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Abstract

Aim: To examine the effect of locally delivered antimicrobial drugs on the
inflammatory response in an in vivo mouse chamber model.

Material and Methods: Two weeks following chamber implantation, 24 BALB/c
mice, in the experimental group, were given an intra-chamber challenge of heat-killed
Porphyromonas gingivalis, followed immediately by injection of the specific
antimicrobial drug: 2000 ug/ml chlorhexidine (CHX); 1500 pg/ml minocycline
HCl;and 1500 pg/ml doxycycline HCI (concentrations achieved in the periodontal
pocket with commercial controlled-release delivery systems). A second group of

24 animals received only the antimicrobial treatment without P. gingivalis challenge.
Intra-chamber exudates were sampled at 2 and 24 h following the challenge, and
leucocytes, TNFo, IFNy and IL-10 were evaluated.

Results: At 2 h, minocycline HCl induced high levels of IL-10, TNF« and IFNy, while
CHX reduced the levels of TNFo and IFNy. By 24 h, these responses were attenuated.
Following bacterial challenge, the antibacterial agents attenuated the inflammatory
process, each in its own fashion.

Conclusions: Antibacterial agents applied locally have the ability to induce an
inflammatory response. They also modify the inflammatory response to P. gingivalis
independent of their antimicrobial effect. CHX and doxycycline HCI] appear to have
the most marked anti-inflammatory effect.
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The inflammatory periodontal diseases
are widely accepted as being caused by
bacteria associated with dental plaque
(Socransky & Haffajee 1992). However,
the nature of the periodontal disease
resulting from dental plaque appears to
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depend on the interaction between the
bacterial agent, the environment and
the host defence mechanisms (Van
Dyke et al. 1993). Traditionally, perio-
dontal disease therapy has been directed
at altering the periodontal environment
to one that is less conducive to the
retention of bacterial plaque. Classical
therapeutic regimes to achieve this aim
would include some or all of the follow-
ing procedures: instruction in oral
hygiene techniques, scaling, root plan-
ing, correction of inadequate restorative
dentistry and the surgical elimination of
pockets or other anatomical defects that

Journal compilation © 2008 Blackwell Munksgaard

aid bacterial retention and interfere with
plaque removal. With the increasing
awareness of the bacterial aetiology of
periodontal disease (Socransky 1970,
Slot 1979, Moor et al. 1983) and in
particular the hypothesis that specific
bacteria are involved (Loesche et al.
1985), a more direct approach using
antibacterial agents has become an inte-
gral part of the therapeutic armamentar-
ium (Mandel 1988, Van de Ouderaa
1991, Greenstein 1992).

The recent development of sophisti-
cated, subgingivally placed delivery
systems has provided the possibility of

783
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maintaining effective, intra-pocket, levels
of antibacterial agents for extended per-
iods. These systems have provided the
profession with a new tool, which, in
clinical trials, has been shown to alter
the subgingival flora and significantly
influence the healing of the marginal
attachment apparatus (Goodson 1984,
Soskolne 1997).

Several studies using tetracyclines
(Chang et al. 1994, Ramamurthy et al.
2002) have demonstrated that these
agents reduce the levels of pro-inflam-
matory cytokines induced by the injec-
tion of lipopolysaccharide (LPS) and
increased the levels of the anti-inflam-
matory cytokine-IL-10. Tetracyclines as
well as chlorhexidine (CHX) have been
shown to reduce the activity of matrix
metalloproteinases (MMPs) in experi-
mental models (Azmak et al. 2002,
Ramamurthy et al. 2002).

The goal in using an intra-pocket
device for the delivery of an antibacter-
ial agent is the achievement and main-
tenance of effective antibacterial levels
of the drug for the required period.
However, there does not appear to be
any data available that report on the
local effect of these agents on the tissues
to which they are applied.

This study was designed to examine
the effect of a selection of antimicrobial
agents commonly used in controlled
delivery devices on the inflammatory
response in an in vivo local inflamma-
tion model.

Material and Methods
Antimicrobial agents

The antibacterial agents CHX digluco-
nate, doxycycline HCI and minocycline
HC1 were kindly donated by Dexcel
Pharma Technologies, Jerusalem, Israel.
CHX was diluted to the desired concen-
trate of 2000 ug/ml (Soskolne et al.
1998) in phosphate-buffered saline
(PBS) (pH 7.4). Doxycycline HCI and
minocycline HCI were dissolved in dou-
ble-distilled water to a concentration of
1500 pg/ml (Stoller et al. 1998, Paquette
& Santucci 2000, Williams et al. 2001)
(pH 3.5 and 4.4, respectively). The use
of different solvents (PBS for CHX and
double-distilled water for doxycycline
and minocycline at room temperature)
was in order to achieve stable solutions
of the different materials. These dilu-
tions approximate the maximum con-
centrations achieved in the gingival
crevice when using controlled-release

delivery systems available in the market
[the PerioChip® (Dexcel Pharma, Jeru-
salem, Israel), Atridox™ (Tolmar Inc.,
Fort Collins, CO, USA) and Arestin®
(Ora Pharma Inc., Warminster, PA,
USA), respectively]. Two hundred
microlitres from each agent was injected
into the relevant chamber according to
the study protocol. Two hundred micro-
litres of saline was used in the control
group. At the time of injection, all the
solutions were clear and showed no
signs of precipitation of the solute.

The in vivo local inflammation model

The  experimental protocol  was
approved by the Internal Review Board
of the Hadassah—Hebrew University
Medical Center. Female BALB/c mice,
5-6 weeks old (Jackson Laboratories,
Bar Harbor, ME, USA), were used in
this study. The in vivo local inflamma-
tion model described by Houri-Haddad
et al. (2000) was used. Two titanium
wire chambers were implanted into the
subcutaneous dorso-lumbar region of
each mouse. Two weeks following
chamber implantation, 24 BALB/c
mice were given an intra-chamber chal-
lenge of heat-killed Porphyromonas
gingivalis [0.1ml of 10'° colony-form-
ing units (CFU)/ml], followed immedi-
ately by injection of the specific
antimicrobial drug: 2000 mg/ml CHX,
1500 mg/ml minocycline HCI and
1500mg/ml doxycycline HCI. Saline
was used as the control (six animals
per treatment group). A second group
of 24 animals received only the antimi-
crobial treatment without P. gingivalis
challenge. Chamber exudates were col-
lected at 2 h (one of the two chambers in
each animal) and 24h post-challenge
(the second chamber in each animal).
The exudates were centrifuged for
Smin.,, and the supernatants were
removed and stored at —20°C until
analsed for cytokines. The pellets were
immediately re-suspended in PBS, and
the total leucocyte counts were evalu-
ated after staining with trypan blue,
using a hemocytometer.

Bacteria

P. gingivalis, strain ATCC 33277, was
grown on blood agar plates in an anae-
robic chamber with 85% N,, 5%H, and
10% CO,. After incubation at 37°C for
2-3 days, the bacterial cells were inocu-
lated into a peptone yeast extract for
1-week incubation under the same con-

ditions. The bacteria were washed three
times with PBS and then heat killed at
80°C for 10 min. (Kesavalu et al. 1992).
Using a spectrophotometer, the bacterial
concentrations were standardized to an
optical density of 0.1 at 650 nm, which
corresponds to 10'°CFU/ml (Baker
et al. 1994). The heat-killed bacteria
were stored at 4°C. Immediately before
use, the bacteria were resuspended in
PBS by brief sonication.

Analysis of cytokines

The presence of cytokines in the cham-
ber supernatants was determined by a
two-site enzyme-linked immunosorbent
assay (ELISA) (Frolov et al. 1998). The
assays were based on commercially avail-
able antibody pairs (Pharmingen, San
Diego, CA, USA; R&D Minneapolis,
MN, USA). Ninety-six-well ELISA
plates were coated with 1 pg/ml anti-
mouse cytokine monoclonal antibodies
and blocked by 3% bovine serum albu-
min. A secondary biotinylated antibody
was used as the detecting antibody,
followed by a streptavidin—horseradish
peroxidase conjugate (Jackson Immu-
noresearch Laboratories, West Grove,
PA, USA). The substrate used was
o-phenylenediamine (Zymed, San Fran-
cisco, CA, USA). The reaction was
stopped by the addition of 4 N sulphuric
acid, and the optical density was read
using a V.« microplate reader (Mole-
cular Devices, Palo Alto, CA, USA) at
490-650nm against a standard curve
based on known concentrations of the
recombinant cytokine.

Data analysis

Data analysis was performed using a
statistical software package (SigmaStat,
Jandel Scientific, San Rafael, CA, USA).
One-way repeated measures analysis of
variance (RM anova) was used to test the
significance of the differences between
the treated groups. When significance
was established, the inter-group differ-
ences were tested for significance using
the Student r-test with the Bonferroni
correction for multiple testing. The
level of significance was determined at
p<0.05. All the results are presented as
mean values =+ the standard error of the
mean.

Results

At baseline, before the chamber chal-
lenge, there were only a few isolated cells

© 2008 The Authors
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present in the chamber exudates and the
levels of the cytokines approached zero
(data not shown). This corresponds with
the results from our previous study
(Houri-Haddad et al. 2000).

The local application of saline into
the chambers induced a minimal
response of the immune system at 2 h:
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a low level of leucocyte concentration
and low levels of the cytokines TNFu,
IFNy and IL-10. The response remained
similar at 24h with no significant dif-
ference (Figs 1 and 2).

At 2h, the P. gingivalis challenge
induced an increase in cell migration
(about  sixfolds) and  significant
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Fig. 1. Levels of leucocytes (a) TNFa (b), IFNy (c) and IL-10(d) in the chamber 2h
following the challenge of the antibacterial agents. Antibacterial agents — chlorhexidine
(CHX), minocycline HCI (Mino) and doxycycline HCl (Doxy) — were injected into the
chambers of mice (n =6, each group); saline served as control. Chamber exudates were
harvested for analysis at 2 h post-challenge. Results are expressed as means + standard error.
*Significantly different from the respective control (p <0.05).
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Fig.2. Levels of leucocytes (a) TNFa (b), IFNy (c) and IL-10(d) in the chamber 24 h
following the challenge of the antibacterial agents. Antibacterial agents — chlorhexidine
(CHX), minocycline HCI (Mino) and doxycycline HCl (Doxy) — were injected into the
chambers of mice (n =6, each group); saline served as control. Chamber exudates were
harvested for analysis at 24 h post-challenge. Results are expressed as means =+ standard
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error. *Significantly different from the respective control (p <0.05).
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increases in the levels of TNFo, IFNy
and IL-10 compared with the saline
group. After 24 h, the leucocyte concen-
tration increased significantly (about
fourfolds compared with 2h). IFNy
levels remained similar to those at 2h,
while the levels of TNFa and IL-10
were significantly decreased (Fig. 4).

Response to antibacterial agents alone
(control = saline)

Recruitment of leucocytes into the
chambers

The local application of the different
antimicrobial agents into the chamber
(with no bacterial challenge) resulted in
alterations in cell migration into the
chamber compared with the saline con-
trol. At 2 h, the CHX appeared to reduce
the migration of the leucocytes to a
minimum. Minocycline HCI did not
affect the levels of the leucocytes,
whereas the doxycycline HCl signifi-
cantly increased their migration (Fig.
l1a).

Twenty-four hours after drug applica-
tion, the effect of CHX and doxycycline
HCI1 showed no significant changes from
the 2-h levels, while minocycline HCI
induced a significant increase in leuco-
cytes’ migration (Fig. 2a).

Levels of cytokines in the chamber

TNFo. At 2h, the introduction of anti-
bacterial agents into the chambers
altered the levels of TNFo in both
directions. CHX reduced the levels
below the detectable limit of the ELISA,
while minocycline HCI enhanced the
levels twofold (1005 £ 383). Doxycy-
cline HCI did not alter the levels sig-
nificantly compared with the saline
control (Fig. 1b).

After 24 hours, the levels of TNF«
were low in all the treatment groups and
similar to the saline control, with no
significant difference between them
(Fig. 2b).

IFNy. At 2h, minocycline HCI
increased the levels of IFNy signifi-
cantly (695 £ 35), while all the other
treatments showed levels similar to the
saline control (Fig. 1c).

After 24 h, the levels of IFNy in all
the groups treated with antibacterial
agents were markedly reduced com-
pared with their levels at 2h (Fig. 2c).
The levels of IFNy were close to the
lower detection limits of the ELISA.
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IL-10. At 2h, the levels of IL-10 in all
the treatment groups were similar to the
saline control, except the minocycline
HCI group, which showed a significant
increase (Fig. 1d).

After 24h, the levels of IL-10
remained similar to those after 2h,
except the minocycline HCI group,
which showed a significant reduction
(Fig. 2d).
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Response to the antibacterial agents
following P. gingivalis challenge
(control = P. gingivalis challenge)

Recruitment of leucocytes into the
chambers (Fig. 3a)

At 2h post-P. gingivalis challenge,
CHX reduced the levels of the leuco-
cytes compared with the P. gingivalis
control group, and the minocycline HCI
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Fig. 3. Levels of leucocytes (a) TNFo (b), IFNy (c) and IL-10 (d) in the chamber 2h
following heat-killed Porphyromonas gingivalis challenge. Antibacterial agents — chlorhex-
idine (CHX), minocycline HCI (Mino) and doxycycline HCI (Doxy) — were injected into the
chambers of mice (n =6, each group) following the bacterial challenge (saline served as
control). Chamber exudates were harvested for analysis at 2h post-challenge. Results are
expressed as means = standard error. *Significantly different from the respective control

(p<0.05).
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Fig. 4. Levels of leucocytes (a) TNFux (b), IFNy (c) and IL-10(d) in the chamber 24 h
following heat-killed Porphyromonas gingivalis challenge. Antibacterial agents — chlorhexidine
(CHX), minocycline HCI (Mino) and doxycycline HCI (Doxy) — were injected into the chambers
of mice (n = 6, each group) following the bacterial challenge (saline served as control). Chamber
exudates were harvested for analysis at 24 h post-challenge. Results are expressed as means +
standard error. *Significantly different from the respective control (p <0.05).

resulted in minimal changes, while the
doxycycline HCI increased their levels
(Fig. 3a).

Twenty-four hours post-challenge,
the concentration of leucocytes in the
chambers increased significantly from
the 2-h levels in all the groups, except
the doxycycline HCI group, where the
increase did not reach significance
(Fig. 4a). The 24-h leucocyte concentra-
tions were not significantly different
from each other.

Levels of cytokines in the chamber

TNFa. At2h all the antibacterial agents
reduced the P. gingivalis enhanced
levels of TNFu secretion. This reduction
was significant only in the CHX and
doxycycline HCl-treated groups (Fig. 3b).

After 24h, the levels of TNFu
decreased in all treatment groups com-
pared with 2h, with the decrease being
significant in the minocycline HCI and
doxycycline HCI groups only. There were
no significant differences between the
groups and the P. gingivalis control
(Fig. 4b).

IFNy. At 2h, doxycycline HCl and
minocycline HCl reduced the IFNy
levels significantly compared with the
P. gingivalis control group. The reduc-
tion in the CHX group was not statisti-
cally significant (Fig. 3C).

At 24h, the levels of IFNy in the
CHX and minocycline HCI groups
were significantly reduced compared
with their 2-h levels. They were also
significantly lower than the P. gingivalis
control (Fig. 4C).

IL-10. At2h, the CHX and doxycycline
HCI suppressed the IL-10 levels signifi-
cantly compared with the P. gingivalis
control. The IL-10 level in the minocy-
cline HCI group remained similar to the
control (Fig. 3d).

After 24 h, minocycline HCI and dox-
ycycline HCl1 resulted in significant
decreases in the levels of IL-10 com-
pared with 2 h while CHX increased the
levels of IL-10 significantly (Fig. 4d).
The levels of IL-10 were significantly
lower in the minocycline HCl and
doxycycline HCI groups than in the
P. gingivalis control.

Discussion

The changes in the chamber contents
resulting from the introduction of the

© 2008 The Authors
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antibacterial agents into the chambers
represent the direct effect of these agents
on the surrounding tissues. CHX had a
strong anti-inflammatory effect by redu-
cing the basal concentration of leuco-
cytes migrating into the chamber
compared with the control group. It
also reduced the levels of the pro-
inflammatory cytokines, resulting in a
strong anti-inflammatory effect. TNFo
had been reduced at 2h and IFNy at
24 h. Minocycline HCI had a minimal
effect on leucocyte migration; however,
the levels of the inflammatory cytokines
(IFNy IL-10 and TNF«) were increased
at 2h. This resulted in a pro-inflamma-
tory effect that could be harmful to the
surrounding tissues. This effect was
short lived and had disappeared at
24h. Doxycycline HCI induced an
increase in leucocyte migration but the
levels of cytokines remained similar to
those seen in the saline group, except
the reduction of IFNy after 24 h. These
results indicate that doxycycline HCI is
the most inert of the three antibacterial
agents tested. The differences in the
activity of the three antibacterial agents
might be explained, in part, by the
differences in the pH of the different
solutions at the time of injection
(CHX =74, doxycycline=3.5 and
minocycline = 4.4). Although the pH
of both minocycline HCI and doxycy-
cline HCl is similarly acidic, they
resulted in different host responses,
which in turn were different from the
response to the pH neutral CHX. This
suggests that the different responses
seen in the chamber model are at least
in part due to the differences in response
to the drugs themselves. After 24h,
when the low pH of minocycline HCI
and doxycycline HCI had probably been
neutralized by the buffering capacity of
tissue fluids, doxycycline HCI began to
show an anti-inflammatory effect, while
minocycline HCI lost its pro-inflamma-
tory effect.

In an existing inflammatory response,
CHX reduced the levels of all the cyto-
kines induced by a P. gingivalis chal-
lenge in the short term with a tendency
for the levels to return to those of the
control after 24 h. Doxycycline HCI also
resulted in an anti-inflammatory effect,
reducing the levels of TNFa IL-10 and
IFNy, which persisted up to 24 h. Min-
ocycline HCI also resulted in the reduc-
tion of the levels of IL-10 and IFNy over
the 24-h test period but, in contrast to
doxycycline HCI, it did not reduce the
levels of TNFo. In a previous study

© 2008 The Authors
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(Shapira et al. 1997), tetracycline was
shown to reduce the secretion of TNFo
by human monocytes challenged with
P. gingivalis LPS. This reduction in
secretion was shown to be due to the
retention of the TNFa on the membrane
fraction of the cells. This finding is
similar to the results seen with doxycy-
cline HCI in this study but different
from the response to minocycline HCI.
These findings would suggest that min-
ocycline HCI would be a less desirable
agent to use as a local anti-inflammatory
agent than either doxycycline HCI or
CHX. Doxycycline HCI would be the
preferred anti-inflammatory agent for a
single local application because of its
neutral behaviour when introduced
alone and its longer anti-inflammatory
effect when used in conjunction with an
inflammatory stimulus.

One of the ways that antibacterial
agents may affect the inflammatory pro-
cess independent of their antibacterial
properties is through their known anti-
collagenase activity (CHX — Gendron
et al. 1999, Azmak et al. 2002 and the
tetracyclines — Golub et al. 1984, 1985).
It is known that the collagenases
(MMPs) are important in the develop-
ment of the inflammatory process
(Chang et al. 2002), and it would there-
fore be important to examine the effect
of the anti-collagenase activity of the
different antibacterial agents on the
levels of the MMPs in the chamber
exudates and their relationship with
cytokine secretion. This may well clarify
the differing effects of the different
antibacterial agents on the inflammatory
response.

In summary, this model shows that
each antibacterial agent modulates the
cytokines in the inflammatory exudates in
its own unique fashion. This modulation
is time dependent and not necessarily
purely pro- or anti-inflammatory in terms
of cytokine secretion. These results repre-
sent the effect of a single dose. The
clinical use of these agents in perio-
dontology is wusually via controlled-
release delivery systems, where the
drug concentration is maintained over
an extended period. The high levels of
the drugs over time would change the
secretion profile of the cytokines, possi-
bly extending the effects seen at 2 h.
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Clinical Relevance

Scientific rationale for the study: The
purpose of this study was to extend
the minimal information available
regarding the inflammatory response
of tissues to local application of
antibacterial agents.

Principal findings: This model shows
that local release of antibacterial

agents stimulates an inflammatory
response in addition to modulating
the cytokines in the inflammatory
exudates.

Practical implications: The con-
trolled release of antibacterial agents
for the treatment of periodontal dis-
ease results in exposure of the tissues
to antibacterial agents for extended

periods. Although the results of this
study represent the effect of a single
dose of antibacterial agents for a
short period, the resultant inflamma-
tory response may be a significant
factor in choosing the appropriate
agent for therapeutic purposes.
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