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Abstract

Objective: Periodontal disease is considered to be a bio-
film infectious disease. The effects of macrolide and
tetracycline on biofilm were examined in 7z v7fro biofilm
model made of periodontal disease-associated bacteria.
Methods: Biofilms were made on salivary pellicle by
adding Streptococens gordonii for 2 days, followed by
Porphyromonas gingivalis inoculation for 2, 5, or 12
days. Biofilms were treated with macrolide antibiotics;
erythromycin  (EM), azithromycin (AZM) and
josamycin (JOM) and tetracycline antibiotic, minocy-
cline (MINO). The effects of these antibiotics on
biofilms were examined using colorimetric quantifica-
tion method, scanning electron microscope (SEM) and
confocal laser scanning microscopy (CLSM).

Results: When antibiotics were added to the biofilm 2
days after inoculation of Porphyromonas gingivalis
(biofilm inhibition model), all four antibiotics de-
creased the number of bacteria by both colorimetric
method and SEM observation. When antibiotics were
added to biofilms 5 or 12 days after inoculation
(biofilm destruction model), those in biofilms were de-
creased by EM and AZM compared with JOM and
MINO. Moreover, CLSM observation demonstrated
that EM and AZM killed bacteria in biofilm more
deeply than JOM and MINO.

Conclusion: These results suggest the feasibility of EM
and AZM for the treatment of periodontal disease as a
biofilm infectious disease.

Key words: biofilm, periodontopathic bacteria, azi-
thromycin, erythromycin, macrolide

Abbreviations: AZM, azithromycin; CLSM, confocal
laser scanning microscope; EM, erythromycin; JOM,
josamycin; MINO, minocycline

INTRODUCTION

Caries and periodontal disease are two major oral dis-
eases and are the infectious diseases due to dental
plaques which are formed by intraoral bacteria. Re-
cently, Costerton et al. [1] proposed that they are
biofilm infectious diseases. The systemic disorders due
to biofilm include cystic fibrosis pneumonia and infec-
tive endocarditis [1]. Biofilms are bacterial populations
which are enclosed by extracellular matrix produced

by bacteria per se and which adhere to each other
and/or surfaces or interfaces such as medical devices
[2, 3]. Importantly, bacteria in biofilm are resistant to
antibiotics [1, 2].

Periodontal disease as a biofilm infectious disease is
considered as below. Porphyromonas gingivalis (P. gingi-
valis) is implicated in the initiation and progression or
periodontitis [4]. Periodontal disease-associated bacte-
ria formed biofilm in periodontal pockets or on the
surface of cementum. Planktonic bacteria from biofilm
invade into periodontal tissues and lead to inflamma-
tion and destruction of tissues directly and indirectly
by elicit host defense mechanism. Supragingival dental
plaques (biofilm) are easily removed by professional
mechanical tooth cleaning (PMTC), while subgingival
dental plaques and bacteria invading into periodontal
tissues are difficult to be removed. Therefore, the de-
velopment of novel methods for periodontal disease is
needed to eliminate these biofilms efficiently.

Presently, local administration of minocycline
(MINO), one of tetracycline antibiotics, into peti-
odontal pockets has been performed for the treatment
of periodontal disease. Moreover, penicillin, nitroimi-
dazole or erythromycin (EM) antibiotics have also
been administrated systemically [5-8]. However, these
antibiotics are shown to be less effective to biofilm
made of P. gingivalis [9-11]. In contrast, azithromycin
(AZM), 15-membered ring macrolide antibiotics, has a
good tissue penetration property [12-15] and inhibits
biofilm formation made of Psendomonas aeruginosa
(P. aeruginosa) [10].

In this study, we examine the effect of macrolide
and tetracycline to 7z vitro biofilm model, which is
made of Streptococens gordonii (S. gordonii) and P. gin-
givalis [17]. Concomitantly, we examined the effects of
14-membered ring macrolide antibiotic EM and 16-
membered ring macrolide antibiotic josamycin (JOM)
and tetracycline antibiotic MINO.

MATERIALS AND METHODS

ANTIBIOTICS

Erythromycin (EM), azithromycin (AZM), josamycin
(JOM) and minocycline (MINO) were obtained from
Nihon SiberHegner (Tokyo, Japan), Pfeizer Japan
(Tokyo, Japan), Astellas Pharma (Tokyo, Japan) and
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Miyuki Yakugyo (Osaka, Japan), respectively. All an-
tibiotics were dissolved in methanol at 0.1 and 1
mg/ml and added to culture media at final concentra-
tion of 0.1 and 1 pg/ml.

SALIVA

Unstimulated whole saliva was collected from healthy
volunteers and centrifuged at 1,000 x g for 10 min at
4°C. Supernatant was filtrated through 0.45 mm-pore
membrane and stored at 4°C. Saliva was collected at
each experiment.

B1oriLM FORMATION

Biofilm formation was carried out as described previ-
ously [17] with minor modification. For quantification
of bacteria, filtrated saliva was coated on 96-well plate
(Asahi Technoglass, Tokyo, Japan) for 30 min at 4°C,
yielding to pellicle. For observation by scanning elec-
tron microscope (SEM) and by confocal laser scanning
microscope (CLSM), saliva was coated on glass cover-
slips in 24-well plate (Asahi Technoglass) and 35 mm
glass base dish (Asahi Technoglass), respectively. .
gordonii (Challis) was inoculated into wells in Trypti-
case soy broth (BBL Microbiology Systems, Cock-
eysville, MD) including yeast extract (BBL Microbiolo-
gy Systems), 5 pug/ml of hemin (Wako Pure Chemical
Industries, Osaka, Japan), of 0.5 ug/ml of menadione
(Nacalai Tesque, Kyoto, Japan) and 6 pg/ml of Su-
crose (Wako) and incubated for 2 days at 37 °C under
anaerobic conditions of 85% N, and 5% CO,. Then,
P. gingivalis (ATCC 33277) was inoculated in the same
medium as §. gordonii on these biofilms and incubated
under anaerobic conditions. On 2 days (biofilm inhibi-
tion model) or 5 days (biofilm destruction model) after
inoculation of P. gingivalis, antibiotics and methanol
(as a control) were added to biofilms and incubated
for 4 h at 37°C under anaerobic conditions. For
CLSM observation, antibiotics were added on 12 days
after inoculation. The durations of biofilm formation
were determined by SEM observation in preliminary
experiments (data not shown). The effects of antibi-
otics were examined by a colorimetric method using
toluidine blue, SEM and CLSM as described below.

QUANTIFICATION OF BIOFILM

For quantification of biofilm, biofilm treated with an-
tibiotics or methanol were stained with 0.1% toluidine
blue for 20 min at room temperature and washed three
times in distilled water. The stained biofilms were dis-
solved in 100 pl of ethanol and absorbance was mea-
sured 570 nm using microplate reader (Model 550;
Bio-Rad, Hercules, CA). The value of background
(without bacteria) was subtracted from that of each
sample, and the averages were calculated as percentage
to control. Data are presented as mean t standard de-
viation (SD) of the average of five experiments.

SCANNING ELECTRON MICROSCOPE (SEM)

After treatment with antibiotics, glass coverslips were
washed with 0.1M phosphate buffer (pH7.4) and fixed
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with 2.5% glutaraldehyde in phosphate buffer for 2
hours at room temperature. Then, specimens were de-
hydrate with an ethanol series (50 to 100%), freeze-
dried and coated with gold-palladium. Observations
were carried out on JSM-6300 (JEOL, Tokyo, Japan)

CONFOCAL LASER SCANNING MICROSCOPE (CLSM)

After treatment with antibiotics, the samples were
stained with ViaGram Red+ Bacterial Gram Stain and
Viability Kit (Invitrogen, Oregon, OR). Observations
were carried out on LSM510 (Carl Zeiss, Jena, Ger-
many). Blue (DAPI) and green (SYTOX Green) stain-
ings represent viable and dead bacteria, respectively.

STATISTICAL ANALYSIS

A one sample t test with Bonferroni correction was
used to examine whether the each mean value of ex-
perimental groups is different to 100%. All computa-
tions were performed with the statistical program R
(http:/ /www.t-project.org/). Values with p <0.05 were
considered as significantly different.

RESULTS

THE EFFECTS OF ANTIBIOTICS ON BIOFILM
FORMATION

We first examined the effects of antibiotics on biofilm
formation (biofilm inhibition model). Fig. 1 shows
that the rate of inhibition was as follows: EM (0.1
pug/ml, 60.4 * 5.7; 1 pg/ml, 51.0 £ 10.2), AZM (0.1
pug/ml, 66.6 £ 12.3; 1 ug/ml, 55.9 = 14.6), JOM (0.1
pug/ml, 61.3 £ 3.8; 1 ng/ml, 38.7 = 5.4), MINO (0.1
pg/ml, 59.6 + 3.9; 1 pg/ml, 40.2 £ 5.4). Thus, all four
antibiotics (EM, AZM, JOM and MINO) dose-depen-
dently decreased the number of bacteria to approxi-
mately 40 to 50% of untreated control (methanol
alone) at a concentration of 1 pg/ml (Fig. 1). More-
over, we observed the change of biofilm structure.
SEM observation showed that bacteria adhered to
cach other and formed aggregation but that a very
small amount of exopolysaccharide (EPS) was present
in untreated control (Fig. 2A). In antibiotics-treated
biofilm, the numbers of bacteria were decreased to
similar extents (Fig. 2B-E). These results indicate that
all antibiotics have similar inhibitory effects on the
biofilm formation.

THE EFFECTS OF ANTIBIOTICS ON MATURE BIOFILM

Next, we examined the effect of antibiotics on already
formed biofilm (biofilm destruction model). Fig. 3
shows that the rate of inhibition was as follows: EM
(0.1 pg/ml, 52.4 £ 10.4; 1 pg/ml, 42.5 £ 7.9), AZM
(0.1 pg/ml, 65.8 £ 18.2; 1 ug/ml, 50.5 = 10.5), JOM
(0.1 pg/ml, 87.2 + 6.2; 1 ug/ml, 78.0 = 9.2), MINO
(0.1 pg/ml, 78.0 = 3.2; 1 ug/ml, 62.8 £ 5.2). Thus, all
four antibiotics (EM, AZM, JOM and MINO) dose-
dependently decreased the number of bacteria. AZM
and EM decreased to approximately 40 to 50% of
control (Fig. 3A and B), while JOM and MINO de-
creased to 80% and 60%, respectively (Fig. 3C and D)
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Fig. 1. The effects of antibiotics on biofilm inhi-
bition model. (A) EM, (B) AZM, (C) JOM and
(D) MINO. The rate of inhibition (%) = (A5, of
sample - As- of background)/( Asy of control -
Asyy of background) x 100. Data are presented
as mean T SD of the average of five experi-
ments. p values using one sample t test (popula-
tion mean as 100%) with Bonferroni correction
were indicated.

Fig. 2. SEM photographs
of biofilm in biofilm in-
hibition model. (A) con-
trol, (B) EM, (C) AZM,
(D) JOM and (E) MINO.
Bars, 10 um.
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Fig. 4. SEM photographs
of biofilm in biofilm de-
struction model. (A) con-
trol, B) EM, (C) AZM,
(D) JOM and (E) MINO.
Bars, 20 um.
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at a concentration of 1 pg/ml. SEM obsetvation
showed that numerous number of bacteria aggregated
and that large amount of EPS was present in untreat-
ed control (Fig. 4A). Surface structures were altered in
EM and AZM-treatment groups (Fig. 4B and C) al-
though obvious alterations were not observed in JOM
or MINO-treatment groups (Fig. 4D and E). At last,
we examined how deeply these antibiotics effect to
bacteria in biofilm by CLSM observation. In untreated
control, no dead cell was observed (blue area: alive
bacteria) (Fig. 5A). In all antibiotics-treated groups,
dead bacteria (green area) were observed on the top
surface of biofilm. Concretely, EM and AZM killed
bacteria in biofilm deeply than JOM and MINO (Fig.
5B-E). These results indicated that EM and AZM have
antimicrobial effect to already formed biofilm more
than JOM and MINO.

DiscussioN

In this study, we examined the antimicrobial effects to
in vitro biofilm model made of §. gordonii and P. gin-
givalis. We consider that this model is simple and use-
ful for the biofilm model by periodontopathic bacteria
for the following reasons. (i) The biofilm models with
streptococci and P. gingivalis have been analyzed [18-
20]; (ii) S. gordonii play a role in initial adhesion to pel-
licle and periodontopathic P. gingivalis adhere to §.
gordonii; (i) The molecular mechanisms of adhesion
between S. gordonii and P. gingivalis have been re-
vealed [21, 22]; and (iv) The sequence (§. gordonii-P.
gingivalis) in this biofilm model is consistent with the
situation that prevails in oral cavity [23].

All four antibiotics decreased the number of bacte-
ria to similar extents in biofilm inhibition model, i.e.
immature biofilm (Fig. 1). Because only small amount
of EPS was produced at this time (Fig. 2), it is sug-
gested that antibiotics freely penetrate into immature
biofilm and inhibit biofilm formation. Bacteriostatic
antibiotics JOM and MINO decrease the number of
bacteria in biofilm as well as bactericidal antibiotics

e
s
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Fig. 5. Confocal images of biofilm
in destruction model. Cross sec-
tions of biofilm were denoted.
Blue and green indicate viable and
dead bacteria, respectively. (A)
control, (B) EM, (C) AZM, (D)
JOM and (E) MINO.

EM and AZM. Macrolide and tetracycline antibiotics
suppress protein synthesis by inhibition of bacterial
70S ribosome. Also, this reduction in bacteria suggests
bacteria death or inhibition of growth. Moreover,
AZM inhibits the production of fimbriae in P. gingi-
valis [24] Because adhesion between S. gordonii and P.
gingivalis is mediated- by cell-surface molecules in-
cluding the Ssp proteins of §. gordonii and the major
fimbriae and a 35 kDa protein of P. gingivalis |21, 22],
it is assumed that these antibiotics suppress aggrega-
tion of bacteria in biofilm by inhibiting the synthesis
of these adhesion molecules.

In contrast, in biofilm destruction model, EM and
AZM decreased the number of bacteria than JOM and
MINO (Fig. 3). Because the large amount of EPS was
produced at this time, i.e. mature biofilm (Fig. 4), an-
tibiotics are generally hard to penetrate into biofilm.
Considering that EM and AZM could destroy the
biofilm (Fig. 5), these antibiotics may penetrate into
biofilm deeply and kill the bacteria. However, observa-
tion by CLSM is unable to distinguish the effects of
antibiotics (bactericidal or bacteriostatic) and the per-
meability of antibiotics into biofilm. Indeed, EM and
AZM show bactericidal effects, while JOM and MINO
do bacteriostatic ones. Moreover, we could not mea-
sure the concentrations of antibiotics in biofilm.
Therefore, we did not conclude that the reasons that
EM and AZM showed bactericidal effects more deeply
in biofilm are due to (1) bactericidal effects, (2) high
penetration into biofilm or (3) both. In addition, the
precise mechanisms that the amounts of EPS were de-
creased by the treatment with EM and AZM (Fig. 4B
and C) remained unknown. Nevertheless, we consider
that our results EM and AZM destroy the biofilm
more efficiently than JOM and MINO are very signifi-
cant because AZM is effective to biofilm infectious
disease by P. aeruginosa [16]. Further studies are need-
ed to clarify these results. On the other hand, the
macrolides for patients with airway biofilm disease de-
pends on the ability of such macrolides to inhibit algi-
nate production by P. areusginosa. This suggests that
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inhibitory effect observed with 14-, 15- and 16-mem-
bered macrolides may depend on the sugar chain con-
nected with the macrolide ring [25].

As a defense mechanism, bacteria mediate signal
transduction to each other via biofilm. This regulation
at a genetic level is named as quorum sensing [26].
This system is a mechanism which senses a bacterial
cell density and, in response, regulates specific sets of
genes as shown in part of fungi. Most bacteria pro-
duce autoinducer, an important mediator in quorum
sensing, and this autoinducer regulates the production
of various virulence factors including biofilm forming
materials and adherence molecules [27]. Recently, EM
and AZM are reported to inhibit quorum sensing sys-
tem in P. aeruginosa |28, 29]. However, the relation-
ship between AZM and EM and the quorum sensing
system in P. gingivalis is still conversial.

The systemic administration of AZM against pa-
tients of periodontal disease is reported to decrease
the numbers of periodontal disease-associated bacteria
such as P. gingivalis, Prevotella intermedia and
spirochaetes [30, 31]. Recently, our group demonstrat-
ed that systemic administration of AZM is clinically
effective to the treatment of early-onset (aggressive)
periodontitis [32]. AZM is reported to be incorporated
into phagocytic cells such as macrophages iz vitro and
in vivo [33]. Therefore, the concentration of AZM in
lung or tonsil is more than 20-fold higher than that in
blood [34, 35]. AZM concentration is also high in gin-
gival tissue [13, 36]. These findings suggested that
AZM concentration is kept to be high in periodontal
tissue in the long-term and shows antimicrobial effects
to periodontopathic bacteria which have invaded in
periodontal tissue. Moreover, AZM may suppress ag-
gregation of bacteria in biofilm by inhibiting the syn-
thesis of these adhesion molecules and make bacteria
be sensitive to antibiotics. For these reasons, we con-
sider that AZM may be a very effective antibiotic for
the treatment of periodontal disease although the
combination with conventional initial preparation is
very important.

In conclusion, we demonstrated that EM and AZM
have the ability to destroy the biofilm i vitro. These
results suggest that pharmacotherapy to destroy
biofilm using antibiotics such as EM and AZM is ef-
fective for the treatment of periodontal disease.
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