requires

combination therapy because single antibiotic therapy has

not been very effective. The most widely used regimen is

triple therapy that is in combination with bismuth com-

pounds (bismuth oxynitrate, bismuth oxycarbonate, bismuth

oxysalicylate, bismuth oxygallate, and bismuth oxycitrate) or

proton pump inhibitors (omeprazole and lansoprazole) and

two drugs from amoxicillin (AMX), clarithromycin (CLR),

metronidazole (MTZ) and tetracyclines.12 While this therapy

has demonstrated good activity with a high cure rate, the

use of CLR and MTZ has resulted in the development of

resistance. Thus, drug-resistant H. pylori is prevalent world-

wide, and is considered to be the primary reason for failure

to eradicate the infection.13 Therefore, it is an important

issue to explore new anti-H. pylori drugs that are highly

effective against H. pylori. This short review aims to detail

some of the recent developments on biological activities of

the PMs selected from the viewpoint of the clinical

significance. Fig. 1 shows the structures of anions for some

of the bio-active PMs, which will be discussed below.

2 Anti-tumor activity of polyoxomolybdates by cell
apoptosis

Since [NH3Pri]6[Mo7O24]?3H2O (PM-8) was found in 1988

to exhibit potent anti-tumor activity against MX-1 human

breast cancer, Meth-A sarcoma, and MM46 adenocarcinoma

Fig. 1 Structures of anions for some of the bio-active PMs which

are discussed in this work: [Mo7O24]62 (a), [PTi2W10O40]92 (b),

[(VO)3(SbW9O33)2]92 (c), [P2W18O62]62 (d), [(AsW9O33)4(WO2)4]282

(e), and [V15O36(CO3)]72 (f).
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in vivo,2a the efficacy of PM-8 against solid tumors along with

mechanistic investigations has been recognized also for both

AsPC-1 human pancreatic cancer and MKN-45 human gastric

cancer, which results from the activation of the apoptotic

pathway.14 Median inhibitory concentration (IC50) values of

PM-8 for 24 h and 48 h proliferations of 2 6 103 AsPC-1 (or

MKN-45) cells/well are 1.65 (0.90) and 0.50 (0.50) mg ml21

[51.12 (0.62) and 0.34 (0.34) mM], respectively, indicating that

the inhibition of the cell growth strongly depends on the cell

density: the lower the number of tumor cells, the stronger the

growth inhibition by PM-8. The morphology of cells exposed

to PM-8 during growth by using Hoechst staining demon-

strates the formation of apoptotic small bodies, which arise

from DNA fragmentation. Fig. 2(a) shows the apoptotic

change of AsPC-1 cells (1 6 106 cells in 25 ml) treated with

PM-8 (1.65 mg ml21) for 24 h. The flow cytometric analysis

gives quantitatively an increase in the ratio of AsPC-1

apoptotic cells during the proliferation, as shown in Fig. 2(b).

The DNA fragmentation analysis of AsPC-1 cells (after 24 h

treatment with PM-8 in 1.65 mg ml21) reveals the formation of

DNA ladders on the electrophoresis of the PM-8-treated cell

DNA in 1% agarose gel, as shown in Fig. 2(c). Similar

apoptotic change is also observed for the MKN-45 cell line

(2 6 106 cells in 25 ml treated by PM-8 of 0.90 mg ml21).

Fig. 3(b) shows the observable DNA ladders for the MKN-45

cells DNA after 24 and 48 h treatments with PM-8, and

Fig. 3(a) shows the morphological change (by the Hoechst-

staining method) of cells exposed to PM-8 during the 48 h

growth due to the formation of apoptotic small bodies. We

have proposed that PM-8 would be preferentially taken into

tumor cells and converted to approximately ten-fold more

toxic species (produced through biological reduction probably

in the mitochondrial system) which inhibits ATP generation,

and that such a significant difference in toxicity between PM-8

and its reduced species would lead to a tumor-selective

inhibition based on the enhanced metabolism in the tumor

cells, since the high molecular weight of the reduced species (as

a condensed species) would result in a longer stay in the tumor

cells.2a,d,e However, the mechanistic details of the anti-tumor

activity of PM-8 still remain unclear. The results of an in vivo

test for MKN-45 using nude mice (3 mice/group) are shown

in Fig. 4. When successive intraperitoneal injections of PM-8

(0.2 g kg21 day21) during 14 days were done after 7 days for

nu/nu nude mice (on their backs) inoculated with 1 6 106

MKN-45 cells, PM-8 depressed the growth of small MKN-45

neoplasms with inhibition of 50% on day 70, compared to

the case of the RPMI-1640 medium (control) for 14 days.

Arsenic compounds are considered to be toxic and potently

Fig. 2 Formation of apoptotic small bodies in AsPC-1 (a), variation

of fractions of apoptotic cells determined by flow cytometry (b), and

DNA ladder formation of AsPC-1 after 24 h treatment with or without

PM-8 (c).

Fig. 3 Formation of apoptotic small bodies in MKN-45 (a) and

DNA ladder formation of MKN-45 after 48 h treatment with or

without PM-8 (b).

Fig. 4 Therapeutic effectiveness of PM-8 for MKN-45 implanted

nude mice.
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carcinogenic to human skin, lungs, and other organs.

Nevertheless, arsenic trioxide, As2O3, can be used clinically

without significant side effects at low doses (0.1–5 mM) and is a

therapeutic agent for relapsed acute promyelocytic leukemia15

and possibly also human hepatocellular carcinoma HuH7.16

The growth suppression by PM-8 for the MKN-45 bearing

mice implies the polyoxomolybdates (especially PM-8) are

promising candidates for novel inorganic anti-cancer agents,

since both cancer cells of MKN-45 and AsPC-1 are clinically

difficult to treat.

3. Inhibition of virus adsorption on host cells by
polyoxotungstates

K13[Ce(SiW11O39)2]?26H2O (JM1590) and K6[BGa(H2O)W11O39]?

15H2O (JM2766), which inhibited HIV-1 and simian

immunodeficiency viruses at concentrations as low as

0.008–0.8 mM, seem to be the most potent anti-HIV

compounds. They also inhibited the formation of giant cells

(syncytium) in co-cultures of HIV-infected HUT-78 cells and

uninfected Molt-4 cells. The mechanism of anti-HIV action

for the compounds could be attributed to inhibition of virus-

to-cell binding, since there was a good correlation between

the inhibitory effects on both HIV-1 induced cytopathicity

and syncytium formation and also a close correlation

between their inhibitory effects on both syncytium formation

and the interaction with the viral envelope glycoprotein

gp-120.6a Furthermore, it has been proposed that poly-

oxotungstates act as HIV-1 protease inhibitors by binding to

a cationic pocket using molecular modeling computation.6f

Recently V/W and Ti/W mixed Keggin derivatives were

found to possess a broad spectrum of anti-RNA virus

activities.8 Cytotoxicity of some Keggin and lacunary-Keggin

sandwiched polyoxotungstates towards Madin–Darby canine

kidney (MDCK), Vero, HEp-2, and MT-4 cells was

investigated by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide (MTT) colorimetry for cells cultured

in the presence of PMs (with a variety of concentrations)

at 35 uC during 5 days.17 Table 1 lists median cytotoxic

concentration (CC50) values of the V/W and Ti/W mixed

Keggin derivatives for the above cells. All the compounds

did not show any toxicity at concentrations of ,200 mM for

MDCK, Vero, and HEp-2 cells, which were in a stationary

culture condition of cell growth during the examination.

On the other hand, K5[SiVW11O40]?xH2O (PM-43),

K7[BVW11O40]?xH2O (PM-47), K10Na[(VO)3(SbW9O33)2]?

26H2O (PM-1001), and K11H[(VO)3(SbW9O33)2]?27H2O

(PM-1002), all of which contain vanadium atoms, showed

toxicity at concentrations of 41.9–47.4 mM toward MT-4

cells which were in a growing state of culture during the

examination. Table 2 shows inhibitory effects of these

polyoxotungstates against dengue virus (DFV), influenza

virus (FluV-A), respiratory syncytial virus (RSV), parain-

fluenza virus (PfluV-2), distemper virus (CDV), and HIV.

Median effective concentration (EC50) values (0.03–0.14 mM

for the infected MT-4 cells) of PM-1001 and PM-1002 were

less than 1 mM against RSV, PfluV-2 and HIV, and lower

than those of ribavirin. High anti-HIV activity of PMs-1001

and -1002 was confirmed for HIV-1(IIIb) by multinuclear

activation of galactosidase indicator (MAGI) assay.18 EC90

values (0.11 mM) of PMs-1001 and -1002 (with EC50 5

0.0096–0.018 mM) for HeLaCD4/LTR-b-Gal cells were lower

than DS5000, and SI (5CC50/EC50) values were more than

5500 and 10000, respectively. Change of the time schedule for

Table 1 Cytotoxicity of PMs for tissue culture cells

CC50
a/mM

PMs MDCK Vero HEp-2 MT-4

K5[SiVW11O40]?xH2O (PM-43) .200 .200 .200 45.6 ¡ 0.43
K7[BVW11O40]?7H2O (PM-47) .200 .200 .200 47.4 ¡ 0.48
[Et2NH2]7[PTi2W10O40]?xH2O (PM-518) .200 .200 .200 .100
[Pri

2NH2]5[PTiW11O40]?4H2O (PM-520) .200 .200 .200 .100
[PriNH3]6H[PTi2W10O40(O2)2]?H2O (PM-523) .400 .400 .400 .100
K10Na[(VO)3 (SbW9O33)2]?26H2O (PM-1001) .229.2 ¡ 36 362.7 ¡ 38.1 233.6 ¡ 21.5 41.9 ¡ 2.9
K10H[(VO)3(SbW9O33)2]?27H2O (PM-1002) .200 .200 .200 45.9 ¡ 0.3
a Average of 4 independent experiments. CC50 values were determined by the MTT method.

Table 2 Antiviral activity of PMs for several RNA viruses in vitro

EC50
a/mM

PMs DFVb FluV-Ab RSVb PfluV-2b CDVc HIV-1b

K5[SiVW11O40]?xH2O (PM-43) 10.7 ¡ 6.7 8.4 ¡ 6.5 1.6d .100 7.5 ¡ 0.95 0.3 ¡ 0.12
K7[BVW11O40]?7H2O (PM-47) 10.5 ¡ 6.9 11.5 ¡ 0.6 29.0d 67.1d 6.0 ¡ 0.6 0.03 ¡ 0.01
[Et2NH2]7[PTi2W10O40]?xH2O (PM-518) 36.8 62.3 ¡ 26.5 26.5d 53.2 ¡ 39.2 .50 2.0 ¡ 0.8
[Pri

2NH2]5[PTiW11O40]?4H2O (PM-520) 11.7 ¡ 7.1 45.2 ¡ 25.8 0.74 ¡ 0.58 23.2 ¡ 2.4 7.4 ¡ 0.4 2.0 ¡ 0. 5
[PriNH3]6H[PTi2W10O40(O2)2]?H2O (PM-523) .61.5 5.6 ¡ 2.0 1.3 ¡ 0.46 2.5 ¡ 1.0 7.3 ¡ 1.1 0.3 ¡ 0.07
K10Na[(VO)3(SbW9O33)2]?26H2O (PM-1001) 0.45 1.75 ¡ 1.6 ,0.16 1.1 ¡ 0.9 5.7 ¡ 0.5 0.14 ¡ 0.17
K11H[(VO)3(SbW9O33)2]?27H2O (PM-1002) 1.95 ¡ 1.4 4.6 ¡ 1.7 0.75 ¡ 0.05 0.75 ¡ 0.05 2.8 ¡ 1.0 0.03 ¡ 0.01
Ribavirin .100 5.0 ¡ 2.75 3.9 ¡ 3.1 14.0 ¡ 4.8 73.6 ¡ 34.5 NDe

a Average of 3 to 7 independent experiments. b EC50 was determined by the MTT method. c EC50 was determined by the plaque reduction
method. d Average of 2 experiments. e Not determined.
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administration showed that both compounds worked at very

early stages of virus infection (less than 2 h after infection)

as well as the cases for DS5000 and bicyclam derivative,

octahydrochloride dehydrate of 1,19-[1,4-phenylenebis(methyl-

ene)]-bis-1,4,8,11-tetra-azacyclotetradecane (ADM3100).

PMs-1001 (in 10 mM) and -1002 (in 2 mM) also inhibited

perfectly the syncytium formation, namely, the multinuclear

giant cell formation induced by co-cultivation of Molt-4 cells

and HIV-1infected Molt-4/IIIb cells. An analysis of the

target molecule which interacts with PMs-1001 and -1002

during the adsorption/penetration process was done: PM-

1001 strongly inhibited the binding of anti-gp-120 antibody

to HIV-1 infected MT-4 cells, implying the binding of

PM-1001 with gp-120. In contrast, AMD3100 strongly

inhibited the binding of anti-X4 receptor antibodies (anti-

CD4 and anti-CXCR4) to Molt-4 cells.19 Therefore, a

combination of PM-1001 or -1002 with AMD3100 let

us expect clinically significant synergistic anti-HIV activity.

The behavior that PMs bind viral gp-120 and inhibit

the HIV-strain dependent syncytium formation due to the

interaction with receptors (CD4 and CXCR4) was first

observed for K13[Ce(SiW11O39)2]?26H2O (JM1590) and

K6[BGa(H2O)W11O39]?15H2O (JM2766)6a and also for

K7[PTi2W10O40]?6H2O (PM-19).20 The anti-FluV-A active

[PriNH3]6H[PTi2W10O38(O2)2]?H2O (PM-523) inhibited the

fusion of the viral envelope into the cellular membrane (at

the first step in the entry of FluV into cells), as was revealed

by the inhibition of the dequenching of fluorescence

from the rhodamine-labeled viral envelope.7b Similarly,

K10[Fe4(H2O)2(PW9O34)2]?xH2O (HS-058) inhibited both

the adsorption of RSV to cells and the syncytium formation

by RSV.21 Not only the above RNA viruses but also DNA

viruses such as herpes simple virus (HSV-1 and HSV-2)

and human cytomegarovirus (HCMV) were inhibited by

the polyoxotungstates.2c In vivo anti-viral activity was also

investigated: PM-19 exhibited the enhancement of the

peritoneal macrophage function in mice for HSV-2 infected

immune-suppressed mice.22 PM-523 exhibited a therapeutic

effect for FluV-A respiratory infection in mice due to a

synergistic antiviral activity in combination with ribavirin,7c

which inhibits viral RNA synthesis through inhibition of the

activities of the multiple enzymes involved in viral RNA

synthesis.23 Ti(or V)/W mixed polyoxotungstates (PMs-19,

-523, -1001, and -1002) of 125 mg kg21 day21 at least was

non-toxic for intraperitoneally challenged (with 5 6 106 PFU

of HIV-1) Balb/c mice during five days and was potent

for the therapeutic use without any HIV-antigen specific

immune responses. In vitro antiviral activities of other

V/W mixed [XW9O33]92 (X 5 SbIII, AsIII, BiIII)- or

[PW9O34]92-sandwiching tris(vanadyl)-18-tungstates were

assayed against coronaviruses such as transmissible gastro-

enteritis Porcine virus (TGEV) and feline infectious perito-

nitis virus (FIPV) as a family of severe acute respiratory

syndrome coronavirus (SARS CoV) using pig kidney cells

(CPK) and feline embryonic fibroblast cells (fewf-4), respec-

tively. Table 3 shows potent activities of five tris(vanadyl)-

18-tungstate anions against TGEV and FIPV. As shown

in Table 3, in contrast, [{Mn(H2O)}3(SbW9O33)2]122,

[Co3(AsW9O33)2]122, [Co4(H2O)2(PW9O34)2]102, and

[Cu3(AsW9O33)2]122 did not exhibit any efficacy against

TGEV and FIPV, implying the significance of the tris-

(vanadyl) moiety for the antiviral activity.

4 Broad spectrum of antibacterial activity against
Gram-positive and -negative bacteria

We found that the polyoxotungstates (in fractional inhibitory

concentrations FIC 5 0.01–0.50, determined by the agar

dilution checkerboard method for the combination of PMs

with b-lactam antibiotic oxacillin or penicillin) with Keggin,

lacunary Keggin, Wells–Dawson, double-Keggin, and Keggin-

sandwiched structures enhanced the antibacterial activity of

b-lactam antibiotics on methicillin-resistant Staphylococcus

aureus (MRSA), which is a Gram-positive bacterium.2f,h It is

known that the b-lactam resistance to MRSA strains is

associated with the production of an additional peptidogly-

can-synthetic enzyme with low affinity to the b-lactams, called

penicillin-binding-protein 29 (PBP29) coded by the mecA gene,

in addition to usual PBPs1-4.24 Sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) of the mem-

brane proteins separated from MRSA revealed that the

polyoxotungstates depressed the formation of PBP29 which is

essential for the cell wall construction during MRSA growth.

Qualitative analysis of the inhibitory effect of the poly-

oxotungstates on the production of all the PBPs was done

by [14C]benzylpenicillin’s binding with PBPs.2h Fig. 5 shows

the autoradiography of PBPs for the constitutive MRS394-1

cells cultivated in the presence of K7[PTi2W10O40]?6H2O (PM-

19) at various concentrations. Each PBP was identified using

prestained molecular weight markers in SDS-PAGE. As

shown in Fig. 5 PM-19 has no significant affinity for PBPs

but strongly inhibits the emergence of PBPs, especially PBP29,

on the cell membrane. The polyoxotungstates depressed not

only the production of PBP29, but also the production of

b-lactamase which hydrolyzes b-lactam antibiotics on the

membrane.2h This leads to the synergistic effect of poly-

oxotungstates against MRSA cells in the presence of b-lactam

antibiotics which have high affinities to PBPs 1–4.

Table 3 Antiviral activity of tris(vanadyl)-containing PMs against coronaviruses

PMs

TGEV FIPV

EC50/mg ml21 CC50/mg ml21 CPK SI EC50/mg ml21 CC50/mg ml21 fewf-4 SI

K10Na[(VO)3(SbW9O33)2]?26H2O (PM-1001) 0.8 ¡ 0.7 67 ¡ 11.8 83.8 1.1 ¡ 0.4 90 ¡ 2.1 81.8
K11H[(VO)3(SbW9O33)2]?27H2O (PM-1002) 3.6 ¡ 2.2 67.9 ¡ 22.0 19 4.3 ¡ 4.0 26 ¡ 25 6
K12[(VO)3(AsW9O33)2]?17H2O (PM-1207) 10.9 ¡ 8.2 .100 .9.2 0.5 ¡ 0.2 17.6 ¡ 7.7 35.2
K12[(VO)3(BiW9O33)2]?29H2O (PM-1208) 12.62 ¡ 11.4 .100 .7.9 .22.3 22.3 ¡ 4.7 1
K12[(VO)3(PW9O34)2]?xH2O (PM-1213) 9.4 ¡ 5.3 .100 10.6 .58.0 58 ¡ 15.5 1

This journal is � The Royal Society of Chemistry 2005 J. Mater. Chem., 2005, 15, 4773–4782 | 4777
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Interestingly, the enhancement of antibacterial activity

of b-lactam antibiotics was observed not only against MRSA

but also against vancomycin-resistant S. aureus (VRSA)

for some polyoxometalates such as K6[P2W18O62]?14H2O,

K4[SiMo12O40]?3H2O and PM-19. The effectiveness of

[SiMo12O40]42 against MRSA and VRSA is surprising, since

most of the polyoxomolybdates were not effective against

MRSA.2f,h The synergistic effect of PM-19 (in 500 mM) in

combination with oxacillin against VRSA-Mu50 strain is

exemplified in Fig. 6(a) where an increase of the concentration

of PM-19 demonstrates alteration from ‘‘homo-resistance

of the strain’’ (no observation of a growth inhibitory zone)

to ‘‘susceptibility of the strain to b-lactam’’ (observable

growth inhibitory zone around the oxacillin disk) through

‘‘hetero-resistance of the strain’’ (observation of the growth

inhibitory zone with colonies inside). The synergistic effect

for K6[P2W18O62]?14H2O, K4[SiMo12O40]?3H2O could be

observed for lower concentrations of less than 100 mM.

Minimum inhibitory concentration (MIC) values of three

PMs and oxacillin for a variety of both MRSA and VRSA

strains are shown in Fig. 6(b) where the clinically excellent

safety of PM-19 (with high values of MIC) is demonstrated.

Energy dispersive X-ray analysis of the strain treated

with K6[P2W18O62]?14H2O showed the localization of the

K6[P2W18O62]?14H2O tungsten atoms at the periphery of the

cell. Fig. 7 shows the distribution of W atoms in MRSA

MRS394-1 cells cultured for 5 h at 34 uC in the presence of

K6[P2W18O62]?14H2O (40 mM). In addition, the biological

reduction of K6[P2W18O62]?14H2O (+0.058 V vs. Ag/AgCl for

reversible one-electron reduction at the physiological pH level

of 7.4) and K4[SiMo12O40]?3H2O (+0.237 V also for reversible

one-electron reduction at pH 7.4) was observed, when both

Fig. 5 Autoradiography of the membrane fractions prepared from

the MRAS394-1 cells incubated (at 32 uC for 5 h) in the presence

(lane 1, 0; 2, 20; 3, 100; 4, 200; 5, 500 mM) of PM-19 (a) and relative

amounts of PBSs against a variety of concentrations of PM-19 (b).

Lane 6 in (a) indicates that the membrane fraction prepared from the

MRS394-1 cells cultured without any reagents was pre-incubated in

the presence of 130 mM PM-19 for 1 h at 32 uC.

Fig. 6 Growth inhibitory zone around the oxacillin disk for Mu50

treated with PM-19 at concentrations of 50, 100, and 500 mM (a) and

MIC values of three PMs and oxacillin for a variety of both MRSA

and VRSA strains (b).

Fig. 7 Transmission electron microscope (TEM) and energy-disper-

sion X-ray (EDX) analysis images for MRS394-1 cells treated with

K6[P2W18O62]?14H2O. The cells were harvested by centrifugation

(5000g, 15 min, 4 uC), washed twice with PBS, and fixed with 2.5%

glutaraldehyde in PBS. TEM image (a), O atoms (b), P atoms (c), K

atoms (d), and W atoms (e) due to W-L line.
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MRSA and VRSA cells were incubated in the presence of

either polyoxometalate. It is interesting that PMs can penetrate

through the cell wall consisting of peptidoglycan layers and

can reach cytoplasm membrane with a resultant exertion of the

susceptibility to b-lactam antibiotics for MRSA and VRSA. In

contrast to K4[SiMo12O40]?3H2O, the same structural Keggin

polyoxomolybdate Na3[PMo12O40]?xH2O which is unstable at

physiological pH did not exhibit synergistic activity, implying

that the structural stability of PMs at the physiological pH

level is another factor for the biological activity.

The depression of the PBP29 expression by PMs would

originate from one (or a combination) of four possibilities: (i)

missing the mecA gene, (ii) transcription inhibition from mecA

gene to mRNA, (iii) translation inhibition from mecA-induced

mRNA to PBP29, and (iv) post-translation inhibition of the

folding of the translated polypeptide chain.25 The inhibitory

effect of PMs on (i) and (ii) for the expression of mecA gene

was at the outset investigated: the tested strains were cultured

for 24 h in a Mueller Hinton (MH) broth containing

K6[P2W18O62]?14H2O, K4[SiMo12O40]?3H2O, and PM-19 (in

MIC 5 0.10–0.40, 0.40–0.80, and 12.8–25.6 mM, respectively),

and thereafter aliquots of the broth were added to MH agar

broth in the absence of PMs according to the standard

oxacillin-disk method, which resulted in no growth inhibitory

zone around the disk. This demonstrates that there is no

missing of the mecA gene ((i)) in the strains treated with PMs,

since the PM-treated strain would exhibit oxacillin susceptibi-

lity if the mecA gene was missed by PMs. The reverse

transcription polymerase chain reaction (RT-PCR) analysis

of the strains (except for ATCC43300 because of inducible

strain) cultured for 2 h in the presence of PMs at various

concentrations was carried out in order to examine the effect

of PMs on the expression of mecA-induced mRNA. Fig. 8

shows the electrophoresis results for the mecA-induced mRNA

(258 bp) extracted from MRSA SR3605 and VRSA Mu50

strains, together with 16S rRNA (528 bp) as a control. While

the intensities of the 16S rRNA band did not change at any

concentrations of PMs, the effect on the expression of the

mecA-induced mRNA was different among the three kinds of

PMs. As shown in Fig. 8(a), K6[P2W18O62]?14H2O gave a

decrease in the band intensities of mecA-induced mRNA at

concentrations of more than 100 mM for SR3605 and Mu50,

indicating the inhibition of the transcription process ((ii)) from

the mecA gene by K6[P2W18O62]?14H2O. Similar results were

obtained for other strains. As shown in Fig. 8(b), however,

K4[SiMo12O40]?3H2O did not depress the mecA-induced

mRNA expression for both strains even at a concentration

of 1000 mM, despite the observation of the synergistic activity

at a concentration of less than 500 mM. Thus, the mechanism

of the synergistic activity of K4[SiMo12O40]?3H2O is different

from that of K6[P2W18O62]?14H2O, suggesting that the

synergistic effect of K4[SiMo12O40]?3H2O is connected to the

translation ((iii)) and/or post-translation ((iv)) processes. As

shown in Fig. 8(c), PM-19 suppressed the mecA-induced

mRNA expression for VRSA Mu50 at the concentration of

more than 500 mM, but did not for MRSA SR3605 even at the

high concentration of 1000 mM. A similar suppression of the

mecA-induced mRNA expression by PM-19 was observed

for VRSA Mu3, but not for MRSA MRS394-1. Thus, PMs on

the cytoplasm membrane interact with the proteins related

to the signal-transducer system leading to modifications of

the metabolisms inside the cytoplasm such as transcription

inhibition from the mecA gene to mRNA (in the case of

K6[P2W18O62]?14H2O), translation inhibition from mecA-

induced mRNA to PBP29, and post-translation inhibition of

the folding of the translated polypeptide chain (in the case of

K4[SiMo12O40]?3H2O). PM-19 shows dual mechanisms depen-

dent on the strain (the former inhibition for VRSA and the

latter for MRSA).

Highly negatively-charged polyoxotungstates such as

K28[(AsW9O33)4(WO2)4]?xH2O and K18[K(SbW7O24)3(Sb3O7)2]?

xH2O, and Keggin-structured K5[SiVW11O40]?xH2O exhibited

potent antibacterial activity with MIC values of less than

256 mg ml21 against ATCC43504 (as a standard H. pylori

strain), ID3023 (as a MTZ-resistant strain), and 15 clinically

isolated H. pylori strains.26 In particular, K28[(AsW9O33)4-

(WO2)4]?xH2O was the most active, and superior to MTZ

against MTZ-susceptible and -resistant strains and also to

CLR against CLR-resistant strains, as shown in Fig. 9(a).

Most of the polyoxomolybdates showed little anti-H. pylori

activity with MIC values of more than 256 mg ml21. Fig. 9(b)

shows a morphological change from bacillary form to

U-shaped or coccoid form for the K28[(AsW9O33)4-

(WO2)4]?xH2O (or K18[K(SbW7O24)3(Sb3O7)2]?xH2O)-treated

H. pylori cells. It is pointed out that the Keggin structure

and/or highly negatively-charged polyoxotungstates are

important factors for the antibacterial activity against

H. pylori, probably with a mechanism different from those

of AMX (as an inhibitor of the synthesis of peptideglycan in

cell membrane),27 CLR (as an inhibitor of the synthesis of

protein at 23S rRNA within cytoplasm),28 tetracyclines

Fig. 8 RT-PCR analysis of the mRNA expression for both MRSA

and VRSA strains incubated in MH broth for 2 h in the presence of

three PMs (a–c).
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(as inhibitors of protein synthesis),28 and MTZ (as an

inhibitor of DNA replication).29

Most of the vanadate and vanadyl compounds

showed potent antibacterial activity against Streptococcus

pneumoniae: the MIC values of the vanadium compounds

were 4–32 mg ml21, while the MIC values of tungstates and

molybdates were in the range 128 to more than 8000 mg ml21.2g

Scanning electron microscopy showed the elongation of

S. pneumoniae strains under low concentrations (,MIC) of

vanadium compounds such as [tert-BuNH3]4[V4O12],

K5H2[V15O36(CO3)]?15.5H2O, Na3VO4, VOSO4, as shown in

Fig. 10 where IID554 strain was incubated for 15 h in the

presence of [tert-BuNH3]4[V4O12] (with a variety of concentra-

tions). The vanadium compounds non-selectively inhibited the

incorporation of thymidine, uridine, leucine, and glucose

into the cells of S. pneumoniae and led to an efflux of

potassium ions from the cells, implying the interference of the

transport of substrates and ions through the cell membrane in

or on the cell membrane.

5 Conclusions

We can state that by now considerable insight has been gained

into the bio-activity of PM molecules. The anti-tumor activity

of polyoxomolybdates, in particular heptamolybdate

[Mo7O24]62, against solid tumors has been extended to both

AsPC-1 human pancreatic cancer and MKN-45 human gastric

cancer along with the mechanistic investigation which provides

the activation of the apoptotic pathway. V/W and Ti/W mixed

Keggin polyoxotungstates exhibit a broad spectrum of

anti-RNA virus activities. In particular, the tris(vanadyl)-18-

tungsto-2-antimonate(III) anions, [(VIVO)3(SbW9O33)2]122 and

[(VVO)(VIVO)2(SbW9O33)2]112, are significantly potent against

a variety of RNA and DNA viruses due to the inhibition of the

virus-to-cell binding. Most of the antiviral polyoxtungstates

are taken up into the periphery of the Gram-positive MRSA

and VRSA cells, and strongly enhance the activity of b-lactam

antibiotics due to the depression of the production of PBP29,

which results from transcription inhibition from the mecA gene

to mRNA or translation inhibition from mRNA to PBP29.

Low (namely more positive) electrochemical-redox potential of

PMs (as exemplified by [P2W18O62]62 and [SiMo12O40]42)

together with large chemical stability under physiological

conditions are other factors for the synergistic activity (due to

depression of the PBP29 expression) with the coexistence of

b-lactam antibiotics. Antibacterial activities of both highly

negatively-charged polyoxotungstates and V/W mixed Keggin

polyoxotungstates against drug-resistant Gram-negative

H. pylori strains and strong activity of polyoxovanadates

against Gram-positive S. pneumoniae strains also provide a

chemotherapeutic method based on these PMs for serious

public health problems.

Both potency and broad spectrum of anti-tumor and -viral

activities of PMs are important for the clinical diagnosis

of cancer diseases and virus infections at the initial stage, as

Fig. 10 Morphological change of S. pneumoniae IID554 strain by

incubation in the presence of [tert-BuNH3]4[V4O12]: 0 mg ml21 (a),

4 mg ml21 (b), and 100 mg ml21 (c).

Fig. 9 MIC values of MTZ, CLR, and PMs for drug-susceptible,

MTZ-resistant, and CLR-resistant H. pylori strains (a) and scanning

electron micrographs of H. pylori ATCC43504 strain exposed to

K28[(AsW9O33)4(WO2)4]?xH2O (more than MIC) for 36 h (b).
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treated by 5-fluorouracil (5-FU), interferon, and ribavirin. It is

noteworthy that we quite recently found some of the

polyoxotungstates to be sulfotransferase-specific inhibitors.

Since the sulfated glycans are involved not only in various

cell-to-cell interactions but also in cancer progression and

other diseases to be overcome, PMs would serve as a novel

inorganic drug, as well as against worldwide major nosocomial

agents (MRSA, VRSA, S. pneumoniae, and H. pylori). In vivo

anti-tumor, -viral and -bacterial experiments are in progress.
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