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2. Human saliva collection

Whole saliva samples were collected from 5 healthy
human subjects (28—30 years old) after stimulation
by chewing paraffin gum, and pooled in ice-chilled
sterile bottles for 5 min. The samples were clarified
by centrifugation at 10,000 Xg for 20 min at 4C, fil-
ter-sterilized, and used immediately for biofilm assays,
employing a flow cell system.

3. Biofilm formation assay using flow cham-
ber system
Biofilm formation by all strains was assayed using a
method described previously, with some modifica-
tions?®*?. Biofilm samples were cultivated at 37C in

31)

3-channel flow cells®” with individual channel dimen-

sions of 1xX4x40mm and supplied with a flow of .

tryptic soy broth without dextrose including 0.25%
sucrose (TSBS). The flow cell system (The Stovall
Flowcell ; Stovall Life Science Inc,. Greenshoro, NC,
USA) was assembled and prepared as described by
Christensen et al3?. The substratum consisted of a
microscope glass cover slip. The flow cells were cov-
ered with filter-sterilized human saliva samples and
left for 30 min. After the saliva was removed, 0 or 1 %
107 of S. mutans and 0, 1, 10, or 100X 10’/mL of E.
faecium, L. casei, or L. salivarius were inoculated
together in the flow cell. Following that inoculation
period, medium flow was stopped for 1 h. Next, the
flow was started again and the medium was pumped
through the flow cells at a constant rate of 3 mL/h for
16 h using a peristaltic pump (Ismatec ; IDEX Corp.,
Glattbrugg-Ziirich, Switzerland).

4. Confocal laser scanning microscopy

Non-invasive confocal imaging of fully hydrated
biofilm samples was performed using a Fluoview
CLSM (Olympus, Tokyo, Japan), fitted with a water
immersion dipping objective lens ( X 100) and a Kr-Ar
laser®™. The specimens were stained for 30 min with
LIVE, DEAD® BacLight™ Bacterial Viability Kit solu-
tion (4 mL of distilled water containing 6 uL each of
components A and B, Molecular Probes, Leiden, The
Netherlands). The biofilm structure was analyzed
using a series of horizontal (xy) opt digital sections,
each being 5.0 um thick, with the intervening gaps

between the horizontal sections ranging from 0 to 20
um over the entire height (z-axis) of the biofilm. In
addition, we analyzed vertical (xz) sections, which
were recorded from the center of each biofilm, to
determine the architecture. Each biofilm was scanned
at 5 randomly selected positions away from the disk
edge. The digital images were processed using Fluo-
view software version 2.0 (Olympus, Tokyo, Japan).

5. SE preparation

E. faecium was obtained by centrifugation (10,000 X
g), and then washed 3 times with phosphate-buffered
saline (PBS, pH 7.2). Sonic extracts (SEs) from the
harvested bacterial cells were prepared by a method
reported previously®. Briefly, the bacterial cells were
re-suspended in PBS and sonicated 40 times for 30 s
on ice with a sonicator (Sonifier 250D, Branson
Ultrasonics. Co., Danbury, CT, USA). Disruption of
the bacteria was confirmed by microscopy. The sam-
ples were centrifuged at 8,000 % g for 30 min and cell-
free supernatants were stored at —20C until use in
the experiments. Protein concentrations in the SEs
were estimated using a BioRad protein assay kit (Bio-
Rad, Richmond, CA, USA).

6. Gel filtration

Proteins in the SE samples were precipitated by
salting out, utilizing 60% ammonium sulfate. The pre-
cipitates were suspended and dialyzed in 20-mM Tris
buffer (pH 7.4). The prepared SE sample was then
applied to a Sepharose 4B column of 26%100cm
(Amersham Pharmacia Biotech, Buckinghamshire,
UK) pre-equilibrated with the same buffer. Nine-mL
fractions were collected, then monitored for UV absor-
bance and mbhibitory effects on biofilm formation by S.
mutans MT8148. Active fractions were pooled and
the proteins were again precipitated by salting out
with ammonium sulfate. The precipitates were col-
lected by centrifugation at 10,000 X g, then suspended
and dialyzed in PBS (pH 7.4). Protein concentrations
in the sample solution were determined using a pro-
tein assay kit (BioRad). The samples were also used
in other experiments.



Results

1. Effects of E. faecium on S. mutans biofilm
formation in flow cell system

Significant S. mutans biofilm formation was shown
in both the flow cell system and CLSM images (Fig.
1A and B), whereas none was observed with E. fae-
cium (Fig. 1A), L. casei (Fig. 2B), and L. salivarius
(data not shown) mono-cultures. Optical sections 5
um apart and showing zy planes were analyzed in
CLSM images of mixed biofilms formed by S. mutans
and E. faecium. In 5 sections (0 to 20 um along the
z axis), the biofilm volumes in the CLSM images
were assessed, as shown in Fig. 1. E. faecium showed
cell number-dependent inhibition of biofilm formation
on co-culture with S. mutans (Fig. 1A). Irregular
biofilms with increased numbers of voids and hollows
were observed in cultures of E. faecium and S.
mutans at ratios of 100 : 1 and 10 : 1, as compared to
the biofilm of mono-cultured S. mutans (Fig.1B).
The diameters of circular voids in each section were
measured at the base (0 um) of 6 sites selected ran-
domly in the mixed and single biofilm samples, and
found to be significantly larger in the mixed culture
biofilms of E. faecium and S. mutans at ratios of 100 :
land 10 ;1 (28.9%4.0 and 20.3 £1.9 um, respective-
ly), as compared to those of the S. mutans mono-cul-
tured biofilm (14.4% 2.4 um). However, increasing the
ratio of L. casei or L. salivarius with S. mutans did
not significantly affect biofilm formation (Fig. 2A, B).

2 . Inhibitory effects of SE sample

To confirm the inhibitory activities of E. faecium,
an SE sample was extracted. The SE sample showed
a significant inhibitory activity against biofilm forma-
tion of S. mutans MT8148 in the 96-well microtiter
plate assay (unpublished data). Moreover, to clearly
observe the inhibitory effects, the sample was sub-
purified from its SE by salting out and gel filtration. A
4-fold purification of the inhibitory substance was
achieved, and a high molecular weight complex>600
kDa was observed by SDS and native-PAGE in the
sub-purified SE sample (unpublished data). The sub-
purified sample was further applied to the biofilm for-
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mation assay using the flow cell. Applications of 25
and 50 ug/mL of sub-purified SE samples inhibited
biofilm formation by S. mutans MT8148 in compari-
son with O ug/mL, and the level of inhibition was
greater with the higher concentration in the flow cell
system (Fig. 3). Morphological inhibition by each sub-
purified SE sample shown was similar to that in
biofilm with a larger void induced by the E. faectum
cells in CLSM images.

Discussion

Oral streptococci have a strong tendency to colo-
nize tooth surfaces, and the subsequent bacterial mul-
tiplication, adherence of additional bacterial species,
and production of extracellular polymers on colonized
tooth surfaces is referred to as oral biofilm®%'.
Mutans streptococci in particular are able to induce a
low-pH environment and so associate with other
species such as lactic acid bacteria during biofilm
formation. In contrast, lactic acid bacteria may control
the environment during the development of dental
caries"?%7,

Under the present test conditions, mono-cultures
of E. faecium, L. casei, and L. salivarius failed to form
substantial biofilms. Further, more mixed cultures of
S. mutans and E. faecium formed irregular biofilms
with an increased number of voids and hollows,
observed in ratios of E. faecium to S. mutans of 10 © 1
and 100 : 1. E. faecium did not co-aggregate with S.
mutans or form biofilm in the present flow cell sys-
tem; thus, other diverse mechanisms are likely to be
involved. It is possible that E. faecium produces com-
petitive factors for binding to a saliva-coated glass
surface or anti-bacterial agents against S. mufans. In
fact, our results showed that E. faecium produced a
substance which inhibited biofilm formation by .S.
mutans. Previous studies have reported that some
strains of Enterococcus produce cytolysin, which has
hemolytic (lysing a broad spectrum of cells, including
human, horse, and rabbit erythrocytes) and bacteri-
cidal activities against gram-positive bacteria®®,
However, the strain used in the present experiments
does mnot produce cytolysin. Thus, it is considered
that the SE sample may have included other inhibi-
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Fig. 1 Biofilm formation by E. faecium and S. mutans in a flow cell system

(A) : Biofilm formation following mono- and co-cultures of S. smutans (Sm) and E. faecium’ (Ef) in a flow cell culture
system. Lane 1 : Ef (5% 10° CFU-lane), Lane 2 : Sm (5% 10° CFU-lane), Lane 3 : Sm (5 % 10° CFU . lane) + Ef (5%
10° CFU 'lane), Lane 4 : Sm (5% 10% CFU lane) + Ef (5% 107 CFU ‘lane), Lane 5 : Sm (5% 10° CFU. lane) + Ef (5%
108 CFU lane). The images shown are representative of 5 independent experiments, with similar results obtained in
each. (B) : CLSM xy images of biofilms formed by mono- and co-cultures of S. mutans (Sm) and E. faecium (Ef).
Live (green) and dead (red) cells in the biofilm were stained with SYTO9 and propidium iodide, respectively. Lanes
2, 4, and 5 in Fig. 1A are presented. Marks from 0—20 um show the distance from the bottom of the biofilm. Bars =
20 qm. Images shown are representative of 5 independent experiments, with similar results obtained in each.
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Fig. 2 Biofilm formation by Lactobacilius and S. mutans in a flow cell system

(A) . Biofilm formation with mono- and co-cultures of S. mutans (Sm) and L. casei (Lc) or L. salivarius
(Ls) in a flow cell culture system. Lane 1 > Lc (5%10% CFU’lane), Lane 2 : Sm (5x10° CFU'lane),
Lane 3 : Sm (5x10° CFU. lane) + (5% 107 CFU lane), Lane 4 : Sm (5% 10° CFU.lane) +Lc (5% 108
CFU lane), Lane 5:Sm (5x10°CFU lane) +Ls (5% 107 CFU-lane), Lane 6 : Sm (5x10° CFU-
lane) +Ls (5% 10® CFU ‘lane). Images shown are representative of 3 independent experiments, with
similar results obtained in each. (B) : CLSM xy images of biofilms formed by mono- and co-cultures
of S. mutans and Lactobacilli. Dead (red) and live (green) cells in the biofilm were stained with propid-
wm iodide and SYTO9, respectively. Lanes 2, 3, 4, 5, and 6 in Fig. 2A are presented. Marks from 0—
10 um show the distance from the hottom of the biofilm. Bars =20 #m. Images shown are representa-
tive of 3 independent experiments, with similar results obtained in each.
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Fig. 3 Inhibitory effects of HMWC on S. mutans biofilm formation in a flow cell
system .

(A) : Photographs of biofilm formation by S. mutans MT8148 with 0, 25, and 50

ug/mL of HMWC in a flow cell culture system (actual size). (B), (C), (D) : CLSM

xy images of biofilms formed by S. mutans cultured with 0, 50 and 25 ug/mL,

respectively, of sub-purified SE sample. The images shown are representative of

3 independent experiments, with similar results obtained in each.

tors and reacted with biofilm-producing bacteria to
reduce attachment of the organisms to the glass sur-
face as well as colonization, leading to a poor quality
biofilm with an increased number of voids and hollows
(Figs. 1, 2). Culture supernatant from E. faecium did
not show a significant inhibition of S. mutans biofilm
formation. Therefore, these inhibitory effects of E. fae-
cium may require cell density-dependent bacterial
contact and cell lysis, and the binding of products to a
salivary receptor of biofilm bacteria on a hard surface
during biofilm development.

In the present study, the lactic acid bacteria L. casei
and L. salivarius did not show abilities to produce
biofilm in mono-cultures, nor did they inhibit biofilm
formation or the attachment of S. mufans in co-cul-
tures with increasing ratios. In general, lactobacilli
are major odonto-pathogens®®. Filoche et al®”.
reported that S. mufans markedly promoted the
growth of lactobacilli-based biofilm, and suggested
that the ability of individual bacteria to form a mono-
culture biofilm was not necessarily an indicator of

their survival or pathogenic potential in a complex
multi-species biofilm community. However, soluble
extracts of L. fermentum were previously shown to be
able to inhibit the growth of S. mutans and formation
of insoluble glucan produced by S. mutans'>'®. Lacto-
bacillus rhamnosus GG, another well-known probiotic
strain, was also recently reported to be able to pro-
mote oral health in children and adults®®. Further,
more enhanced biofilm growth was observed in exper-
iments with Lactobacillus plantarum, which has been
implicated in the development of dental caries®3?.
Taken together, these reports and results show that
lactic acid bacteria including lactobacilli and E. fae-
cium play multiple roles as unique modulators of both
pathogenic and normal microflora on tooth surfaces.
Additional investigations are required to clarify
whether the products inhibit colonization or attach-
ment in a physical or chemical manner during S.
mutans biofilm formation on a hard surface, as well as
to purify the tested products, before a definitive con-
clusion regarding the mechanism of early-onset inhi-



bition can be presented. Nevertheless, the present
results should provide useful information to help
understand oral biofilm formation, as well as for the
development of therapies and materials for the pre-
vention of biofilm development in the oral cavity.

Acknowledgements

The authors thank Makoto Onishi for his technical
support, helpful discussion, and advice. This work
was supported in part by a Grant-in aid for the Devel-
opment Scientific Research (15390571) from the Min-
istry of Education, Science, and Culture of Japan, and
by a grant from the Ministry of Health, Labour, and
Welfare (H16-medical treatment-014).

References

1) Hahn, C. L., Falker Jr, W. A. and Minah, G. E. : Micro-
biological studies of carious dentine from human
teeth with irreversible pulpitis. Arch. Oral Biol. 36 :
147—153, 1991.

2) Loesche, W.].: Role of Streptococcus mutans in
human dental decay. Microbiol. Rev. 50 : 353—380,
1986.

3) Gill, H.S., Rutherfurd, K.J. and Cross, M. L. : Die-
tary probiotic supplementation enhances natural kil-
ler cell activity in the elderly . an investigation of
age-related immunological changes. J. Clin. Immunol.
21 : 264—271, 2001.

4) de Roos, N. M. and Katan, M. B. : Effects of a probi-
otic bacteria on diarrhea, lipid metabolism, and car-
cinogenesis . a review papers published between
1988 and 1998. Am. J. Clin. Nutr. 71 : 405—411,
2000.

5) Kaliomaki, M., Salminen, S., Arvilommi, H., Kero, P,
Koskinen, P and Isolauri, E. . Probiotics in primary
prevention of atopic diseases . a randomised placebo-
controlled trial. Lancet 357 : 1076—1079, 2001.

6) McDermid, A.S., Mckee, A.S., Ellwood, D.C. and
Marsh. P D. : The effect of lowering the pH on the
composition and metabolism of a community of nine
oral bacteria grown in a chemostat. J. Gen. Microbiol.
132 © 1205—1214, 1986.

7) Orrhage, K. and Nord, C. E : Factors controlling the
bacterial colonization of the intestine in breast-fed
infants. Acta. Paediatr. (Suppl.) 80 : 47—57, 1999.

8) Reid, G., Howard, J. and Gan, B.S.: Can bacterial

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

75

interference prevent infection? Trends Microbiol. 9 :

424—428, 2001.

Duffy, L. C.  Interactions mediating bacterial translo-
cation in the immature intestine. J. Nutr. 130 : 4325
—436S, 2000.

Schiffrin, E.]., Brassart, D., Servin, A. L., Rochat, E
and Donnet-Hughes, A.:Immune modulation of
blood leukocytes in humans by lactic acid bacteria :

criteria for strain selection. Am. J. Clin. Nutr. 66 :

5155—5208S, 1997.

Coconnier, M. H., Bernet, M. E, Chauviere, G. and
Servin, A.L. : Adhering heat-killed human Lactoba-
ctllus acidophilus, strain LB, inhibits the process of
pathogenicity of diarrhoeagenic bacteria in cultured
human intestinal cells. J. Diarrhoeal Dis. Res. 11 :

235—242, 1993.

Coconnier, M. H., Bernet, M. E, Kerneis, S., Chau-
viere, G., Fourniat, J. and Servin, A. L. : Inhibition of
adhesion of enteroinvasive pathogens to human intes-
tinal Caco-2 cells by Lactobacillus acidophilus strain
LB decreases bacterial invasion. FEMS Microbiol.
Lett. 110 : 299—305, 1993.

Kostiuk, O. P, Chernyshova, L. L. and Slukvin, L. L. :

Protective effect of Lactobacillus acidophilus on devel-
opment of infection, caused by Klebsiella pneumoniae.
Fiziol Zh. 39 : 62—68, 1993 (in Russian).

Mack, D.R., Michail, S., Wei, S., McDougall, L. and
Hollingsworth, M. A. : Probiotics inhibit enteropatho-
genic E. coli adherence in vitro by inducing intestinal
mucin gene expression. Am. J. Physiol. 276 : G941—
G950, 1999.

Ishihara, K., Miyakawa, H., Hasegawa, A., Takazoe, 1.

‘and Kawai, Y.:@ Growth inhibition of Streptococcus

mutans by cellular extracts of human intestinal lactic
acid bacteria. Infect. Immun. 49 . 692—694, 1985.
Chung, J., Ha, E.S., Park, H. R. and Kim, S. ! Isola-
tion and characterization of Lactobacillus species
inhibiting the formation of Streptococcus mutans
biofilm. Oral Microbiol. Immunol. 19 : 214—216, 2004.
Hamada, S. and Slade, H.D. : Biology, immunology,
and cariogenicity of Strepfococcus mutans. Microbiol.
Rev. 44 © 331—384, 1980.

Burne, R.A.: Oral streptococci: products of their
environment. J. Dent. Res. 77 . 445—452, 1998.
Nyvad, B. and Kilian, M. . Microbiology of the early
colonization of human enamel and root surfaces in
vivo. Scand. J. Dent. Res. 95 : 369—380, 1987.

Kreth, J., Merritt, J., Shi, W. and Qi, E : Competition
and coexistence between Streptococcus mutans and
Streptococcus sanguinis in the dental biofilm. J.



76

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

Bacteriol. 187 : 7193—7203, 2005.

Baker, C. N., Stocker, S. A., Culver, D. H. and Thurs-
berry, C. . Comparison of the E test to agar dilution,
broth dilution, and agar diffusion susceptibility test-
ing techniques by using a special challenge set of
bacteria. J. Clin. Microbiol. 29 : 533—538, 1991.
Murray, B. E. and Weinstock, G. M. . Enterococci :
new aspects of an oid organism. Proc. Assoc. Am.
Physicians, 111 . 328—334, 1999.

Franz, C. M., Muscholl-Silberhorn, A. B., Yousif, N.
M., Vancanneyt, M., Swings, J. and Holzaphel, W. H. :
Incidence of virulence factors and antibiotic resis-
tance among Enterococci isolated from food. Appl.
Environ. Microbiol. 67 : 4385—4389, 2001.
Sundqvist, G. . Associations between microbial spe-
cies in dental root canal infections. Oral Microbiol.
Immunol. 7 : 257—262, 1992.

Nakajo, K., Nakayama, E, Iwaku, M. and Hoshino,
E. : Alkali-resistant bacteria in root canal system.
Oral Microbiol. Immunol. 19 © 390-—394, 2004.
Megran, D. W. . Enterococcal endocarditis. Clin. Infect.
Dis. 15 : 63—71, 1992.

Eaton, T.]. and Gasson, M. J. { Molecular screening
of Enterococcus virulence determinants and potential
for genetic exchange between food and medical
isolates. Appl. Environ. Microbiol. 67 : 1628—1635,
2001.

Loo, C.Y., Corliss, D.A. and Ganesh kumar, N.:
Streptococcus gordonii biofilm formation ; identifica-
tion of genes that code for biofilm phenotypes. J.
Bacteriol. 182 : 1374—1382, 2000.

Ishihara, M., Homma, M., Kuno, E., Watanabe, M.
and Konda, Y. : Combination use of kampo-medicine
and drug affecting intestinal bacterial flora. Yakugaku
Zasshi 122 : 695—701, 2002 (in Japanese).

Motegi, M., Takagi, Y., Yonezawa, H., Hanada, N.,
Terajima, J., Watanabe, H. and Senpuku, H. . Assess-
ment of genes associated with Streplococcus mutans
biofilm morphology. Appl. Environ. Microbiol. 72 :
6277—6287, 2006.

Wolfaardt, G.M., Lawrence, J.R., Robarts, R.D.,

32)

33)

34)

35)

36)

37)

38)

39)

M. Kumada, et al. . Effects of Enterococcus faecium on Biofilm

Caldwell, S.J. and Caldwell, D.E. : Multicellular
organization in a degradative biofilm community.
Appl. Environ. Microbiol. 60 : 434—446, 1994.
Christensen, B. B., Sternberg, C., Andersen, ]. B,
Palmer, R.]., Nielsen, A. T, Givskov, M. and Molin,
S. : Bacterial adhesion at synthetic surfaces. Appl.
Environ. Microbiol. 65 : 4995—5002, 1999.

Baker, J.J., Chan, S.P, Socransky, S.S., Oppenheim,
J.J. and Mergenhagen, S. E. : Importance of Actino-
myces and certain gram-negative anaerobic organ-
isms in the transformation of lymphocytes from patie-
ents with periodontal disease. Infect. Immun. 13 :
1363—1368, 1976.

Ike, Y., Hashimoto, H. and Clewell, D. B. : Hemo-
lysin of Streptococcus faecalis subspecies zymogenes
contributes to virulence in mice. Infect. Immun. 45 :
528—530, 1984.

Jett, B. D., Jensen, H. G., Nordguist, R. E. and Gilmo-
re, M. S. . Contribution of the pAD1-encoded cyto-
lysin to the severity of experimental Enferococcus
faecalis endophthalmitis. Infect. Immun. 60 © 2445—
2452, 1992.

Marsh, P D. and Nyvad, B. : The oral microflora and
biofilms on teeth. In : Dental caries, the disease and
its clinical management. (Fejerskev, O., Kidd, E. eds.)
pp.29—48, Blockwell Munksgaad, Copenhagen, 2003.
Filoche, S. K., Anderson, S. A. and Sissons. C.H. :
Biofilm growth of Lactobacillus species is promoted
by Actinomyces species and Streptococcus mutans.
Oral Microbiol. Immunol. 19 . 322—326, 2004.

Nase, L., Hatakka, K., Savilahti, E., Saxelin, M.,
Ponka, A., Poussa, T., Korpela, R. and Meurman, J.
H. ! Effect of long-term consumption of a probiotic
bacterium, Lactobacillus rhamnosus GG, in milk on
dental caries and caries risk in children. Caries Res.
35 412—420, 2001.

Smith, S. 1., Aweh, A.]., Coker, A. O, Savage, K. O,,
Abosede, D.A. and Oyedeji, K.S. ! Lactobacilli in
human dental caries and saliva. Microbios 105 © 77—
85, 2001.



HEEBRIERICHSITS
PEARREIRDEAICDONT

& U & (C
WA 31 2 R RIS DV T O RS

VRBEINTER VD, BEZNIETAMER
BEHEEVSTITINATYE LY, HHEMA R HiEKk
VPEETHHERLEBLITLATED, AR
ENEARE RO RS TETVEI I
BhEVZv. ZEROo0ONEICIE, %EPHE BRE
i, BERBREOER, FHROWE, 25 v 70
BHE, HBEX~OBMEFEINTBY, 20orh
ZWoTH, BARENEL LTENZLDTHAS
J. Lal, HEICESAZRryu—7, B#MA X
HATRT2ERLTHHEL T 2B ENE,
RHIX THI3T% (RO OB A& ¥ B F e
BT, HHBEMKPTEO R E 391227
Y= FRELITo . TOEMEERADS L
ND37%) LRI EHLY, BELTWCiRES
TSEDY R,

—HT, "‘BELTLOIFH—HT, 22FT

2A < UT OF

RiE 9&1—

BIBHEMRE BEEIBECTE
F162-8640
HREBHEXF1-23-1

FAEL V" R “SEFTHICRICLEDo2L,
MRL L THEBRCHBE#HEZ SR> TIN5,
SHROBZDOFETIO EEZTVLEHEMD W
BREBHY. ToOhhv) bICHObOFENICRY
ENTVE, REFBEICZ (1222 N5HEHE
BEAR 26, MBERSKOEREYIERVFLZ
v, CfElET 5.

FRTIE, ERERICBIT L RARS s
WKE LD, SOIHBERICBY S RAREN%Y
EDIHITEALTWITENIZDONWT, bhvbhas
Tol-BHEMENRE LT v r— FVRAEOK R
POHEZELTWVE I,

. ERESICSH DN
SHEDE &5

REZZ OGN BN EOHEAIZOWT, T
BT o, |
O A¥r¥—FF)a-—yay (oN—Hn7

Va—rar) OB TXTOEBETRESAEE

HARMHETR (BHET4SE) 135



ALTWwEHDEARLL, BEDSOMECE
W, SwiR, BHR, M8 KEST, Bitxr
ERPREE LTER, RNRESROMRYE L
T#HS.
@ <Rz, ru—7, BERXTLOFH
® Fikv, FHEOWHE: WKPE#HRT ATk
W L7z, IRy o=y AR EERL s
J =Nl ECFEDHEEIT).
@ BEILOBRHENY FE—Z20O%H
® HMZLEBELXAVEBERROE | RE
e CORBOBARE, BREEHFSEL TCVHIY
TNDEMRE L EOERPIUET 5.
® HBOW%E, RE, HHEHEORT | BEEE
B IC L BHE, - o L—TEHORE,
REEHREBEFT M) T ARV — Vi EOER%
i AVAR FAs
HIRMOMHE | —BOBEFEF %R T 5.
SREOEBIH
FENIREDIER
CRENF 2 — AR ZERIEEHRORE
B & UM BEEY O LB
ST U SRl (hxd 3R
ATy T ~DEE
HEEIZ BT 2 ARSI~ = 2 7 VOLrERK
Hex, BEE~OZM
SHER D IR G FEE TR D YN
%k
ZTNENOEHE DM AR, SEXH D 48
HLEDTERL T &,

GNGESHCEOEGEONONONS

I. wREMZENRICUR
70— hRE

FRIGEE»SRE L [HEEEIZBITAER
BAPhIE > X7 2 DB DIEAS @R EHEYT
%, 3EEMIC4PMOT yr—MREZERL: (&

136 THE NIPPON  Dental Review Vol.67 No.4 (2007-4)

1 EHHERICHIDI7 45— MER

W& (bH) | BENRE | AUEEE | XRE
V| gaem | 292h | (qary | FAtex
2| e | B | e | FAISE
3| e | A | oy | TEITE
e | A | qorsy | FAeE

1). ThEhOT v r— MRETIE, & %
TEO 3 >OWEB B> THEHMAE B L, AL
HEPOZNEFNOEMEHOEE, REFEEE
(%E#), B, BBH, BEHEABEZALOHEM
TH B OB #EH % fT L /-,
FRIGEEOWERELS, AF¥ Vv F—FF)a
—Yary (o= TF)a—ary) PEEL
TWAHARHI% LKL, BEIEEEZTZA
THHT%IZEET Y, ZIFTORVATIRS %I
BTIHZEPHLNER 5728, S HITERITE
BEOWMERR T, KFEREFENRETH 513
Y, AV KT A=Y 3 Y OBREENEN
EOHONER oY, BERAS R, <22, 7
O—7OERPBETLDONY FE—-RADO55HA
BENERA RO [17H)) b B ES b, Kaps
FERRY vy —F7Ya—Ta T LHEE
FRECMHEL T 72, X5y 70HBFRHE
KNOBMS, AF¥y¥F—F7Ya—va ViclT
LHEMRAN) -7 LA D) v VERKORAEY S
WCHETHMBEABEICHBL TV bR
Mo, KREBEFELRENIEIC BT 5 MRS D
[HIF#] OEBEWPEETH DL I LHPRBENT.
PRISFEIT X SWCHEMER #& Y A A, E#,
kEEEY, EBflorF—-sya2mz, BET7 V54—
FREEITV, BT L. i, BEbsETE
BUCRPF ML T 5 HIV BE0OwRHE#ES
UL TIT o 7. ZOFE, UTIORTHERKRENT
AN LY (WA



%2 (58] EBRNBRAMECHTS B2 Mms Lo (Bify : %)
g B
39RELLT | 40 ~ 495 | 50 ~ 59K | eomRLlLE P
BEADEHERTHYVBE£2ZHALS 41.7 24.5 19.7 4.4 <0.001
& | DERE S HIVEENDAREETS 41.7 35.3 27.0 239 " 0.167
BIHVEEEEETA0RBICEVIELERS 70.8 69.1 70.3 58.2 0.403
HIVBEEBBETILMOBEYRLC LD ERS 54.2 60.7 76.1 76.1 0.008
a fi;f;gg:;;;a/ (A=A=FRTIA 67 24.8 24.1 10.4 0.211
BIMBEORC S AERIIHVORERICEZEES 83.3 85.8 79.3 74.6 0.259
HAART BEEHI > T W3 12,5 12.0 11.0 4.4 0.379
£33 [EK] CRABREMEICHT S [1T8] &EORIE (BT © %)
g B :
30LIT [40~40m [s0~s0% | eomlE | P
Q@EENHTZBLELEAS 1-HDOMIE
SEZEANES Y 87.5 80.3 71.9 47.8 0.000
M CEBRT 3 417 50 46.6 55.4 0.551
HEMREETS 8.3 5.6 2.7 0 0.121
@bl 0 0.7 3.4 15.4 0.000
QERETI L EDBEMF
T ermmsHx e AT 455 38.2 412 23.4 0.078
YAV EERTS 100 97.8 97.1 92.3
g | /O—7¢BAT3 81.8 80.1 58.7 39.1 0.000
BEZEINFE—-2EXHRTS 27.3 27.9 26.8 9.2 0.000
28y TIZBEBLEOBBERTY 95.5 83.0 76.8 64.5 0.006
BRTBREMEY -2 7ILEERT S 13.6 28.1 21.2 7.9 0.010
HESICSNT 3 31.8 50.3 60.3 429 0.016
HBV DV F L 5B L2 H 5 95.5 80.7 76.8 60.0 0.001
2By TIRHBV 77 F 62 LTWVW3 54.5 36.6 36.8 36.1 0.417
%Y EEBWILL b6, ‘BOOWBERT

S PRGN & DR

B8 SR 3t X 0 WL i B B% B 2 U8 0 sl R R A3, 873 A
CHEET 77— PREZTY, ARREDOH o7
32N (101%) OF ¥ — MEROFH T - 7.
WHEMOE#®? S (398U T [40~49% 1 50~
59 ] (60l L] @ 4 F VW —FhHiF, FhEh
OEMEBIIHTAEENE LB L.

“HIVEBE (DEH) 2R T5013E 50w
ERLEYT v ) EIEE, FhEROENR TR0

— 89

HIV BE %23 AN5" i T60 L] T44% &K
<, T39LLT ) 417%) D#1/10TH -7 (F2).
—HT, ‘HIVEEZGET L LMMOBEI RS
%BHEES" 1360 L] (76.1%) A% [39 LT ]
(542%) L9 H &L, T0RLE] D% DEHRIE
fild, o BE~OBEGFZEHICHEETHIV &%
BRFELIS W EEZTHWRIEFHLHILE R
ol 7, AFVF—FT)a-varkEnli
ikl OEHME, EERICBVWTHFELRENZDON
ot '

BAGHFR (BHHT45) 137



F4 [1TACERRTIEEN] LBRANBRMECHT D [EHE] [AE] Lok (Bif7 : %)
1BICKRRT 2BEN
1SALIT | 16~25A | 26 ~35A | 36 ~45A | 46ALLE P
BHOEMERTHV BEE2IAND 19.2 14.2 25.6 235 37.0 0.049
z | OERL S HIV EZEDBRESTD 25 26.3 23.6 39.4 51.9 0.039
BIOHIVEBESEET DRI EWIELERS 64.1 66.4 66.7 71.4 88.5 0.202
HIVBEEABRTEMNBEIr KL< L3 ERS 70.1 70 67.9 65.7 70.3 0.987
. f i;f)_f;;:rj;; 3> (A=A=FATVIL o 19.1 16.4 323 29.6 0.365
= MBEDREL > BRI HIVOBLBICLZERS 76.9 85 83.3 74.3 81.5 0.461
HAART A EH > T3 10.1 8.5 7.6 8.6 14.8 0.833
#5 [1HICRRETSEEY] LBRNBRMERICHT S [178)] & OBfE (Bifr : %)
1HICKRT 2 BEH
15ABIT [ 16~254 | 26~35K | 36~45A | 46ALLE | P
QEENHTIBRELHD DM
fESEICEHL THE S 33.8 71.6 77.2 852 85.2 0.001
s TEEMT 3 61.5 47.5 57.0 37.1 37.0 0.039
WEMREETS 1.3 35 5.1 29 37 0.771
BICAEb L 9.0 5.0 0 2.9 0 0.050
BRETO L EOBENEK
T ppmmArxemATs 18.2 35.5 39.2 457 55.6 0.091
YAV EERTS
g | /O J(EBERATA 55.1 59.4 74.7 80.0 74.1 0.011
BEZLINCRE-EXHTS 24.1 224 20.3 37.1 39.6 0.336
22y TICERERIEDRE ETS 67.9 77.9 81.0 85.7 96.3 0.020
BRE TERR I~ 2 TV ERRT 3 19.7 13.3 22.8 28.6 48.1 0.001
HMBRICEMT 3 481 52.4 50.0 60.0 55.6 0.799
HBV 7V F L sERBLAEZENH B 68.3 77.6 78.2 82.9 85.2 0.278
A2y TIBHBY 7O F 628 T W3 0.000

BEOATAHBRIERZ L0, BEIZ ‘MBE
WZERERLTH 5" #6, o0l bkl (44.8%)
A% 60 &M ] (70% L) Xy bFEICKLS, #
WIS L LB 7EBHERMIE, (605
lE] $154% o7 Vv—7 (4%UTF) b
RUETTEVEIEE R o7 (R3). 7u—70
EH, "YFE—2DOXKH,, RA¥ v T~OHEF, &
ik =27 VOB E (178 (CBb 5 85
TH (60 L] & T60RKM] TRELEHSED
bh, wiFhd [60LlE] TERELRL TV .

CHhODORET—5 L0, [60RULE] OBEEE

138

THE NIPPON  Dental Review Vol.67 No.4 (2007-4)

A, BRI 5 [Eilk] & [478]) 2o
EREIYIRELRITFTOBIEIRBENRS.
7z, HIVEZEOZIFANEZ T [39RUT! o
MEMTE L, RARESROITEIC O RIS T
W5 E AR E .

. N. 1BICKRY 2EEHE
| BeAEeaRt iR & DRER

1 HIZRBET A BEHDS, TISALT] [16~25
AN T26~35AN] [36~45A1 [46ALL L) @5 7

— 90 —



%£6 [OFAROER] LRABRRMECHT S [ER] [AE] COBR (B %)

O OERS
-1 & P
ESNERERTCHVEHEFHTANQS 37.5 16.9 <0.001
= | fOERE S HIV EEDARETD 45.2 27.7 0.006
B HVEBESIERTAORLCEVWIELERD 82.5 64.7 0.003
HIVEEE2ABTHENBEINRE<CEDERED 70.3 68.3 0.443
> i — K 1 - S —JN— 1
a fi;f)ggiiuga/(l‘“ FATVAL a4z 19.0 0.073
M MBEORL > HERIEHIVOBRRICEDEED 82.3 81.2 0.504
HAART EEEH-> TV 3 19.0 8.2 0.012
#£7 [OBRAROERE] LRABREICHT S [TE] COBR (BGT : %)
ORENTOER
5 | = P
OERENATIBEEL S LLHDOHIS
FRZECEHLTH5 74.6 70.8 0.328
22 BT 3 66.7 47.6 0.004
WMEMREETS 9.5 2.9 0.025
HIEMbLEW 0 5.1 -0.051
@ EEEITI L EDBEME
T prmMAHx /AT 475 36.0 0.046
TRV EBRTS 100 96.0
g | JO-TEEATS 80.3 61.9 0.004
BEZEINFE-ZET]T S 34.4 22.3 0.035
ARy JIBRBLEOHEETD 90.0 75.8 0.008
ERECRARIE v 2 PV EERT S 32.8 18.2 0.011
MESIC8NT 3 58.3 51.0 0.186
HBV O U F L %iEELICEFH D 78.3 76.0 0.698
2Ry 7RHBY 77 F R ERBL TV 45.0 36.2 0.129

— 73, FhEFROEMERICH T 5 EEDE
FREHLL.

“BAOwHHERTHIV BE%*ZFANRS" “ho
ERiZ & HIVEZOEERLITH T 5EEE,
REBREOHME & HICEL R EMMPED LR
(R4). "HIVEBERZEGET 203 LI L
PEEES” (64~89%) % “HIVEBEZEHTH L
M BENRKLEL B ERD” (65~T70%) &, %
BREZHOEVIHEELZ T ahol:. RIREER
BEHEVEVS T EFIT LV, RADZ VI &
EZzohb, —HT, REHEOENH THHE] O

MCEBREGRHI L P o7,
“MBEIZRBRLTLS )" T TREORRE
HrBTcws0iE, M5ALT] T338% (o
N—TE70%L L) LI, K “HBT
BET 5" & TISALLT] T6L5% LD s v—7
Inb@ElroTwiz (£5). yu—70%EH,
A E g T~DELIEOBE, BREHILEY=2T NV
DR &, REBERESHEMT A3 EAREICHEL
AR ER L. MAEDRE, BEILONCVF
¥ — 2O, FBEE~0snk EERO»H»5H
BicELCid, BEHoMme: oMRERzRcN%Z

HAMHEE R (BHET4S) 139



o AR

DLEOERLY, NABSZNZ ELORENZE
wokEEh, ZoOHERE L TERESRPTESH L)
WKholehbi3TiR%l, FlPIPLo2EL TS,
BEBOZ WHEBERDIZ ) PERENE LT ) B/
FE, LE2XONE. FHEELLI & RS
SR B ECHBERY, BF L OGERBEREYE
F, FRBNKEEEROWIMIO %D > TWEHD
TWEZWEA S, BIC, [I5ALUT] oEfHER
T, "MZRCRBELTHHH” LY bFHo»
POV B THEINT L DIEINEL, $724F
M L SEFMosNV—TL ) EhrolzZ
EPOLDBERETEAS.

V. FEHERARRIRE DR

BT HME (K& (BESR] (DO
SR [RRER) D4 F V=T, #hE
NOBBEB T 2AE0HEHH L.

[OEESRL] 288 L TV A ERERT, “B50
WA ERTHIV EEE2 XTI ANS” “hDERE S
HIV BEOEFEZIT) " "HIVBEZEET L 01E
I NI EREEY LY EeN, EBELTY
BOWEBERL ) SAEBECEVIEAHLIE o
72 (R6). ¥/, RS F—FFYa—- g R
HIV Oit# 5 Tdh 5 HAART HiER EOM#Ek%
ATLEREMOSE R, [TEH] CEbLLE
COEMBHIZBWTHOARBIIEVEELRL TNV
(R7). —F, WOBBERTIEIDL ) LEITH
Lol

Ih i, KRERLHEIZB W CEMEIC AR
T FEAZZEREM I BN RE RN T 5 [

140 THE NIPPON  Dental Review Vol.67 No.4 (2007-4)

£ Mam&l P&, M178) KHRBmEIhTwsi:
0, LEXOLND.

VI. 72— MRBDEED

BRI R R ERICEAL T DI
3, BHEROBELZXETHILERLL)IZ,
BEXELOIENKRETREZVAESL ) ». BERKD
BOWER,»S, BEMCOBABBLREELZIT) £
I EMEEROTVE, FHEHL I TICRAR
AR A BAL T ZED, FHORBVWERER
CRERBESETWLZEIIOENE, 15, BE
X, RRNBETFHIH T EBEROLHE LR T,
RIETHIZORITFTTVE0hb Lk,

B8 bHbI(C

SEIE, BESHEBHEO L5 ICRAREICHE L
THENEROB B, LB N7 7 — MR
EHERTBR LA GHOMHALL. 77— MREC
THh IR ER S EFHEM R DK 4 1JE
CRHOEBEBRIZVERS. ThoDOHIPHZ
BRP S, ERBRETFHIRICOVTERNSGHES
LICEL %Y, HHEBEORBIIORA > T Z
LMY 5.

2EXH

1) EEHET & BHERESICEY 2 BN %— CDC
HAFTA v, REEE, FE, 2004.

2) MEEE S HREROLDOBERNETVAFILL, 7
YENTA YT PR, HE, 2005.

3) EASHHEMAREIES BRI THEREAMETE X
164 845 - S HEmEREH.

4) BESEHHENREHE EFEEWEGREHRAEE FK
1THE 84 - FHEHRARESE.



J Infect Chemother (2007) 13:285-290
DOI 10.1007/510156-007-0534-7

© Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases 2007

ORIGINAL ARTICLE

Takeshi Mikuniya - Yoshihisa Kato - Takashi Ida
Kazunori Maebashi - Koichi Monden - Reiko Kariyama
Hiromi Kumon

Treatment of Pseudomonas aeruginosa biofilms with a combination of
fluoroquinolones and fosfomycin in a rat urinary tract infection model

Received: December 6, 2006 / Accepted: May 2, 2007

Abstract Foreign body-associated infectious disease is
currently one of the most problematic hospital-acquired
infections. Patients with placement of urinary catheters are
especially susceptible to such infection, that is biofilm infec-
tion. In this study, we focused on the therapeutic efficacy of
prulifioxacin (PUFX) against Pseudomonas aeruginosa OP
14-210, isolated from a patient with complicated urinary
tract infection. This microbe formed a biofilm on the surface
of a polyethylene tube (PT) placed in a rat bladder without
surgical manipulation. In addition, we attempted to eradi-
cate the biofilm by treatment with a combination of PUFX
and fosfomycin (FOM). A single oral administration of
PUFX at a dose of 20mg/kg was effective against P. aeru-
ginosa as a biofilm, yielding a significant reduction in CFU
per PT of approximately 1log,, CFU/PT compared with that
in untreated controls. A similar therapeutic effect was also
observed in levofloxacin-treated rats, and albeit slightly
weaker, in ciprofloxacin-treated animals as well. Because 3
days’ consecutive treatment with each fluoroquinolone did
not further decrease the viable cell counts on the PT, we
tested the efficacy of combining PUFX and FOM. These
two drugs, administered once a day for 3 days, at doses of
20 and 100mg/kg, respectively, resulted in significant
decreases of viable cell counts on the PT of more than
1.510g,, CFU/PT compared with PUFX alone (P <0.05). As
seen by scanning electron microscopy, destruction and dis-
appearance of multilayer biofilms occurred after treatment
with this drug combination. Such combination therapy with
PUFX and FOM may be advantageous for treating biofilm-
related infectious diseases.
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Introduction

Bacteria on the surfaces of implanted medical devices can
cause chronic infection, enhanced by biofilm formation.'
Biofilm infection is indolent, although the stability of biofilm
is a major factor in the persistence of many chronic infec-
tions. Catheter-associated urinary tract infection (UTI) is
a representative biofilm disease. In complicated UTI, the
frequency with which Pseudomonas aeruginosa, a major
pathogen in biofilm-associated infection, is found, is
rising.?

Fluoroquinolones are widely used for the treatment of
both uncomplicated and complicated UTI, because they
show broad activity against organisms isolated from the
urinary tract, including P. aeruginosa. Because of their
bactericidal activity on nongrowing P. aeruginosa® and their
penetrability through extracellular polymeric substances,’
fluoroquinolones show a killing effect on P. aeruginosa in
mature biofilms.>® However, biofilm bacteria show resis-
tance to various host defense mechanisms and antibiotics,
sometimes leading to the failure of clinical therapy.

Previously, in in vitro studies, we investigated the effects
of combining ulifloxacin, the active form of prulifioxacin
(PUFX), and fosfomycin (FOM), against P. aeruginosa OP
14-210, isolated from a patient with catheter-associated
UTI, in mature biofilms.” However, P. aeruginosa biofilms
formed in vitro were so rigid that high concentrations of
antibiotics for an extended period, unlikely to be attainable
in vivo, were needed to destroy them.

In this study using a rat UTI model, we examined the
therapeutic efficacy of fluoroquinolones against P. aerugi-
nosa OP 14-210 forming a biofilm on the surface of a poly-
ethylene tube (PT) placed as a foreign body in the rat
bladder. This model was established without surgical mani-
pulation to minimize postoperative infiltration. In addition,
we attempted to eradicate the biofilm by treatment with a
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combination of flucroquinolones and FOM. At the same
time, we monitored the surface of the PT by scanning elec-
tron microscopy (SEM) to assess morphological changes
and destruction of the biofilms.

Materials and methods

Bacteria, antimicrobial agents, and animals

P. aeruginosa OP 14-210, isolated from a patient with a
catheter-associated UTI, was used throughout this study.*®
This strain belonged to serotype I and was not an alginate-
overproducing strain. PUFX and FOM were supplied by
Meiji Seika Kaisha (Tokyo, Japan). Ciprofloxacin (CPFX)
andlevofloxacin(LVFX)werepurchasedfromBayer Yakuhin
(Osaka, Japan) and Daiichi Pharmaceutical (Tokyo, Japan),
respectively. The minimal inhibitory concentrations (MICs)
of antimicrobial agents against P. aeruginosa OP 14-210,
determined by the macrodilution tube broth method, with a
final inoculation of 5 x 10° colony-forming units (CFU)/ml
were: 32 ug/ml for FOM, 0.25pg/ml for ulifloxacin (an active
metabolite of PUFX),0.25 ug/ml for CPFX, 1yug/mlfor LVFX,
1pg/ml for biapenem, 2pg/ml for imipenem, 0.5pug/ml for
meropenem ,and 128 ug/ml for ceftazidime.’ Seven-week-old
female Crj: CD rats were purchased from Charles River Japan
(Yokohama, Japan) and used after 1-week adaptation in our
laboratory. All experimental protocols and animal care were
approved by the Institutional Animal Care and Use Commit-
tee of Meiji Seika Kaisha, Ltd.

Formation of biofilms on the surfaces of polyethylene
tubes placed in the rat bladder

According to a previous report, a spiral-shaped polyethyl-
ene tube (PT; Intramedic polyethylene tubing PE50; Becton
Dickinson, Sparks, MD, USA) was placed as a foreign body
in the rat bladder, without surgery.® Briefly, a 1.5-cm-long
PT was formed into a spiral and the shape fixed in a boiling
water bath for 3s. After straightening, the PT was placed in
the bladder through the urethra, under anesthesia. Rats
were given water containing 1 mg/ml of ampicillin (Nakalai
Tesque, Kyoto, Japan), to prevent UTI, for 4 days after
placement of the PT. P. aeruginosa OP 14-210 organisms,
grown on trypticase-soy agar (Difco, Detroit, MI, USA)
were harvested, adjusted to an absorbance of 0.3 at 580nm,
and further diluted x10 with 0.033 M phosphate-buffered
saline. Then 0.5 m! of bacterial suspension (approximately 5
x 10° CFU) was inoculated transurethrally into the bladder,
using a 22-gauge needle with a blunt point under anesthesia,
and the urethra was clamped for 4h to prevent bacteria
being washed away in the urine.

Therapeutic efficacy of fluoroquinolones and FOM against
P. aeruginosa in a biofilm

Twenty-four hours after inoculation, P. aeruginosa biofilms
had formed on the surface of the PT. Each fluoroquinolone

(PUFX, CPFX, and LVFX) separately and/or FOM were
then orally administered. Using four to nine rats for each
group, treatment for a single day or 3 consecutive days
by oral administration of each fluoroquinolone at a
dose of 20mg/kg body weight and FOM at 20, 50, or
100mg/kg body weight, suspended in hydroxypropyl
cellulose-SL, was evaluated. Co-administration of PUFX
at a dose of 5, 10, or 20mg/kg and FOM at a dose of
100 mg/kg was also evaluated. Twenty-four hours after the
last administration, the PT was carefully removed from the
bladder, transferred to a 1.5-ml Eppendorf tube containing
500ul of phosphate-buffered saline, and sonicated for
2min at 38kHz in a water bath to disperse the bacteria.
Then 100l of the sample was spread onto Mueller Hinton
agar (MHA; Becton Dickinson) and cultured at 37°C
for 20h, and the number of colonies after incubation
was quantified. The lower limit of detection was
10°” CFU/PT.

Morphological observations by scanning electron
microscopy (SEM)

Just before the third administration of PUFX and/or FOM,
the PT was removed from the bladder. The biofilms on
the PT were fixed with 2.5% glutaraldehyde in phosphate-
buffered saline, postfixed with 2% tannic acid and 1% OsQO,,
and dehydrated with ethanol. The specimens were then
dried in an HCP-II critical-point dryer (Hitachi, Tokyo,
Japan), coated with platinum-palladium, and observed with
a Hitachi S-570 scanning electron microscope.®

Statistical analysis

Differences in viable cell counts between control and drug-
treated animals were analyzed, using Dunnett’s, Tukey’s,
and Mann-Whitney U-test methods with the SAS (SAS
Institute Japan, Tokyo, Japan). Differences were consid-
ered to be statistically significant when P < 0.05.

Results

Therapeutic efficacy of each antimicrobial
agent separately

We examined the therapeutic efficacy of a single adminis-
tration of each fluoroquinolone separately, and also FOM
alone, against P. aeruginosa biofilms. The efficacy of PUFX
was higher than that of CPFX and equal to LVFX at the
same dose (Table 1; experiment 2; Fig. 1A). However, there
was no further decrease in viable cell counts on the PT even
when each fluoroquinolone was administered orally once a
day for 3 days (Table 1; experiment 5). FOM showed no
reduction in CFU per PT after either a single dose (Table
1; experiment 1; Fig. 1B) or when given for 3 consecutive
days (Table 1; experiment 4).



Table 1. Therapeutic efficacy of fluoroquinolones and FOM against
P. aeruginosa biofilms

Log CFU/PT
A single oral administration
Experiment 1 (n = 6)
Control 7.49 £ 0.44
FOM 20mg/kg 7.61 £0.20
FOM 50mg/kg 7.30 £ 0.43
FOM 100mg/kg 7.49 £ 0.60
Experiment 2 (n = 5-6)
Control 7.88 +0.22
PUFX 20mg/kg 6.15 £ 0.08
CPFX 20mg/kg 7.15+0.22
LVFX 20mg/kg 517 +£0.90
Experiment 3 (n = 8-9)
Control 8.00 + 0.25
PUFX 20mg/kg 6.61 £ 0.50
PUFX 20mg/kg + FOM 20mg/kg 6.75 £ 0.41
PUFX 20mg/kg+ FOM 50 mg/kg 6.52 £0.54
PUFX 20 mg/kg+ FOM 100mg/kg 6.16 £ 0.69
3 days’ consecutive oral administration
Experiment 4 (n = 5-6)
Control 7.80 £ 0.29
FOM 20mg/kg 7.54 £0.53
FOM 50mg/kg 7.17 £ 0.68
FOM 100mg/kg 7.03 £0.93
Experiment 5 (n = 5-6)
Control 7.28 + 0.46
PUFX 20mg/kg 6.11 £ 0.55
PUFX 20mg/kg + FOM 100mg/kg 434 £2.00
CPFX 20mg/kg 6.50 £ 0.79
CPFX 20mg/kg+ FOM 100mg/kg 531 +1.64
LVFX 20mg/kg 543 +0.73
LVFX 20mg/kg+ FOM 100mg/kg 3.07 £2.02
Experiment 6 (n = 4-6)
Control 7.51 £042
PUFX 5mg/kg 6.51 £0.59
PUFX 5mg/kg + FOM 100mg/kg 5.89 +1.36
PUFX 10mg/kg 6.35+0.78
PUFX 10mg/kg+ FOM 100mg/kg 6.13 £ 0.60
PUFX 20mg/kg 5.89 +1.01
PUFX 20 mg/kg+ FOM 100 mg/kg 293 +1.44

Values are means £ SD

Treatment with combinations of fluoroquinolones
and FOM

Because we observed no synergistic effects with a single
co-administration of PUFX and FOM (Table 1; experi-
ment 3), we tested whether extended treatment would
achieve this. After 3 consecutive days’ co-administration
of PUFX and FOM, a synergistic effect was clearly
identified for PUFX at a dose of 20mg/kg plus FOM at a
dose of 100mg/kg (Table 1; experiment 6; Fig. 2). A syner-
gistic effect was also confirmed for LVFX plus FOM and
CPFX plus FOM (Table 1; experiment 5). However, we
found no synergistic effects for PUFX at a dose of 5 or
10mg/kg plus FOM at a dose of 100 mg/kg.
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Fig. 1A,B. Therapeutic efficacy of prulifioxacin (PUFX), ciprofloxacin
(CPFX), levofloxacin (LVFX), and fosfomycin (FOM) alone against
Pseudomonas aeruginosa in a mature biofilm after a single administra-
tion. Each fluoroquinolone was administered orally to rats at a dose of
20mg/kg body weight (A); FOM was administered orally at a dose of
20, 50, or 100mg/kg (B). The number of viable cells on a polyethylene
tube (PT) was determined 24 h after the last administration. The detec-
tion limit is indicated by the dotted line. Data values are expressed as
means + SD. *Statistically significant, P < 0.05
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Fig. 2. Therapeutic efficacy of PUFX with or without FOM against P.
aeruginosa in a mature biofilm after 3 consecutive days’ oral adminis-
tration. The number of viable cells on the PT was determined 24 h after
the last administration. The detection limit is shown as the dotted line.
Data values are expressed as means + SD. Open bars, control or PUFX
alone. Hatched bars, PUFX at a dose of 5, 10, or 20mg/kg plus FOM
at a dose of 100mg/kg. *Statistically significant, P < 0.05

Morphological changes of P. aeruginosa on the surface
of the PT after treatment with a combination of
PUFX and FOM

Figure 3 shows morphological changes of P. aeruginosa bio-
films on the surface of a PT after treatment with PUFX
and/or FOM after 2 consecutive days’ drug administration.
The presence of rounded or elongated cells was character-
istic of treatment with FOM or PUFX, respectively (Fig.
3B,C). Disappearance of multilayer biofilms, indicating
their destruction, was demonstrated after combination
treatment (Fig. 3D).

Discussion

In patients with long-term indwelling bladder catheteriza-
tion, biofilm infections are inevitable, and the risk of
infection increases by 5%-8% per day.’ P. aeruginosa is a
major uropathogen and is one of those most frequently
isolated from urine in patients with complicated UTI. These
P. aeruginosa-forming biofilms are well-protected from the
mechanical flow of urine, host defense systems organized in
the mucosal barrier, and even antimicrobial chemotherapy.
The only effective method of treatment is to correct the
obstruction and directly remove the biofilm. In pursuit of

an efficient method for eradicating P. aeruginosa biofilms,
we evaluated the effects of combining FOM and fluoroqui-
nolones possessing potent antipseudomonal activity in a rat
UTI model.

A previous report had indicated that a fluoroquinolone
alone was unable to eradicate P. aeruginosa biofilms in
an in vitro experiment.’ In this rat UTI model® a consider-
able contribution from the mechanical flow of urine is
relied upon to remove the biofilm. For this reason, unlike
the results in an in vitro experiment, a single oral admin-
istration of each fluoroquinolone alone moderately
decreased viable cell counts of P. aeruginosa in biofilms on
the PT.

In addition to the three fluoroquinolones studied here,
Neu and Chin" demonstrated that fleroxacin also acted
synergistically with FOM against floating P. aeruginosa
cells in an in vitro study. Other quinolones, such as gati-
floxacin, moxifioxacin, sparfloxacin, and tosufloxacin play
an important role in the treatment of community-acquired
respiratory tract infections. These latter fluoroquinolones,
however, were only equally or even slightly less potent than
CPFX against P. aeruginosa. Considering the features of
each fluoroquinolone studied here; namely, that PUFX
possesses the most potent antipseudomonal activity, that
CPFX can also be administered parenterally, and finally,
that LVFX is the most popular fluoroquinolone, our
experiments provide evidence showing synergistic effects
of FOM together with fluoroquinolones for application as
therapy against UTL.

Previously, Monden et al.," in an in vitro study, reported
that a clear decrease in the bioactivity of FOM-pretreated
P. aeruginosa biofilms forming on silicon disks was
detected as early as 24h after treatment with FOM and
ofloxacin. In our present in vivo study, a considerable
concentration of FOM was maintained in the urine,
mimicking the condition of pretreatment with FOM until
the second administration of fluoroquinolone. Because
no synergistic effects were observed with a single co-
administration of PUFX and FOM, consecutive adminis-
tration of fluoroquinolones and FOM would be necessary
for eradicating biofilms. The feasibility of using fluoroqui-
nolones and FOM combination therapy continuously to
treat patients having catheterassociated UTI needs to be
examined. However, we note that antimicrobial chemo-
therapy for these patients is mandatory only in the febrile
phase.

Exactly how the synergistic effect of FOM with fluoro-
quinolones is accomplished, however, remains to be deter-
mined. The level of expression of the transport system
(sn-glycerol 3-phoshate transport) that delivers FOM into
bacterial cells is increased under anaerobic conditions, " but
FOM did not react with a negatively charged bacterial
glycocalyx.’ These observations imply that FOM is able to
penetrate deeply into multilayered biofilms and is still
transported into cells in the stationary phase with a low
growth rate.

In conclusion, treatment with combinations of fluoroqui-
nolones and FOM would appear to offer improved therapy
against biofilm-associated infectious diseases.



Fig. 3A-D. Morphological
changes of P. aeruginosa in a
mature biofilm on the surface of
a PT placed in rat bladder just
before the third administration
of PUFX and FOM. A
Untreated control, B FOM at a
dose of 100mg/kg, C PUFX at a
dose of 20mg/kg. D PUFX

at a dose of 20mg/kg plus FOM
at a dose of 100mg/kg. Bars,
8um
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