
Nitric oxide (NO) is a short-lived free
radical involved in the regulation of
diverse physiological and pathological
mechanisms (5, 23). The biosynthesis of
NO occurs through the catalysis of
l-arginine by the family of isoenzymes
that are globally known as NO synthases
(NOS). Currently, at least three distinct
isoforms of NOS have been isolated and
cloned: endothelial NOS (eNOS or NOS-
1), inducible NOS (iNOS or NOS-2) and
neuronal NOS (nNOS or NOS-3). Con-
stantly present in resting cells, eNOS and
nNOS produce NO in low concentrations
leading to numerous effects including
smooth muscle relaxation and inhibition
of platelet aggregation and adhesion (9). In
contrast, iNOS is induced in macrophages
and polymorphonuclear cells only after its
stimulation by inflammatory mediators
such as interleukin-1 (IL-1), tumour nec-

rosis factor (TNF), interferon-c (IFN-c)
and lipopolysaccharide (LPS) (4). This
inducible process yields high amounts of
NO for long periods of time (19).
Periodontitis is a chronic inflammatory

disease that results in extensive soft and
hard tissue destruction of the periodon-
tium. The extent of disease is largely
based on the host’s inflammatory response
to bacteria that are present in plaque.
Indeed, the pathogenesis of periodontitis is
complex, with a systemic response also
accompanying the local destruction. Por-
phyromonas gingivalis is a gram-negative,
black-pigmented anaerobic bacterium
which has been shown to be a major
pathogen in periodontitis (28). It possesses
an array of virulence factors and has been
shown to induce iNOS expression in
inflammatory cells (18). Since NO is
thought to play an important role in host

defence against bacterially induced tissue
destruction (14), the role of iNOS in the
response to the systemic and local effects
of bacterial infection is of considerable
importance in understanding the patho-
genic mechanisms involved in perio-
dontitis.
One of the main manifestations of

periodontitis is bone loss, which compro-
mises the attachment apparatus of the tooth
and may lead to tooth loss. Osteoblasts and
osteoclasts both produce and respond to
NO (6, 25). Studies in vitro have shown a
biphasic effect of NO on both osteoblastic
and osteoclastic activity. Low levels of NO
promote osteoblastic growth and differen-
tiation in both an autocrine (26) and a
paracrine fashion (6, 7). Conversely, high
levels of NO have been shown to inhibit
both osteoblastic and osteoclastic growth
and differentiation (6, 20, 24, 25, 32).
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The effects of NO on bone metabolism
remain ambiguous with studies reporting
both stimulatory and inhibitory effects,
depending on the levels of NO and the
model used (8, 24). In addition, experi-
mental data on the contribution of iNOS to
the host’s defence against a specific peri-
odontal pathogen remains scarce. As such,
the aim of this study was to investigate the
local and systemic consequences of elim-
inating iNOS in a murine model of
P. gingivalis infection. This was achieved
by utilizing a P. gingivalis-induced skin
abscess model to monitor the acute reac-
tion, and an alveolar bone loss model
employing an oral infection of P. gingiva-
lis in iNOS knockout mice to measure
changes to alveolar bone over time.

Materials and methods

Mice

Specific pathogen-free female knockout
mice C57BL/6J · 129iNOS)/), and their
respective wild-type controls C57BL/
6J · 129iNOS+/+, 6–8 weeks of age, were
obtained from the Animal Services Divi-
sion, Australian National University, Can-
berra, and bred at the Herston Medical
Research Centre, with the genotypes
checked regularly by polymerase chain
reaction. Animal experiments were
approved by the Animal Experimentation
Ethics Committee of the University of
Queensland, and carried out in accordance
with the National Health and Medical
Research Council’s Australian Code of
Practice for the Care and Use of Animals
for Scientific Purposes, 1997. Mice were
housed in filter-top cages in a PC2 facility,
and provided with food and water
ad libitum. All experiments were repeated
twice.

Bacteria

P. gingivalis W50 was used in this study.
The bacterium was cultured anaerobically
as described previously (3). Briefly, the
bacterium was cultured on Wilkens Chalg-
rens agar plates (Oxoid, Adelaide, South
Australia) prepared from Wilken Chalg-
rens broth (Oxoid; 33 g/l) with the addi-
tion of agar (10 g/l) and 5% laked sheep
blood. The plates were incubated for
4 days at 37�C in an atmosphere of 10%
H2, 10% CO2 and 80% N2 in an anaerobic
cabinet (Katec Pty Ltd, Adelaide, South
Australia). The black-pigmented colonies
from plates were subcultured into Wilkens
Chalgrens broth and incubated as above.
Purity was monitored by Gram stain and
by subculture to Wilkens Chalgrens agar

plates. Bacterial numbers in the broth
cultures were determined by counting in
a Helber bacterial counting chamber under
phase-contrast microscopy. The bacteria
were harvested from 48-h broth cultures.
The bacteria were suspended in reduced
phosphate-buffered saline (PBS) at the
appropriate concentration for injection
(1010/ml) and transported in an anaerobic
state for injection. All inoculation and
sampling procedures were conducted un-
der halothane anaesthesia (Veterinary
Companies of Australia, Artarmon, NSW,
Australia) using an inhalation apparatus
(Fluortec, Mediquip, Brisbane, Qld, Aus-
tralia) and a scavenging system (Omnicon
Fresh Air Cannister, Bickford Inc., NY).

Skin challenge

Mice were injected subcutaneously at two
sites on the dorsal surface, approximately
1 cm on either side of the midline, as
described previously (13). Mice were
injected with 100 ll/site of 1010/ml
P. gingivalis, or the equivalent volume of
sterile PBS. Lesion size and number were
monitored for a 10-day period. Ten days
after challenge, mice were anaesthetized,
blood samples were collected by direct
heart puncture and then the mice were
sacrificed. Serum from mice in each group
was pooled, and clarified (10,000 g for
15 min) for the determination of cytokine
and antibody levels. Spleens were re-
moved, worked through cell strainers
(Falcon, Becton Dickinson, Franklin
Lakes, NJ) and the resulting suspensions
were washed and centrifuged on Ficoll–
Paque gradients to obtain mononuclear cell
suspensions. T cells were then stained for
intracytoplasmic cytokines and analysed
by two-colour flow cytometry as described
below.

Flow cytometric analysis

The per cent of CD4 and CD8 T cells
extracted from spleens at day 0 and day 10
following challenge were stained for in-
tracytoplasmic IL-4, IL-10 and IFN-c as
described previously (12, 13). Briefly,
surface membrane staining of CD4 and
CD8 cells was achieved using fluorescein
isothiocyanate-conjugated rat anti-mouse
CD4 or CD8 (PharMingen, San Diego,
CA), followed by fixation of these cells in
paraformaldehyde, permeabilization using
Proteinase K and then incubation with
phycoerythrin-conjugated rat anti-mouse
IL-4, IL-10 or IFN-c (PharMingen). For
the assessment of non-specific binding of
the rat antibodies to the mouse cell surface

antigens, phycoerythrin- and fluorescein
isothiocyanate-conjugated specific rat
immunoglobulin isotypes (PharMingen)
were used in place of the CD4 or CD8
antibodies and the anti-cytokine antibod-
ies. Dual-colour flow cytometry on a
FACSCalibur (Becton Dickinson, Moun-
tain View, CA) was used to analyse 10,000
stained cells from each sample and the
percentages of CD4 and CD8 cells which
were positive for IL-4, IL-10 and IFN-c
were determined.

Detection of serum cytokines following

skin challenge

Serum from P. gingivalis-challenged and
PBS control groups was assayed for IL-4,
IL-10, IL-12, IFN-c and TNF by enzyme-
linked immunosorbent assay using Opt-
EIA Mouse Cytokine Sets (Pharmingen)
according to the manufacturer’s instruc-
tions. Briefly, immuno-polysorb microtitre
plates (Nunc, Roskilde, Denmark) were
coated with capture antibody. After block-
ing non-specific sites, diluted serum sam-
ples were added, followed by biotinylated
anti-mouse monoclonal antibody and avi-
din–horseradish peroxidase conjugate. The
substrate containing tetramethylbenzidine
and hydrogen peroxide was then added for
colour development. The reaction was
stopped after 30 min with 1 mol H3PO4.
The optical density of the wells was read
in a Bio-Rad microplate reader (Bio-Rad
Laboratories, Regents Park, NSW, Austra-
lia) at 450 and 570 nm. Cytokine concen-
trations in the serum samples were
determined from a standard curve of
dilutions of a known standard. Negative
control wells used PBS in place of the
serum samples to determine background
values.

Detection of anti-P. gingivalis antibodies

following skin challenge

Pathogen-specific immunoglobulins were
quantified using an enzyme-linked immu-
nosorbent assay. Microtitre plate wells
(Nunc, Maxisorp) were coated with
P. gingivalis (1 lg/ml). After blocking
with 1% bovine serum albumin, diluted
serum samples were added followed by
goat anti-mouse immunoglobulin G1-
(IgG1), IgG2a- or IgM-specific horserad-
ish peroxidase-labelled monoclonal anti-
body (Caltag Laboratories, Burlingame,
CA). The substrate containing 0.0075%
H2O2 and 2.5 mmol o-toluidine (Eastman
Kodak, Rochester, NY) was then added
and the colour reaction was stopped after
10 min with 1 mol HCl. The optical
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density of the wells was read in a Bio-Rad
microplate reader, at 450 and 655 nm.
Antibody concentrations in the serum
samples were determined from a standard
curve of known concentrations of purified
mouse IgG1, IgG2a or IgM (Caltag Labor-
atories) that was coated onto each plate.
Negative control wells were prepared by
adding carbonate buffer only to the wells.

Histopathology

Skin lesions removed from mice sacrificed
on day 1 and day 10 following challenge
were fixed in 10% neutral buffered forma-
lin (pH 7.0), embedded in wax, sectioned
and stained with haematoxylin and eosin
for examination by light microscopy.

Oral infection

The P. gingivalis infection was established
in the gingival tissues according to the
method of Baker et al. (1). Mice were given
sulfamethoxazole–trimethoprim (Bactrim)
ad libitum in de-ionized water for 10 days
before infection, followed by a 4-day
antibiotic-free period. Mice were inocula-
ted orally with 1010 colony-forming units
of live P. gingivalis in 100 ll PBS by
gavage three times at 2-day intervals for
1 week. Controls included sham-infected
mice, which received the antibiotic water
pre-treatment, and the PBS gavage without
P. gingivalis. Ten weeks after the last
gavage, mice were sacrificed and sam-
ples were collected. A separate group of
iNOS+/+ and iNOS)/) mice received no
experimental procedures but were sacri-
ficed at 6, 16 and 30 weeks of age.

Histomorphometric bone analysis

After the animals were sacrificed, their
skulls were dissected and jaws were
defleshed after treatment in 6% Triton-
100 at 85�C for 3 h. Subsequently, the
samples were immersed overnight in 3%
H2O2, followed by 20-s wash with 1%
NaOCl, air-dried and stained with 0.5%
eosin for 5 min followed by 1% methylene
blue for 1 min to delineate the cemento-
enamel junction (CEJ) more clearly.
Alveolar bone loss was measured mor-

phometrically according to the method of
Tatakis and Guglielmoni with minor mod-
ifications (30). The area of bone loss
(mm2) was calculated as the sum of the
exposed molar root surface on all three
molars, in both the maxilla (buccal and
palatal) and mandible (lingual). Blinded
measurements were performed using a
dissecting microscope and a computer-

assisted image analysis system (Axiovi-
sion; Carl Zeiss Vision, Oberkochen,
Germany) by a sole blinded operator. The
area of interest was highlighted by accu-
rately circumscribing the area bounded by
the CEJ and alveolar bone crest. These
represent both the occlusal and apical
boundaries of each molar respectively.
The mesial and distal boundaries were
represented by the mesial and distal line
angles of each molar respectively. A scale
was obtained using a 1-lm microscopic
slide, mounted at the same magnification
as the jaw specimens. Intra-observer repro-
ducibility was determined to be approxi-
mately 98%.

Statistics

Quantitative data were analysed using the
statistical features of graphpad prism

Version 2.01 (GraphPad Inc., San Diego,
CA). Student’s t-test and one way analysis
of variance were used with P < 0.05
unless otherwise indicated.

Results

Lesion dimensions

P. gingivalis-infected iNOS)/) mice exhib-
ited a significantly larger lesion diameter at
day 1 when compared to iNOS+/+ mice
(P < 0.01). This was significantly reduced
by day 10 to dimensions similar to those
seen in the iNOS+/+ mice (Fig. 1). There
was no significant difference in lesion
diameter in the infected iNOS+/+ mice
between days 1 and day 10. No lesions
were detectable in the sham-infected

iNOS)/) or iNOS+/+ mice at day 1 or day
10.

Histopathology of skin lesions

An extensive polymorphonuclear cell
(PMN) infiltrate was seen in iNOS)/) mice
(Fig. 2A), while a more diffuse pattern
was observed in iNOS+/+ mice at day 1
following P. gingivalis challenge
(Fig. 2B). The iNOS)/) mice also dis-
played large, dense, well-organized gra-
nulomas on day 10 (Fig. 2C), mostly
composed of PMNs (Fig. 2D).

Splenic cytokine profiles

A greater percentage of IL-4-, IL-10- and
IFN-c-positive CD4 T cells was detected
in the iNOS+/+ mice compared to iNOS)/)

mice, 10 days after skin challenge with
P. gingivalis (Fig. 3A). A similar pattern
was observed in CD8 T cells, except for
IL-4-positive CD8 cells (Fig. 3B).

Serum cytokine profile

Moderate amounts of IL-12 (171.5 pg/ml)
and lower amounts of IL-10 (65.17 pg/ml)
were detected in the P. gingivalis-infected
iNOS)/) mice, while both cytokines were
absent in P. gingivalis-infected iNOS+/+

mice. IL-4, IL-10 and TNF were not
detected above baseline in either of the
mouse strains challenged with P. gingiva-
lis. No cytokines were detected in sham-
infected control mice, regardless of the
mouse strain.

Serum anti-P. gingivalis antibody levels

Moderate levels of IgG1 were noted in both
iNOS+/+ and iNOS)/) mice following skin
challenge with P. gingivalis compared to
sham-infected mice (Table 1). The level of
IgG1was slightly higher in theP. gingivalis-
infected iNOS)/) mice compared to
P. gingivalis-infected wild-type mice. Min-
imal levels of IgG2a were detected in
P. gingivalis-challenged mice compared to
sham-infected mice in both strains of mice,
with higher levels again observed in
P. gingivalis-infected iNOS)/) compared
to P. gingivalis-infected wild-type mice. No
IgM was detected in any of the groups.

Alveolar bone loss

There was significantly more naturally
occurring bone loss (P < 0.05) seen at
30 weeks of age compared to 6 and
16 weeks in both iNOS+/+ and iNOS)/)

mouse groups (Fig. 4), but there was no
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Fig. 1. Diameter of skin lesions of both
iNOS)/) and iNOS+/+ mice at day 1 and day
10 following P. gingivalis challenge. Data points
represent the mean ± SEM for a minimum of
seven mice/group. *Significant difference
between iNOS)/) and iNOS+/+ mice on day 1
(P < 0.01).
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significant difference in alveolar bone loss
between these two groups of mice at each
of these specific time-points.

A significantly greater amount of alveo-
lar bone loss (P < 0.0001) occurred in the
P. gingivalis-infected iNOS)/) mice com-
pared to the infected iNOS+/+ mice
10 weeks after oral inoculation (Fig. 5).
There was more than a two-fold increase in
alveolar bone loss in the P. gingivalis-
infected iNOS)/) mice compared to the
P. gingivalis-infected iNOS+/+ mice, as is
clearly demonstrated in Fig. 6. There was
also a significant increase in alveolar bone
loss (P < 0.0001) between infected and
uninfected iNOS)/) mice (Fig. 5).

Discussion

NO is thought to play an important role in
host defence against bacterially induced
tissue destruction (14). Various models of
iNOS knockout animals have shown an
increased susceptibility to infections with a
variety of pathogens (21, 34). In this study,
both the local and systemic effects of
iNOS gene deletion were studied in a
mouse model utilizing infection with
P. gingivalis, a major pathogen in perio-
dontitis.
The increased skin lesion diameter seen

in the P. gingivalis-infected iNOS)/) mice
supports the concept that at the local level
iNOS is an important host factor that
provides protection against bacterially
induced soft tissue destruction, and sug-
gests that iNOS-derived NO has a protect-
ive role against this micro-organism. This
conclusion is supported by Gyurko et al.

Fig. 2. An extensive PMN infiltrate can be seen in iNOS)/) mice at day 1 following P. gingivalis
challenge (A; ·4) compared to iNOS+/+ mice (B; ·4). Well-organized granulomas seen in iNOS)/)

mice on day 10 (C; ·4) were mostly composed of PMNs (D; ·40). All sections stained with
haematoxylin & eosin.
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Fig. 3. Percentage of IL-4-, IL-10- and IFN-c-
positive splenic CD4 (A) and CD8 (B) T cells in
both iNOS+/+ and iNOS)/) mice at day 10 after
P. gingivalis skin challenge. Data points repre-
sent the mean ± SEM for a minimum of five
mice/group. No significant difference was noted
between the mouse groups.

Table 1. Serum anti-P. gingivalis IgG1 and
IgG2a levels at day 10 after skin challenge

IgG1
(lg/ml)

IgG2a
(lg/ml)

iNOS+/+ PBS 0.0 0.0
iNOS+/+ Pg 79.8 1.2
iNOS)/) PBS 2.6 0.6
iNOS)/) Pg 99.0 15.9
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Fig. 4. Area of alveolar bone loss (mm2) in
naturally-aged iNOS+/+ and iNOS)/) mice at
30 weeks of age compared to mice aged 6 and
16 weeks. Data points represent the mean ±
SEM for a minimum of three mice/group.
*Significantly more alveolar bone loss occurred
in the 30-week-old mice compared to the 6- and
16-week-old mice in each mouse strain
(P < 0.05). There was no significant difference
between the mouse strains at any of the time-
points.
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Fig. 5. Area of alveolar bone loss (mm2) in
P. gingivalis-induced iNOS+/+ and iNOS)/)

mice at 10 weeks after oral challenge compared
to uninfected control mice. Data points represent
the mean ± SEM for a minimum of five mice/
group. *Significantly more alveolar bone loss in
infected iNOS)/) mice compared to infected
iNOS+/+ and uninfected iNOS)/) control mice
(P < 0.0001). There was no significant differ-
ence between infected and uninfected iNOS+/+

mice.
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(14), who reported similar findings in
iNOS knockout mice after subcutaneous
chamber inoculation with P. gingivalis.
Histological analysis of the soft tissue

lesions indicates that PMN numbers were
affected by the iNOS status of the mouse.
In the absence of iNOS in the knockout
mice there was an increase in the number
of PMNs seen soon after P. gingivalis
challenge, contributing to an increased
lesion size. In contrast, the presence of
induced NO in the wild-type animals
resulted in a more diffuse PMN infiltrate,
suggesting once again that iNOS-derived
NO is protective.
Traditionally in mice, the macrophage

has been thought to be the major source of
NO (35), however recent evidence sug-
gests that PMNs are also an important
source of NO in human periodontitis (2),
and in P. gingivalis-induced skin lesions
(14). There is also evidence that endogen-
ously released NO can be cytoprotective
and that the impact of iNOS on PMN
viability occurs on both a molecular and a
cellular level (14, 31). These findings are
important in the context of periodontal
disease, where PMNs are part of the first-
line defence against a bacterial infection
and play a protective role (11). Indeed,
PMN disorders, such as cyclic neutropenia

(10), Chediak–Higashi syndrome (16) and
leukocyte adhesion deficiency syndrome
(29), result in extensive periodontal break-
down and tooth loss at an early age. NO
derived from PMNs in diseased periodon-
tal tissues may contribute to their protect-
ive effect.
Systemically, elevated levels of IL-12

were detected in the serum of P. gingivalis-
infected iNOS knockout mice following
skin challenge. Studies have shown that
NO has a regulatory role in the immune
system by inhibiting T helper type 1 (Th1)
cell development (17, 22). NO mediates
this inhibition by selectively down-regula-
ting IL-12 synthesis (17), which is a potent
inducer of Th1 differentiation, thereby
blocking the amplification circuit created
with macrophages and IFN-c. Our results
also showed that the Th1 response medi-
ated by IL-12 in the serum was somewhat
counterbalanced by a Th2 response deter-
mined by increased amounts of IL-10, and
elevated levels of IgG1 compared to
IgG2a. Furthermore, there were no signi-
ficant differences between iNOS knockout
mice and wild-type mice with respect to
splenic intracellular cytokine expression
(IL-4, IL-10 and IFN-c). These data sug-
gest that the status of iNOS has no
significant impact on polarizing the immu-
nological response towards either Th1 or
Th2. These results are in agreement with
the serological findings of another study
utilizing iNOS knockout mice (14).
The effect of iNOS on bone is contro-

versial and complex. Studies examining
the role of NO on bone cell activity have
reported both stimulatory and inhibitory
effects on bone remodelling, depending on
the level of NO and the model used (8,
24). Expression of iNOS can be induced in
bone by bacterial LPS and pro-inflamma-
tory cytokines (33), with osteoblasts being
the main source of iNOS (6). This leads to
high expression of NO and inhibition of
bone resorption (6, 20, 24, 32).
It is well known that LPS stimulates the

release of pro-inflammatory cytokines
such as IL-1 and TNF to induce osteoclast
proliferation and differentiation (27).
These cytokines also stimulate osteoblasts
to release osteolytic mediators that pro-
mote bone resorption. The high concen-
tration of NO has been shown to be
responsible for the inhibitory effect of
IFN-c on bone resorption that is stimulated
by IL-1 and TNF. This is thought to be a
result of the inhibition of osteoclast for-
mation, activity and induced apoptosis of
osteoclast progenitors (32).
The lack of alveolar bone resorption

seen in the infected wild-type animals is

likely to be because of high concentrations
of NO being produced after iNOS induc-
tion by P. gingivalis LPS, and its inhibitory
effects on osteoclasts. The results of our
study support the concept that iNOS
protects against P. gingivalis-induced
alveolar bone resorption, and hence its
absence in the iNOS knockout mice
potentiates P. gingivalis-induced bone
resorption. Naturally occurring alveolar
bone loss was found to be unaffected by
the presence or absence of iNOS, but this
was dependent on the age of the mice. The
protective properties of NO are obviously
highlighted when induced by inflamma-
tory stimuli such as LPS. In the absence of
an inflammatory stimulus, the presence or
absence of iNOS does not seem critical in
maintaining bone turnover.
These findings are in contrast to a recent

study by Gyurko et al. (15) who showed
that P. gingivalis-infected iNOS knockout
mice showed no increase in alveolar bone
loss, whereas iNOS wild-type mice did
(15). Moreover, they showed that iNOS
knockout mice displayed more alveolar
bone loss in the absence of bacterial
challenge compared to wild-type mice
from the age of 6 weeks onwards. These
apparently conflicting data may be parti-
ally explained by variations in the experi-
mental design. Gyurko et al. observed
P. gingivalis-induced bone loss at 6 weeks
after challenge whereas in the current
study our measurements were taken at
10 weeks after infection. We did not note
any changes in alveolar bone loss at
6 weeks post challenge (data not shown).
Differences in the relative pathogenicity of
the P. gingivalis strains used in these
studies may have also contributed to these
discrepancies. In addition, Gyurko et al.
used C57BL/6 mice as wild-type controls,
whereas the wild-type control mice in our
study are on the C57BL/6 · 129 back-
ground. Furthermore, we measured the
area of alveolar bone loss on three molar
teeth in both the mandible and maxilla,
while Gyurko et al. measured only the
height of bone loss on the maxillary
molars. We have found that measuring
the area of bone loss as described by
Tatakis and Guglielmoni (30), with minor
modifications, is more accurate than meas-
uring the distance from the alveolar bone
crest to the cemento-enamel junction as
undertaken by Gyurko et al. (15).
In conclusion, the results of our study

indicate that iNOS knockout mice exhibit
more extensive soft tissue damage and
alveolar bone loss in response to
P. gingivalis infection, when compared to
wild-type mice. The local immune

Fig. 6. Mandibular lingual aspect of repre-
sentative bone loss in P. gingivalis-infected
iNOS+/+ (A) and iNOS)/) (B) mice at 10 weeks
after oral challenge. The greater area of bone
loss in iNOS)/) mice is clearly evident com-
pared to iNOS+/+ mice. There is more exposed
root surface and furcation involvement in the
iNOS)/) mice.
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response to P. gingivalis in iNOS knockout
mice is characterized by increased PMN
numbers in the skin abscess, while the
systemic immune response is characterized
by high levels of IL-12 in serum. Inducible
NOS is required for an appropriate
response to P. gingivalis infection.
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