
Apoptosis, a mode of cell death, has been
found to play crucial roles in a variety of
physiological and pathological conditions
such as cell development and differenti-
ation, endocrine-induced tissue atrophy,
reaction to mildly damaging stimuli and
tumor regression (8). Cells undergoing
apoptosis are characterized by cellular
shrinkage, extensive membrane-blebbing,
chromatin condensation and DNA frag-
mentation into oligonucleosome-sized,

200-base-pair (bp) fragments. The end-
point of apoptosis involves the formation
of membrane-bound vesicles containing
remnants of proteins and fragmented chro-
matin, referred to as apoptotic bodies.
These vesicles are eventually phagocyto-
sed by macrophages without evoking any
inflammation, in contrast to the obvious
inflammatory reactions that accompany
cellular necrosis (3, 8). The apoptotic
process can be detected by a variety of

techniques: gel electrophoresis of extracted
DNA, DNA content flow cytometry, elec-
tron microscopic observation of nuclear
changes and terminal deoxynucleotidyl
transferase (TdT)-mediated nick end-label-
ling (TUNEL) method (5, 28). Occurrence
of apoptosis has been connected with
several factors including lipopolysaccha-
ride (LPS) (36), tumor necrosis factor-a
(TNF-a), Fas ligand (7) and reactive
oxygen/nitrogen species (11). Of these
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This study aimed to elucidate the modulation by nitric oxide (NO) of the apoptosis of
macrophages and osteoblasts, the essential cellular components in the development of
periapical lesions. Lipopolysaccharide (LPS) induced prominent nitrite synthesis in J774
mouse macrophage cell lines. Exposure to LPS induced obvious apoptosis in J774 cells,
whereas transient transfection with murine inducible nitric oxide synthase (iNOS), small
interfering RNA (siRNA) diminished this effect. Tumor necrosis factor-a (TNF-a) and
S-nitroso-N-acetyl-DL-penicillamine (SNAP) (a NO donor) triggered apoptosis in
UMR-106 rat osteoblastic cell lines and a synergistic effect was noted when TNF-a and
SNAP were added to the medium together. Administration of siRNAs for c-Fos and c-Jun:
components of activator protein-1 (AP-1) and transforming growth factor-b1 attenuated
the combined effect markedly. Terminal deoxynucleotidyl transferase-mediated nick
end-labeling (TUNEL) stain in a rat model of induced periapical lesion showed positive
apoptotic signals in macrophages and osteoblasts. Administration of NG-monomethyl-
l-arginine markedly diminished the extent of bone loss and the amounts of apoptotic
macrophages and osteoblasts. In conclusion, NO mediates LPS-stimulated apoptosis of
macrophages. It also induces osteoblast apoptosis and augments the pro-apoptotic effect of
cytokines. Inhibition of NO synthesis in vivo attenuates apoptosis and the size of periapical
lesions. Taken together, these results suggest that NO may promote the progression of
periapical lesion by inducing the apoptosis of macrophages and osteoblasts.
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etiological factors, the role of nitric oxide
(NO) is still controversial in that both
stimulating (11, 32) and attenuating (22,
34, 35) effects have been reported.
Bacterially induced bone loss, including

apical periodontitis (periapical lesion),
marginal periodontitis and osteomyelitis,
is the most prevalent skeletal disease (24).
Many of the pathogenic effects of bacteria
are mediated by LPS, which is regarded as
one of the most potent osteolytic factors
(24, 27). In apical periodontitis (30), there
is a positive correlation between LPS
levels and disease severity. The levels of
LPS in rat periapical lesions increased with
time after lesion induction (37). Further-
more, direct application of LPS to the
dental pulp induced prominent periapical
bone destruction in dogs (21).
Not many studies have addressed the

apoptotic changes in periapical lesions,
and most of them used only immunohist-
ochemical stains to examine apoptosis in
radicular cysts or periapical granulomas
(14, 19, 25, 31). The connection between
apoptosis and the development of the
periapical lesion remains to be elucidated.
In this study, we hypothesized that NO
released from LPS-stimulated macrophages
enhanced apoptosis in osteoblasts and
macrophages, which contributed to the
progression of periapical lesions. The
effects of TNF-a and transforming growth
factor-b1 (TGF-b1), essential components
in the pathogenesis of periapical lesions
(15, 16), upon apoptosis were also
explored. Results from the present study
may enlighten us on the pathogenesis of
periapical lesions, and help to develop new
therapeutic strategies for the disease.

Materials and methods

LPS extraction

Porphyromonas endodontalis (ATCC
25611), an essential anaerobic gram-neg-
ative pathogen of periapical lesions (30),
was grown in an anaerobic chamber and
harvested at the end of the logarithmic
phase. LPS was purified following the hot
phenol–water method of Westphal with a
few modifications as described previously
(10).

Cell culture

J774, a rat monocyte/macrophage cell line,
was grown in RPMI-1640 medium sup-
plemented with 10% fetal calf serum
containing less than 0.1 U/ml endotoxin,
antibiotics, amphotericin B and HEPES.
Serum was pre-treated by heating to 56�C
for 45 min to destroy complement factors.

UMR-106, a rat osteosarcoma cell line
with characteristic osteoblastic phenotype,
was incubated with Dulbecco’s modified
Eagle’s medium supplemented with 10%
fetal calf serum and other essential com-
ponents. Cells were plated at a density of
5 · 105 cells/ml on 10-cm culture dishes
and subjected to different stimuli. Before
the different treatments, cells were made
quiescent in serum-free media for 24 h.

Nitrite assay

Nitrite released into the culture medium
was quantified as a way of measuring the
production of NO. J774 cells grown in
10-cm dishes were stimulated with LPS
and the supernatants were collected at
72 h. The medium was centrifuged at
800 g for 5 min to remove cell debris
and incubated with an equal volume of
Griess reagent (1% sulfanilamide, 0.1%
naphthylene diamine dihydrochloride and
2% H3PO4) for 20 min at room tempera-
ture. The absorbance was measured by
spectrophotometer at 540 nm.

Trypan blue assay

The number of viable UMR-106 cells,
after treatment with different concentra-
tions of S-nitroso-N-acetyl-DL-penicilla-
mine (SNAP) (a NO donor), was
determined by trypan blue exclusion assay.

Transient transfection of small interfering

RNA (siRNA)

J774 cells were transfected with murine
inducible nitric oxide synthase (iNOS)
siRNA (OpenBiosystems, Huntsville,
AL) using Arrest-In reagent (OpenBiosys-
tems). UMR-106 cells were co-transfected
with mouse c-Jun and c-Fos siRNAs
(OpenBiosystems). After 6 h incubation
in serum-free media, RNA and Arrest-In
were removed and 10% fetal calf serum
was added to the media. The next day,
cells were made quiescent in serum-free
media for 24 h and subjected to different
treatments. Transfection efficiency was
confirmed by Northern blot analysis to
detect the expression of individual mRNA.

Flow cytometry

Cells were harvested and fixed in ice-cold
methanol/phosphate-buffered saline at the
ratio of 2 : 1 for a minimum of 30 min
following various experimental stimula-
tions. After treatment with propidium
iodine (50 lg/ml) and RNase (100 mg/
ml) for 30 min in the dark, DNA contents

of the cells were determined by fluores-
cence-activated cell sorter (FACS; Becton-
Dickinson, San Jose, CA).

Animal model of periapical lesions

Periapical lesions were induced in 20
4-week-old Wistar rats as described in
our previous reports (10, 15–17). The
experimental protocol was approved by
the Center of Laboratory Animal, College
of Medicine, National Taiwan University
and the animals were maintained following
the Guide to Management and Use of
Experimental Animals, National Science
Council, Taiwan. At day 0, the animals
were anesthetized by intraperitoneal injec-
tion of 3 mg sodium pentobarbital per
100 g body weight and mounted on an
operating table. Pulp exposure was per-
formed at the distal fossa of the right
mandibular first molars using a #1/4 round
bur to the depth of the bur diameter. The
exposed pulps were left open to the oral
environment to induce the formation of
periapical lesions. One day before pulp
exposure, the rats (10 per group) were
given intraperitoneal injections of either
NG-monomethyl-l-arginine, (l-NMMA, a
NOS inhibitor, 300 mg/kg) (33) or normal
saline (as control) on a daily basis until
sacrifice. The animals were sacrificed
20 days after lesion induction.

Image analysis

The jaws were dissected and processed for
image analysis as described in our previous
reports (10, 15–17). Briefly, radiographs
were taken with a microradiograph device
and analysed on a Digora image analysis
system (Soredex, Helsinki, Finland). The
areas of the periapical lesions at the distal
root apices of the right mandibular first
molars were quantified in pixels using
software specially designed by the College
of Electrical Engineering and computer
science, National Taiwan University. Data
were transformed to mm2 using the formula
1 mm2 ¼ 256 pixels, as determined by
assaying a standard of known area.

Terminal deoxynucleotidyl transferase

(TdT)-mediated dUTP nick end-labeling

(TUNEL) stain

The tissue sectionswere de-paraffinized and
incubated with a mixture of TdTand biotin-
labeled deoxynucleotides to promote the
incorporation of labeled deoxynucleotides
to DNA strand breaks. The streptavidin–
biotinmethodwas used to detect the labeled
DNA fragments in periapical lesions.
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Cell count

For each periapical lesion, quantitative
analysis was performed on three sections.
Only those sections containing a periapical
lesion with the root apex in the center were
selected. The field in each section that
exhibited the strongest TUNEL stain was
examined under high-power microscopy at
·300 magnification. In total, three high-
power fields (HPFs) were analysed for
each lesion and 30 HPFs were examined in
each group (three HPFs per lesion · 10
lesions/group). Each HPF contained at
least 250 cells. Macrophages were identi-
fied as large mononuclear cells with pos-
itive ED-1 staining, whereas ED-1-positive
multinucleated giant cells (osteoclasts) in
Howship’s lacunae were excluded from the
enumeration. Osteoblasts were identified
as cuboidal, mononuclear cells located
along the bone surface facing the periap-
ical lesion. Two counts were made – the
number of TUNEL-positive cells and
the total number of cells examined – and
the data were converted into percentage
of apoptotic cells/HPF.

Statistical analysis

Data were subjected to analysis of variance
for multiple comparisons and then Fisher’s
protected least significant difference test.
P < 0.05 was considered statistically
significant.

Results

Prominent NO production from

macrophages following LPS stimulation

After treatment with P. endodontalis LPS
for 24 h, culture media of J774 cells were
collected and analysed for nitrite produc-
tion. The results showed that LPS stimu-
lated NO production in J774 cells. The
effects were dose-dependent and reached a
plateau at a concentration of 10 lg/ml
(Fig. 1A). l-NMMA (the NOS inhibitor)
clearly diminished the stimulative effect of
LPS (Fig. 1B).

Attenuation of LPS-stimulated apoptosis in

J774 cells by iNOS siRNA

J774 cells were treated with LPS with or
without iNOS siRNA transfection before
assessment by DNA content flow cytom-
etry. The extent of apoptosis among
untreated cells was minor (Fig. 2A,D).
Exposure to 10 lg/ml P. endodontalis
LPS for 24 h resulted in obvious apoptosis
(about 8.8-fold that in the control cells,
Fig. 2B,D). Transfection with iNOS

siRNA reduced LPS-stimulated apoptotic
cell death by about 60% (Fig. 2C,D).

TNF-a and SNAP induced apoptosis in

UMR-106 cells

SNAP (a NO donor) stimulated apoptosis
in UMR-106 dose-dependently, reaching a
plateau at a concentration of 500 lm
(about 5.2-fold that in the control cells,

Fig. 3A). Moreover, no significant change
in cell viability, as judged by trypan blue
exclusion assay, was noted (data not
shown). We used 500 lm SNAP in the
subsequent experiments. TNF-a also trig-
gered obvious apoptosis in UMR-106 cells
(about 3.8-fold compared to control cells,
Fig. 3B) and further augmented the apop-
tosis-inducing effect of SNAP (about 7.2-
fold compared to control cells, Fig. 3B).

BA

Fig. 1. Nitrite production by J774 cells after LPS stimulation. (A) J774 cells were treated with
various concentrations of LPS for 24 h. (B) J774 cells were incubated for 24 h with 10 lg/ml LPS,
alone or in combination with 500 lm l-NMMA (3 h before the addition of LPS). Conditioned media
from (A) and (B) were analysed for nitrite concentrations. Each bar represents mean ± SD of three
experiments.*P < 0.05 vs. control; **P < 0.05 vs. LPS. Note that LPS stimulated nitrite production
in J774 cells (A) and l-NMMA attenuated this effect (B).
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Fig. 2. The iNOS siRNA attenuated LPS-induced apoptosis in J774 cells. The J774 cells were not
stimulated (A) or were incubated for 24 h with 10 lg/ml LPS alone (B) or in combination with iNOS
siRNA (C). Cells were fixed, stained with propidium iodide and examined by flow cytometry. Sub-
G1/apoptotic cells were quantified and shown as relative-fold change in apoptosis (D). Each bar
represents mean ± SD of three experiments. *P < 0.05 vs. control; **P < 0.05 vs. LPS. Note that
LPS induced J774 apoptosis (B, D), whereas iNOS siRNA diminished this effect (C, D).
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Effects of c-Fos, c-Jun siRNAs and TGF-b1

on the apoptosis of UMR-106 cells induced

by TNF-a and SNAP

Co-transfection with c-Fos and c-Jun
siRNAs did not alter the apoptotic rate
stimulated by TNF-a in UMR106 cells
(Fig. 3B). Nevertheless, c-Fos and c-Jun
siRNAs diminished the apoptosis-inducing
effect of SNAP by about 33.3% (Fig. 3B).
Administration of siRNA and TGF-b1
reduced the apoptotic cell death triggered

by the combination of TNF-a and SNAP
by 42.1% and 39%, respectively (Fig. 3B).

L-NMMA inhibited apoptosis and

progression of induced periapical lesions

In induced rat periapical lesions, signifi-
cant amounts of TUNEL-positive macr-
ophages [presented as mononuclear, round
cells with positive ED-1 staining on serial
sections (data not shown)] (Fig. 4A)
and osteoblasts (Fig. 4B) were found.

Apoptotic fibroblasts were also noted
but were much less numerous. Although
most of the TUNEL-positive osteoblasts
were distributed around the area of bone

Fig. 3. Modulation of c-Fos, c-Jun siRNAs and TGF-b1 on TNF-a and SNAP-triggered apoptosis in
UMR-106. (A) UMR-106 cells were incubated for 24 h with different concentrations of SNAP. (B)
Cells were treated with TNF-a (10 lg/ml) and/or SNAP (500 lm), with or without TGF-b1 (1 lm)
or c-Fos, c-Jun siRNAs. Apoptosis was assessed by DNA content flow cytometry and the results
were expressed as relative fold change compared to control. Each bar represents mean ± SD of three
experiments. *P < 0.05 vs. control; **P < 0.05 vs. SNAP; ***P < 0.05 vs. TNF-a combined with
SNAP. Note that SNAP stimulated apoptosis in UMR-106 dose-dependently (A). TNF-a enhanced
apoptosis induced by SNAP, whereas c-Fos, c-Jun siRNAs diminished the effect of SNAP but not
that of TNF-a (B). c-Fos, c-Jun siRNAs and TGF-b1 attenuated the combined effect of TNF-a and
SNAP (B).

A

B

C

D

E

Fig. 4. TUNEL of rat periapical lesions at day
20 after induction. (A) Prominent TUNEL
signals were detected in the nuclei of mononu-
clear, round cells (arrowheads). (B) Obvious
TUNEL signals were detected in osteoblasts
(arrowheads). (C) Plump osteoblasts (arrow-
heads) and prominent reversal lines around
apoptotic osteocytes (arrows). (D) l-NMMA
markedly reduced the number of apoptotic
macrophages (arrowheads) and (E) osteoblasts
(arrowheads).
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resorption, some apoptotic signals were
detected in osteocytes in areas exhibiting
marked reversal lines (Fig. 4C). Image
analysis revealed that administration of
l-NMMA significantly attenuated bone
resorption associated with periapical
lesions (Fig. 5, Table 1). Marked reduc-
tion of the numbers of TUNEL-positive
macrophages (Fig. 4D, Table 1) and osteo-
blasts (Fig. 4E, Table 1) was also found
after l-NMMA treatment.

Discussion

Cancer cell lines J774 and UMR-106 were
used in this study instead of primary cells.
Although genetic alteration may be a

potential defect, these cells are stable and
well-characterized, in contrast to the pro-
nounced variation in biological behavior of
primary cell cultures. Furthermore, J774
and UMR-106 have been frequently used
for apoptosis studies (2, 12, 23, 29).
Our data showed prominent NO pro-

duction from J774 cells after exposure to
P. endodontalis LPS. As reported previ-
ously, the LPS of P. endodontalis also
induced TNF-a synthesis in J774 cells
(17). These results confirm the importance
of macrophages in host defense mecha-
nisms. They produce the reactive oxygen/
nitrogen species and pro-inflammatory
cytokines that serve for eliminating path-
ogens. On the other hand, we also noticed
obvious apoptosis of J774 cells after
exposure to LPS. Since a positive relation
between LPS and progression of periapical
lesions has been established (10), LPS may
contribute to the development of periapical
lesions by inducing local immunosuppres-
sion through reducing the number of
macrophages. Alternatively, macrophages
are also important in wound repair (6), and
apoptosis of the trophic macrophages may
help to perpetuate the lesion. In this study,
iNOS siRNA attenuated LPS-induced
apoptosis of J774. l-NMMA reduced the
production of nitrite from LPS-stimulated
macrophages. l-NMMA injection also
diminished the size of the induced periap-
ical lesions in rats and the amount of
TUNEL-positive macrophages. Taken
together, the results suggest that LPS-
induced macrophage apoptosis may con-
tribute to the progression of periapical
lesions and NO play an essential role in the
process.
NO and pro-inflammatory cytokines

released from LPS-stimulated macrophag-
es elicit a series of reactions in the local
microenvironment (26). Many studies
have shown that NO could be pro- or
anti-apoptotic, according to the different
concentrations applied (20). We therefore
examined the dosage effect of SNAP (an
NO donor) on UMR-106 apoptosis. The
results demonstrated a dose-dependent
apoptosis-inducing effect of SNAP in our
model. Furthermore, a synergistic apopto-
sis-triggering effect of TNF-a and SNAP

was noted. Trypan blue assay excluded the
possibility of cell necrosis induced by
SNAP. Administration of siRNAs for AP-1
components, c-Fos and c-Jun (18), did not
affect the extent of TNF-a-induced apop-
tosis in UMR-106 cells. It has been
reported that some factors, such as Fas
and TNF-a, can induce apoptosis rapidly
without synthesizing new proteins (1, 13).
Under such circumstances, AP-1 is not
involved in the reaction. On the other
hand, c-Fos and c-Jun siRNAs attenuated
the apoptosis induced by SNAP alone or
SNAP combined with TNF-a n UMR-106,
implying the participation of AP-1 in
NO-stimulated apoptosis. Our findings
correspond with the observation in a recent
report that AP-1 mediated NO-induced
apoptosis of cardiomyocytes (32). How-
ever, the role of the NO/AP-1 cascade in
apoptosis remains controversial. For
instance, NO has also been reported to
attenuate ceramide-induced apoptosis in
Jurkat T lymphoma cells by stimulating
AP-1 (22). Variation in cell types and
study design may contribute to this dis-
crepancy.
With the rat model of periapical lesions,

we have previously shown that TGF-b1-
positive osteoblasts were commonly
located in areas exhibiting obvious osse-
ous regeneration (15). It has been well
established that TGF-b1 normally incor-
porated in the bone matrix will be released
upon bone resorption to promote repara-
tive bone formation. In this study, TGF-b1
was found to be protective to UMR-106
cells against TNF-a- and SNAP-induced
apoptosis. Its ability to stimulate new bone
formation and promote the survival of
osteoblasts highlights the significance
of TGF-b1 in modulating the progression
of periapical lesions.
Many apoptotic, TUNEL-positive oste-

oblasts, or even osteocytes, were found in
the induced periapical lesions. Apoptotic
osteoblasts and osteocytes decreased
markedly after l-NMMA treatment, which
correlated well with our in vitro findings
that SNAP could trigger osteoblast apop-
tosis. Administration of l-NMMA also
reduced the progression of periapical
lesions. Taken together, it is possible that
NO stimulates the expansion of periapical
lesions by promoting osteoblast apoptosis.
However, NO may contribute to the
development of periapical lesions through
other mechanisms. For instance, our recent
investigation has demonstrated that NO
derived from LPS-stimulated macrophages
may enhance bone loss by augmenting the
cytokine-induced matrix metalloprotein-
ase-1 production in osteoblasts (17).

A

B

Fig. 5. l-NMMA diminished periapical lesion-
associated bone resorption. The jaws were
dissected at day 20 after pulp exposure. Radi-
ographs were taken to measure the areas of
periapical lesions at the distal root apices of the
right mandibular first molars (arrowheads). (A)
and (B) represent animals receiving normal
saline and l-NMMA, respectively. Note that
l-NMMA retarded the progression of periapical
lesions.

Table 1. Effects of l-NMMA on lesion size and percentages of apoptotic cells in induced periapical
lesion by day 20

Control1 l-NMMA1

Lesion size (mm2) 0.832 ± 0.094 0.263 ± 0.0312

Percentage of apoptotic macrophages 53.8 ± 9.8 23.5 ± 8.22

Percentage of apoptotic osteoblasts 25.3 ± 7.2 7.8 ± 1.82

1A total of 30 high power fields (3 HPFs/lesion · 10 lesions) was examined in each group.
2P < 0.05 vs. control.
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It has been established that apoptotic
chondrocytes may induce endochondral
ossification by promoting matrix calcifica-
tion, attraction of blood vessels/osteoblast
precursors and stimulation of bone forma-
tion (4). In our animal model, obvious
reversal lines surrounding TUNEL-posit-
ive osteocytes were noted. Many plump
osteoblasts around the apoptotic osteocytes
were also found, suggesting active ossifi-
cation within these areas. Whether the
phenomenon of active bone formation has
a similarity to the endochondral ossifica-
tion induced by apoptotic chondrocytes
demands further investigations.
The differentiation of osteoclasts is also

modulated by NO. Compared with the
wild-type animals, significantly lower
amounts of tartrate-resistant acid phospha-
tase-expressing and cathepsin K-expres-
sing osteoclasts were found in the femurs
of iNOS knockout mice (9). The expres-
sion of TNF receptor-associated factor 6
(an essential factor for osteoclast differen-
tiation and function) in bone marrow cells
stimulated by macrophage colony-stimula-
ting factor was also lower in iNOS
knockout mice (9). The possibility that
NO exerts its effect on the development of
apical periodontitis through modulating
osteoclast differentiation deserves further
elucidation.
In conclusion, we provide evidence that

NO released from LPS-stimulated macr-
ophages induces apoptosis in macrophages
and osteoblasts, which may then promote
the progression of periapical lesion.
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