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Background and Objective: Elevated nitric oxide (NO) has been associated with

destructive periodontal disease. The aim of the present study was to test the

hypothesis that exogenous NO may inhibit a protective immune response to

Aggregatibacter actinomycetemcomitans lipopolysaccharide (LPS) in a murine

model.

Material and Methods: Mice of the BALB/c strain were sham immunized, immu-

nized with A. actinomycetemcomitans LPS, treated with S-nitroso-N-acetyl peni-

cillamine (SNAP; aNOdonor) and immunizedwithA. actinomycetemcomitansLPS

or treated with SNAP plus 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-

oxyl-3-oxide (carboxy-PTIO) and immunized with A. actinomycetemcomitans LPS.

All animals were then challenged subcutaneously with viable A. actinomycetem-

comitans. The serum-specific immunoglobulin G (IgG) subclasses and both inter-

feron-c (IFN-c) and interleukin-4 (IL-4) as well as splenic inducible nitric oxide

synthase (iNOS) activity before and after bacterial challenge were assessed. The

diameter of skin lesions was determined. Groups of mice were treated with L-N6-

(1-iminoethyl)-lysine (L-NIL), an iNOS inhibitor, or 1H-(1,2,4)oxadiazolo(4,3-a)

quinoxalin-1-one (ODQ), a guanylyl cyclase inhibitor, prior to injectionswith SNAP

and/or A. actinomycetemcomitans LPS, and the skin lesions were assessed.

Results: Treatment with SNAP increased the iNOS activity, suppressed both

serum-specific IgG2a and IFN-c levels, and delayed the healing of the lesions.

These SNAP-induced immune alterations were restored by treatment with

carboxy-PTIO. Pretreatment with L-NIL resulted in partial healing, whereas

pretreatment with ODQ induced a delayed healing of the lesions.

Conclusion: The present study suggests that exogenous NO may suppress a pro-

tective T helper 1-like murine immune response to A. actinomycetemcomitans LPS

by an endogenous NO-independent but a cyclic GMP-dependent mechanism.
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Nitric oxide (NO) is a product of

L-arginine metabolism catalysed by a

family of nitric oxide synthases (NOS).

This gaseous molecule plays a crucial

role in cardiovascular, neural, endo-

crine and immunological systems

(1). Three NOS isoforms [neural

NOS (nNOS orNOS-1), inducible NOS

(iNOS or NOS-2) and endothelial NOS

(eNOS or NOS-3)] are recognized (2).

Nitric oxide has been shown to be

involved in the induction of the T helper

type 1 (Th1)-like immune response,

since it may up- or downregulate the

iNOS expression by murine macro-

phages (3–6), and both interferon

(IFN)-c production and interleukin

(IL)-12 receptor expression by murine

T cells (6–8). Nitric oxide also regulates

murine splenic antibody production (9),

natural killer cell function (10),

neutrophil migration (11), dendritic cell

function (12), macrophage phagocytic

activity (13) and dendritic cell-derived

chemokine production (14). It appears

that the regulatory role of NO in

antigen presentation (14), cytokine

production (14–16) and immune cell

migration (11,17) is dependent on the

cyclic GMP pathway. Together, these

studies indicate that the NO/cGMP

pathway plays a crucial role in

murine innate and adaptive immune

responses.

The expression of iNOS in inflamed

gingival tissue has been shown to be

significantly increased compared with

that in healthy tissues, and this

decreases after periodontal therapy

(18–22), suggesting that NO may play

a crucial role in the progression of

periodontal disease. However, the

exact mechanism(s) by which NO

regulates the immunopathogenesis of

periodontal disease in humans remains

unclear. In rodent models, alveolar

bone loss failed to occur in in Por-

phyromonas gingivalis-infected iNOS-

deficient mice and in ligature-induced

periodontitis in iNOS-inhibitor-treated

rats (23–25). It has also been demon-

strated that reduced bacterial clearance

but not the induction of antigen-

specific serum immunoglobulin G (IgG)

antibody occurs in Porphyromonas

gingivalis-infected iNOS-deficient mice

(26). Therefore, these previous reports

seem to suggest that NO may regulate

bone resorption and innate but not

adaptive immunity during the course of

periodontal disease.

Aggregatibacter (Actinobacillus)

actinomycetemcomitans, a gram-nega-

tive oral bacterium, is thought to play

a major role in the development of

aggressive periodontal disease, involv-

ing rapid gingival and alveolar bone

destruction (27,28). Previously, we and

others have shown that lipopolysac-

charide (LPS) isolated from this perio-

dontopathogen stimulated murine

macrophage cell lines and spleen cells

to produce NO (29–31). Indeed, our

recent studies revealed that inhibition

of iNOS activity by treatment with

L-N6-(1-iminoethyl)-lysine (L-NIL), an

iNOS inhibitor, increases a protective

Th1-like murine immune response to

A. actinomycetemcomitans LPS in vivo

and in vitro (32,33). However, the effect

of exogenous NO in the immune

response to this periodontopathic

bacterium is unknown. Since NO has

been shown to downregulate the

induction of murine Th1-like immunity

(8), the aim of the present study was to

determine the effect of exogenous NO

on A. actinomycetemcomitans LPS-

induced immune responses in mice.

Material and methods

Preparation of
A. actinomycetemcomitans
lipopolysaccharide

Aggregatibacter actinomycetemcomi-

tans Y4 (serotype b) was grown in

Todd–Hewitt broth supplemented with

1% (w/v) yeast extract (Difco Labo-

ratories, Detroit, MI, USA) in an

atmosphere of,10% O2, 10% CO2 and

80% N2 at 37�C. Lipopolysaccharide
from this periodontopathic bacterium

was isolated using a hot phenol–water

extract, treated with nuclease (Sigma,

St Louis, MO, USA), and then lyo-

philized as previously described (31).

Immunization procedure

Female BALB/c mice (6–8 weeks old)

were divided into four groups (I–IV),

each consisting of three to five mice.

Group I mice were injected intraperi-

toneally with 100 lL of PBS alone

(sham immunized) weekly for 2 weeks

and group II mice received an intra-

peritoneal injection of 100 lg of

A. actinomycetemcomitans lipopoly-

saccharide in phosphate-buffered saline

(PBS) weekly for 2 weeks. Group III

mice were injected subcutaneously with

100 lL of PBS containing S-nitroso-

N-acetyl penicillamine (SNAP; Sigma),

a NO donor, at 3 lM/kg body weight

(34) 15 min before immunization with

A. actinomycetemcomitans LPS and

every 3 days throughout the 2 week

experimental period. Group IV mice

were injected subcutaneously with

100 lL of PBS containing SNAP and

2-(4-carboxyphenyl)-4,4,5,5-tetrameth-

ylimidazoline-1-oxyl-3-oxide (carboxy-

PTIO; Sigma), a NO scavenger, at 3

and 30 lM/kg body weight, respec-

tively, 15 min before immunization

with A. actinomycetemcomitans LPS

and every 3 days throughout the

2 week experimental period. A pre-

liminary study showed that the dose of

carboxy-PTIO, which was 10 times

higher than that of SNAP, was suffi-

cient to neutralize nitric oxide release

from SNAP in vitro (data not shown).

Treatment with SNAP and/or carboxy-

PTIO did not affect the weight gain of

any mice (data not shown). The

experimental procedures were appro-

ved by the Ethical Committee of

Universiti Sains Malaysia, Kota

Bharu, Malaysia, and Gadjah Mada

University, Yogyakarta, Indonesia.

Inducible nitric oxide synthase
activity assay

In separate experiments, mice were

divided into four groups (groups I–IV)

treated as above. Spleens were asepti-

cally removed frommice in groups I–IV

1 day before (day –1) and at days 5, 10

and 20 after bacterial challenge, and

single cell suspensions were prepared by

teasing through sterile stainless-steel

grids. Three to five mice in every group

were killed by CO2 asphyxiation at each

time point of examination. The cells

were washed three times in RPMI 1640

medium (Sigma), lysed by incubating

with 100 lL of 0.1% Triton X-100 and

shaken for 30 min. The protein

concentration of the cell lysates was

measured using the Bradford protein
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assay (Bio-Rad, Hercules, CA, USA).

The iNOS activity was assessed as pre-

viously described (35). Briefly, 50 lg of

cell lysate were incubated for 120 min at

37�C in 100 lL of 20 mM Tris-HCl

(pH 7.9) containing 4 lM tetrahydo-

biopterin, 4 lMflavin adenine dinucleo-

tide, 3 mM dithiothreitol, 2 mM

NADPH and 2 mM L-arginine. The

reaction was then stopped by adding

lactate dehydrogenase (20 U/mL) and

the levels of nitrite were measured using

the Griess reagent as described previ-

ously (31). The non-specific absorbance

was subtracted from the absorbance

reading in wells containing all reagents

except for NADPH and L-arginine.

Unless stated otherwise, all materials

were purchased from Sigma.

Enzyme-linked immunosorbent
assay (ELISA)

Sera were obtained from the blood

collected from the tail vein before

(day –1) and at days 5, 10 and 20 after

bacterial challenge. The levels of spe-

cific antibody were assessed by ELISA

as previously described (32). Unless

stated otherwise, all materials were

purchased from Sigma. Briefly, 96-well

plates (Nunc, Roskilde, Denmark)

were coated with 50 lL of PBS con-

taining 0.2 lg/mL of A. actinomyce-

temcomitans LPS and incubated

overnight at 4�C. Non-specific binding

sites were blocked by 1% dry skimmed

milk powder in PBS containining

0.05% Tween. After washing, 100 lL
of diluted samples were added and

incubated for 1 h at room temperature.

After further washing, 100 lL of bio-

tin-conjugated goat anti-mouse IgG1,

IgG2a, IgG2b and IgG3 antibodies

diluted in dry milk-containing PBS-

tween 1:5000 were added, incubated

for 1 h and washed. One hundred mi-

crolitres of horseradish peroxidase

diluted in dry milk-containing PBS-

tween 1:10,000 were added and incu-

bated for 30 min. Following washing,

colour was developed by adding 3,

3¢5,5¢-tetramethylbenzidrine substrate

and incubated for 10 min. The colour

reaction was stopped by adding HCl

and read at an absorbance of 450 nm

on an automated reader (Biotek-

Instruments, Winooski, VT, USA).

Phosphate-buffered saline alone and

serum from A. actinomycetemcomitans

LPS-hyperimmunized mice were used

as the negative and positive controls,

respectively, on every plate.

Cytokine assay

The levels of serum IFN-c and IL-4

were assessed using ELISA kits (R&D

Systems, Minneapolis, MN, USA)

according to the manufacturer�s
instructions.

Primary lesion induced by
A. actinomycetemcomitans

Abscess formation was induced as

described previously (32). Briefly,

1 week after the last immunization,

mice were inoculated with viable

A. actinomycetemcomitans organisms

(1 · 1010 in 100 lL of sterile PBS each

site) at two sites on the shaved dorsal

surface of the abdomen approximately

1 cm on either side of the mid-line.

Mice were examined for lesions at the

injection sites, and the diameter of the

lesions was measured using a digital

vernier caliper at days 1, 5, 10, 15 and

20 after bacterial inoculation.

The role of endogenous nitric oxide

In a separate experiment, mice were

divided into five groups (groups A–E),

each consisting of three to five mice.

Group A mice were injected intraperi-

toneally with 100 lL of PBS weekly for

2 weeks and group B mice were

injected intraperitoneally with 100 lg
of A. actinomycetemcomitans LPS in

100 lL of PBS weekly for 2 weeks.

Group C mice were injected subcuta-

neously with 100 lL of PBS containing

SNAP (Sigma) before immunization

with A. actinomycetemcomitans LPS as

described for group B. Group D mice

were injected intravenously with

100 lL of PBS containing L-N6-(1-

Iminoethyl)-lysine (L-NIL), an iNOS

inhibitor (Sigma), at 5 mg/kg body

weight, 1 day before immunization

with A. actinomycetemcomitans LPS as

described previously (32). Group E

mice were injected with L-NIL 1 day

before subcutaneous injection with

SNAP and intraperitoneal injection

with LPS as above. Treatment with

L-NIL and/or SNAP was repeated

every 3 days throughout the experi-

ments. One week after the last immu-

nization, primary lesion was induced

by viable A. actinomycetemcomitans as

described in the preceeding subsection.

The role of cyclic GMP

In a further experiment, mice were

divided into five groups (groups a–e),

each consisting of three to five mice.

Group a mice were injected intraperi-

toneally with 100 lL of phosphate-

buffered saline (PBS) alone weekly for

2 weeks and group b mice with 100 lg
of A. actinomycetemcomitans LPS in

100 lL of PBS weekly for 2 weeks.

Group c mice were injected subcuta-

neously with 100 lL of PBS containing

SNAP (Sigma), before immunization

with A. actinomycetemcomitans LPS as

for group b mice. Group d mice were

injected intraperitoneally with 100 lL
of PBS containing 1H-(1,2,4)oxa-

diazolo(4,3-a)quinoxalin-1-one (ODQ;

Sigma), a guanylyl cyclase inhibitor, at

5 lM/kg body weight, 30 min before

immunization with A. actinomycetem-

comitans LPS as described previously

(11). Group e mice were injected with

ODQ; 15 min later the animals were

injected subcutaneously with SNAP

and, after a further 15 min, they were

immunized with A. actinomycetem-

comitans LPS. Treatment with ODQ

and/or SNAP was repeated every

3 days throughout the experiments.

One week after the last immunization,

primary lesion was induced by viable

A. actinomycetemcomitans as described

above.

Statistical analysis

All data were analysed by a repeated

measures analysis using a statistical

package (SPSS Inc., Chicago, IL,

USA).

Results

Splenic iNOS activity

The splenic iNOS activity in all

groups of animals was assessed before

and after bacterial challenge (Fig. 1).
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Splenic iNOS activity in groups II, III

and IV could be detected at day –1,

peaked at day 10 and returned to

baseline levels by day 20 (p < 0.05).

The levels of splenic iNOS activity

in groups II, III and IV were signifi-

cantly higher than those in group I

(p < 0.05). No significant differences

were observed between the levels of

iNOS activity in groups II and IV

throughout the experiment (p > 0.05).

Of interest, the levels of iNOS activity

in group III were significantly higher

than those in groups II and IV on all

days of assessment (p < 0.05).

The levels of serum-specific
antibodies

The levels of serum-specific antibodies

in all groups of animals are depicted in

Fig. 2. The levels of serum IgG iso-

types to A. actinomycetemcomitans

LPS in groups II, III and IV were sig-

nificantly higher than those in group I

throughout the experiments (p< 0.05).

The levels of serum IgG1, IgG2b and

IgG3 between group II, III and IV

were not significantly different (p>

0.05). In sharp contrast, the levels of

serum IgG2a in group III were signifi-

cantly lower than those in groups II

and IV, but higher than those in

group I throughout the period of the

experiment (p < 0.05).

The levels of serum cytokines

The levels of serum IFN-c and IL-4 in

groups II, III and IV were significantly

higher than those in group I

(p < 0.05; Fig. 3A and 3B, respec-

tively). However, the levels of serum

IFN-c in group III were significantly

lower than those in groups II and IV

throughout the period of the experi-

ment (p < 0.05; Fig. 3A). The levels of

serum IL-4 in groups II, III and IV

were comparable (p > 0.05).

Primary lesion

Skin lesions after injection with

live A. actinomycetemcomitans in all

groups of mice could be observed

within 24 h after bacterial challenge

(Fig. 4). The lesion sizes were not sig-

nificantly different (p > 0.05) between

groups II and IV from day 1 to 20 and

were much smaller than those in

group I from day 1 to 20 (p < 0.05).

Interestingly, the diameters of the

lesions in group III were significantly

lower than those in group I, but higher

than those in group II and IV from

day 1 to 20 (p < 0.05).

The role of endogenous nitric oxide

Our previous study showed that the

induction of a murine immune

response to A. actinomycetemcomitans

is dependent upon iNOS activity

(32,33). Therefore, the next experi-

ments were to delineate whether the

effect of exogenous NO on the skin

abscess formation induced by viable

A. actinomycetemcomitans was inde-

pendent of the action of endogenous

NO (Fig. 5). The results showed that,

the lesions in group B healed rapidly

compared with those in group A

(p < 0.05). The lesions in group C

healed slightly more rapidly than those

in group A (p < 0.05). Treatment with

L-NIL in group D resulted in rapid

healing of the lesions compared with

Fig. 1. Effect of exogenous NO treatment

on the levels of iNOS activity in mice

induced by A. actinomycetemcomitans LPS.

Group I mice were sham immunized;

group II, A. actinomycetemcomitans LPS

immunized; group III, SNAP treated and

A. actinomycetemcomitans LPS immunized;

and group IV, SNAP plus carboxy-PTIO

treated and A. actinomycetemcomitans LPS

immunized. *Significant difference between

group II or III and I at p < 0.05; �signifi-
cant difference between group III and I at

p < 0.05.
Fig. 2. Effect of exogenous NO treatment on the levels of serum IgG isotypes specific to

A. actinomycetemcomitans LPS in mice. The groups of animals are the same as those

described in the legend to Fig. 1. *Significant difference between group II or III and I at

p < 0.05; �significant difference between group III and I at p < 0.05.

532 Sosroseno et al.



those in group B (p < 0.05). Interest-

ingly, the diameters of the lesions in

group E, treated with L-NIL prior to

injection with SNAP, were higher than

those in group B but lower than those

in group C from day 5 to 20

(p < 0.05).

The role of cyclic GMP

The involvement of cyclic GMP in the

effect of exogenous NO on the skin

abscess formation induced by live

A. actinomycetemcomitans was assess-

ed by treatment with ODQ, a guanylyl

cyclase inhibitor (Fig. 6). As observed

in the preceeding subsection and

Fig. 5, the lesions in group c, treated

with SNAP prior to immunization with

A. actinomycetemcomitans LPS, healed

much more slowly than those in

group b (p < 0.05). In sharp contrast,

no significant difference between the

diameters of the lesions in groups a, d

and e could be found from days 1 to 20

(p > 0.05).

Discussion

The present study showed that exoge-

nous NO increased the levels of iNOS

activity in the A. actinomycetemcomi-

tans LPS-immunized mice and that

carboxy-PTIO, a NO scavenger,

ablated this stimulatory effect of

exogenous NO. This has been con-

firmed in previous reports, where

exogenous NO increased iNOS

expression in stimulated murine mac-

rophages (5,6). Multiple injections of

exogenous NO at a physiological dose

in an animal model also enhanced the

iNOS activity in vivo (34). However,

conflicting reports have shown that

exogenous NO may inhibit the activity

of iNOS in stimulated murine macro-

phages (3,4). The exact explanation for

this apparent discrepancy is not clear.

One possibility may be simply due to

different doses of NO, such that high

Fig. 3. Effect of exogenous NO treatment on the levels of serum IFN-c (A) and IL-4 (B) in

mice induced by A. actinomycetemcomitans LPS. The groups of animals are the same as those

described in the legend to Fig. 1. *Significant difference between group II or III and I at

p < 0.05; �significant difference between group III and I at p < 0.05.

Fig. 4. Effect of exogenous NO treatment

on diameter of abscess induced by A. ac-

tinomycetemcomitans in mice. The groups of

animals are the same as those described in

the legend to Fig. 1. *Significant difference

between group II or III and I at p < 0.05;

�significant difference between group III

and I at p < 0.05.

Fig. 5. Effect of L-NIL treatment on

diameter of abscess in SNAP-treated and

A. actinomycetemcomitans LPS-immunized

mice. Group A mice were sham immunized;

group B, A. actinomycetemcomitans LPS

immunized; group C, SNAP treated and

A. actinomycetemcomitans LPS immunized;

group D, L-NIL treated and A. actinomy-

cetemcomitans LPS immunized; and

group E, L-NIL and SNAP treated and

A. actinomycetemcomitans LPS immunized.

*Significant difference between group B

and A at p < 0.05; �significant difference

between group C and A at p < 0.05; –sig-

nificant difference between group D and

A or B at p < 0.05; �significant difference
between group E and A, B, C or D at

p < 0.05.

Fig. 6. Effect of ODQ treatment on diam-

eter of abscess in SNAP-treated and A. ac-

tinomycetemcomitans LPS-immunized mice.

Group a mice were sham immunized;

group b, A. actinomycetemcomitans LPS

immunized; group c, SNAP treated and

A. actinomycetemcomitans LPS immunized;

group d, ODQ treated and A. actinomyce-

temcomitans LPS immunized; and group e,

ODQ and SNAP treated and A. actinomy-

cetemcomitans LPS immunized. *Significant

difference between group b and a, c, d,

or e at p < 0.05; �significant difference

between group c and a, b, d or e at

p < 0.05.

Nitric oxide suppresses T helper immunity in mice 533



doses of exogenous NO may suppress

the iNOS activity in stimulated murine

macrophages (3,4).

The present study showed that

exogenous NO preferentially inhibited

the production of serum specific IgG2a

antibody to A. actinomycetemcomitans

LPS. Interferon-c is known to prefer-

entially regulate the production of

IgG2a in the murine immune system

(36,37). Indeed, the present study

demonstrated that exogenous NO

inhibited the levels of serum interferon-

c in mice treated with carboxy-PTIO

and SNAP and immunized with

A. actinomycetemcomitans LPS, which

reversed this suppressive effect of

exogenous NO. These results are in

accordance with previous reports that

exogenous NO inhibited the produc-

tion of interferon-c by murine T cells,

perhaps via the inhibition of interleu-

kin-12 (4,6,38). Therefore, the

suppressed production of interferon-c
in exogenous NO-treated animals

seen in the present study may prefer-

entially downregulate serum-specific

IgG2a antibodies, thereby inhibiting

the A. actinomycetemcomitans LPS-

induced murine Th1-like immune

response.

The treatment with exogenous NO

in the present study delayed healing of

the lesions induced by live A. actino-

mycetemcomitans, but healing was

restored by carboxy-PTIO. Indeed, the

results of the present study also indi-

cate that treatment with L-NIL only

partly restored healing of the lesions in

exogenous NO-treated animals, sug-

gesting that exogenous NO alone,

independent of the action of endo-

genous NO, may still be able to sup-

press induction of the immune

response to A. actinomycetemcomitans

LPS. Furthermore, protection against

skin lesions induced by periodonto-

pathic bacteria in a murine model has

been shown to depend on a Th1-like

immune response (32,39,40). There-

fore, it seems plausible that exogenous

NO may directly suppress the protec-

tive Th1-like immune response, which

may lead to delayed healing of the

lesions induced by A. actinomycetem-

comitans.

Previous reports have indicated that

induction of the immune response is

dependent on the NO/cGMP pathway,

which plays a crucial role in the regu-

lation of antigen presentation (14),

cytokine production (14–16) and

immune cell migration (11,17). Thus,

the results showing that inhibition of

guanylyl cyclase activity led to sup-

pression of the A. actinomycetemcomi-

tans-induced murine immune response

in the presence of exogenous NO

suggest that induction of the murine

immune response to A. actinomyce-

temcomitans LPS is also dependent on

the NO/cGMP pathway. However,

whether or not the NO/cGMP path-

way might regulate antigen presen-

tation, cytokine production and/or

cell migration during the course of

the A. actinomycetemcomitans-induced

murine immune response remains to be

further investigated.

Extrapolation of the results of the

present study to the immunopatho-

genesis of periodontal disease in

humans remains speculative. Nitric

oxide has been shown to play a crucial

role in alveolar bone loss and the

activation of innate immunity in

experimental periodontitis in animal

models (23–26). The fact that the

murine immune response to A. actino-

mycetemcomitans LPS is regulated by

both endogenous and exogenous NO,

as seen in the present and previous

studies (32,33), suggests that the

induction of an immune response to

periodontopathogens in the perio-

dontal tissues may be determined by

the sum of both endogenous and exo-

genous NO levels at the inflamed site.

Indeed, iNOS protein in periodontal

diseased patients is expressed by

gingival inflammatory cells, endothelial

cells and keratinocytes (18–21), all of

which may contribute to the total

amount of NO at the periodontal

diseased site. In addition, the levels of

NO in the gingival crevicular fluid

obtained from periodontal diseased

patients were significantly higher than

those in healthy subjects (41,42), indi-

cating that high levels of NO synthe-

sized by different types of activated

gingival cells may downregulate the

local protective immune response to

periodontopathogens, thereby acceler-

ating the course of periodontal disease.

If so, the local administration of iNOS

inhibitor as a supplemental treatment

might enhance the local protective

immunity and, hence, have a beneficial

therapeutic effect on periodontal

disease. This is speculative, however,

and needs to be confirmed by further

work.

In conclusion, the present study

showed that treatment with SNAP in

A. actinomycetemcomitans LPS-immu-

nized mice increased the iNOS activ-

ity, preferentially suppressed both

serum interferon-c and specific IgG2a

antibody levels, and delayed the heal-

ing of the A. actinomycetemcomitans-

induced lesions, and these parameters

could be restored by carboxy-PTIO.

Pretreatment with L-NIL in the SNAP-

treated and A. actinomycetemcomitans

LPS-immunized mice induced a partial

healing of the lesions, whereas pre-

treatment with ODQ in these mice

delayed the healing of the lesions.

Therefore, the results of the present

study suggest that exogenous NO may

suppress a protective T lymphocyte

helper 1-like murine immune response

to A. actinomycetemcomitans LPS by

an endogenous NO-independent but a

cGMP-dependent mechanism.

Acknowledgements

This work was partly supported

by Intensified Research in Priority

Area-Experimental Applied grant

(no. 06-02-05-2074 EA 003) and the

Fundamental Research Grant Scheme

(no. 203/PPSG/6170003) from the

Malaysian government, and RUT III

from the Indonesian government,

when W. Sosroseno was employed by

Universiti Sains Malaysia (Kota

Bharu, Malaysia) and Gadjah Mada

University (Yogyakarta, Indonesia),

respectively. The authors thank

Mr M. F. Ibrahim (Universiti Sains

Malaysia, Kota Bharu, Malaysia) and

Mrs Ekawati (Gadjah Mada Univer-

sity, Indonesia) for excellent technical

assistance.

References

1. Bruckdorfer R. The basics about nitric

oxide. Mol Aspects Med 2005;26:3–31.

2. Mungrue IN, Bredt DS, Stewart DJ,

Husain M. From molecules to mammals:

534 Sosroseno et al.



what�s NOS got to do with it? Acta Physiol

Scand 2003;179:123–135.

3. Hinz B, Brune K, Pahl A. Nitric oxide

inhibits inducible nitric oxide synthase

mRNA in RAW264.7 macrophages. Bio-

chem Biophys Res Commun 2000;271:353–

357.

4. Park SK, Lin HL, Murphy S. Nitric

oxide regulates nitric oxide synthase-2

gene expression by inhibiting NF-jb
binding to DNA. Biochem J 1997;

322:609–613.

5. Sheffler LA, Wink DA, Melillo G, Cox

GW. Exogenous nitric oxide regulates

IFN-c plus lipopolysaccharide-induced

nitric oxide synthase expression in mouse

macrophages. J Immunol 1995;155:886–

894.

6. Connelly L, Pallasios-Callender M, Ame-

ixa C, Moncada S, Hobbs AJ. Biphasic

regulation of NF-jB activity underlies the

pro- and anti-inflammatory actions of

nitric oxide. J Immunol 2001;166:3873–

3881.

7. Eun JS, Suh YH, Kim DK, Jeon H.

Regulation of cytokine production by

exogenous nitric oxide in murine spleno-

cyte and peritoneal macrophage. Arch

Pharm Res 2000;23:531–534.

8. Niedbala W, Wei X-Q, Campbell C,

Thompson D, Komai-Koma M, Liew FY.

Nitric oxide preferentially induces type 1

T cell differentiation by selectively

up-regulating IL-12 receptor b2 expres-

sion via cGMP. Proc Natl Acad Sci USA

2002;99:16186–16191.

9. Takagi K, Nukaya I, Yasukawa K, Suketa

Y. Inhibitory mechanisms of antibody

production by nitrogen oxides released

from activated macrophages during the

immune response: relationship to energy

consumption. Immunol Cell Biol 1994;

72:241–248.
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