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During infection and inflammation, bacterial and inflammatory proteases break down extracellular matrices
into macromolecular fragments. Fibronectin fragments are associated with disease severity in arthritis and
periodontitis. The mechanisms by which these fragments contribute to disease pathogenesis are unclear. One
likely mechanism is that fibronectin fragments induce apoptosis of resident cells, which can be further
modulated by nitric oxide. Nitric oxide levels are increased at inflammatory sites in periodontitis patients. The
aim of this study was to examine whether a proapoptotic fibronectin matrix (AFn) exerts its action by inducing
nitric oxide and whether priming by bacterial and inflammatory components exacerbates this mechanism. Our
data demonstrate that AFn increased the levels of nitric oxide and inducible nitric oxide synthase (iNOS) dose
and time dependently in periodontal ligament (PDL) cells. These effects and apoptosis were inhibited by iNOS
suppression and enhanced by iNOS overexpression. Nitric oxide and iNOS induction were paralleled by
increased c-Jun N-terminal kinase 1 (JNK-1) phosphorylation. JNK-1 overexpression enhanced the expression
of nitric oxide and iNOS, whereas inhibiting JNK-1 by small interfering RNA or a kinase mutant reversed these
findings. Priming PDL cells with Porphyromonas gingivalis, its lipopolysaccharide (LPS), or gamma interferon
(IFN-�) further increased nitric oxide levels and apoptosis. Escherichia coli and Streptococcus mutans induced
lesser effects. Gingival fibroblasts and neutrophils responded to a lesser degree to these stimuli, whereas
keratinocytes were resistant to apoptosis. Thus, proapoptotic matrices trigger nitric oxide release via JNK-1,
promoting further apoptosis in host cells. LPS and IFN-� accentuate this mechanism, suggesting that during
inflammation, the affected matrices and bacterial and inflammatory components combined exert a greater
pathogenic effect on host cells.

Periodontal disease, a chronic bacterial infection that targets
the supporting structures of teeth, including the bone and
connective tissues of the gingiva and PDL, can lead to tooth
loss, and thereby limited mastication, speech, and overall qual-
ity of life. Periodontal disease has also been associated with
increased severity and/or risk for heart disease, respiratory
infection, premature birth, and diabetes. Periodontal disease
affects eighty percent of the adult population in the United
States and an even higher percentage worldwide. Given its
impact, it is crucial to understand the pathogenesis of peri-
odontal disease. One important component in its pathogenesis
is the bacterial insult on the ECM and resident cells of the
PDL. The periodontal ECM consists of several proteins, in-
cluding collagen and fibronectin, which play an important role
in providing structural integrity to these tissues. The ECM also
plays an important role in cell adhesion, migration, signaling,
and survival. During infection and inflammation, there is pro-
teolytic cleavage of the ECM molecules into fragments (22, 29,
74). These ECM fragments, in turn, have deleterious effects on
the surrounding tissues (1, 14, 73). Specifically, the degraded

ECM products can lead to aberrant signaling in the surround-
ing cells and signal programmed cell death or apoptosis (72).
In periodontal disease, PDL cell function is compromised as
bacterial proteases destroy the integrity of the ECM and re-
lease fragmented adhesion molecules, including fibronectin
fragments that induce apoptosis, into the inflammatory milieu.
In addition, the degraded matrix molecules, like those from
fibronectin and hyaluronan, may stimulate the resident cells
around the sites of inflammation to produce proinflammatory
cytokines and nitric oxide (6, 28, 30, 31, 34, 56, 67, 76).

We previously identified a recombinant altered fibronectin
molecule and a comparable disease-associated proteolytic fi-
bronectin fragment that induce apoptosis in primary cells, in-
cluding PDL cells (13, 68). This apoptotic process is unique
since it is accompanied by a downregulation of p53 at both the
transcriptional and the posttranslational level. Specifically,
these AFn molecules decrease the phosphorylation of focal
adhesion kinase but increase the phosphorylation of JNK-1.
Results in other reports show that human monocytes, endo-
thelial cells, macrophages, and gingival fibroblasts produce in-
flammatory cytokines, such as interleukin-1, -6, and -8 and
nitric oxide, when stimulated with bacteria or bacterial com-
ponents like LPS (3, 7, 9, 24). This cytokine and nitric oxide
induction is mediated through mitogen-activated protein ki-
nases, like JNK and p38 (20, 24, 36). Thus, there may be a
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convergence in signaling pathways triggered by bacterial com-
ponents and matrix fragments.

Nitric oxide is a free radical with a short half-life that is
synthesized by a family of three NOS isoenzymes from L-
arginine, and it is produced by a variety of cells (8, 47, 70). Due
to its small size and neutral charge, it can diffuse freely through
the cell membrane and act as a signaling and effector molecule.
iNOS is typically not present in a cell but can be induced when
cells are stimulated by bacterial endotoxins and proinflamma-
tory cytokines (12). Once induced, iNOS can produce near-
micromolar amounts of nitric oxide for sustained periods of
time, and this production is independent of calcium ions. Nitric
oxide can function both as an apoptotic and as an antiapoptotic
molecule depending on its concentration and its interactions
with other cellular molecules (62, 64). Furthermore, at high
levels, nitric oxide functions as a proinflammatory mediator
(62).

Our study is the first to document that proapoptotic matrices
induce high levels of nitric oxide in PDL cells through the
activation of JNK-1, suggesting a novel mechanism for inflam-
mation-associated matrix fragments in the pathogenesis of
periodontal inflammation.

MATERIALS AND METHODS

Abbreviations. AFn, proapoptotic fibronectin fragment; ATS, p-toluensulfon-
ate; cAFn, control proapoptotic fibronectin fragment; DAPI, 4�,6�-diamidino-2-
phenylindole; ECM, extracellular matrix; ELISA, enzyme-linked immunosor-
bent assay; FITC, fluorescein isothiocyanate; IFN-�, gamma interferon; iNOS,
inducible nitric oxide synthase; JNK-1, c-Jun N-terminal kinase 1; JNK-KD,
kinase-deficient c-Jun N-terminal kinase 1; LPS, lipopolysaccharide; MOI, mul-
tiplicity of infection; NOS, nitric oxide synthase; PBS, phosphate-buffered saline;
PDL, periodontal ligament; pJNK-1, phosphorylated c-Jun N-terminal kinase 1;
siRNA, small interfering RNA; SMT, S-methylisothiourea; TBST, 25 mM Tris,
150 mM NaCl, 0.05% Tween-20, pH 8.0; 1400W, dihydrochloride.

Cell culture. PDL cells were obtained from extracted third molars or premo-
lars of healthy patients and cultured as described previously (38) in 100-mm
tissue culture dishes in a minimal essential medium supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin and used from passages 2 to 6. The
use of human PDL cells for these studies was approved by the University of
Michigan Health Sciences Institutional Review Board. Human oral keratinocytes
(Sciencell Research Laboratories, CA) were maintained in keratinocyte medium
(Sciencell Research Laboratories) as suggested by the company. Human primary
normal peripheral blood neutrophils (AllCells, CA) were maintained in Iscove’s
modified Dulbecco’s medium containing 5% fetal bovine serum, 2 mM glu-
tamine, 25 mM HEPES, 50 �M beta-mercaptoethanol, and 1% penicillin-strep-
tomycin.

Recombinant fibronectin proteins. The two recombinant fibronectin frag-
ments used in these studies contain the alternatively spliced V region (V�) and
either an intact (H�) or a mutated, nonfunctional (H�) high-affinity heparin
binding domain (39). The V� H� fragment is designated AFn in the text. The
V� H� control is designated cAFn. The cells were treated with these fibronectin
fragments in serum-free medium.

Growth conditions for Porphyromonas gingivalis, Escherichia coli, and Strepto-
coccus mutans. Porphyromonas gingivalis ATCC 33277 was maintained in brucella
broth (Becton Dickinson and Co., Sparks, MD) or agar medium supplemented
with hemin (5 �g ml�1) and vitamin K (5 �g ml�1). Escherichia coli ATCC 25922
was grown in Luria broth or agar medium. Streptococcus mutans UA159 was
grown in brain heart infusion broth or agar medium (Difco). For challenge
experiments, a single colony was inoculated into liquid medium and incubated
under aerobic (E. coli) or anaerobic conditions (S. mutans and P. gingivalis) at
37°C for approximately 18 h.

Treatment of cells with Porphyromonas gingivalis, Escherichia coli, and Strep-
tococcus mutans. PDL cells were treated with the above bacteria at MOIs of 25,
50, and 100 in serum- and antibiotic-free minimal essential medium for 2 h, and
then the bacteria were washed out with PBS. The cells were allowed to grow in
the medium for an additional 5 h, and the conditioned medium was collected for
nitric oxide measurement.

Treatment of cells with bacteria, IFN-�, and AFn. PDL cells were pretreated
with the various bacteria (MOI of 50) or IFN-� (20 U/ml) or both for 2 h in
serum- or antibiotic-free medium and then treated with 20 �g/ml AFn for 5 h.
For cells challenged with bacteria, the bacteria were washed out with PBS before
AFn was added to the medium. Nitric oxide was measured in the conditioned
medium.

Transient transfection. PDL cells were plated a day before transfection at 60
to 80% confluence in 6-well tissue culture plates and generally transfected with
100 ng of cDNA (human JNK-1 and a human JNK-KD) (68) (human iNOS
cDNA was a kind gift from David A. Geller, University of Pittsburgh, Pittsburgh,
PA) and control vectors using Lipofectamine 2000 reagent (Invitrogen) following
the manufacturer’s instructions. At 36 h posttransfection, cells were washed with
PBS, treated with the recombinant fibronectin fragments, and processed for
Western blotting, nitric oxide determination, or apoptosis assays.

Antisense experiments. The siRNAs for JNK-1 and iNOS (Dharmacon) were
prepared by using Lipofectamine 2000 (Invitrogen), incubated for 20 min, and
added to the cells in serum-free medium. After 4 h of incubation, the serum was
replenished and the cells cultured for 36 h before being treated with the fibronec-
tin fragments in serum-free medium. Stealth interference RNA (Invitrogen) was
used as the negative control for these transfections.

Immunofluorescence. To view iNOS inside the PDL fibroblasts, the cells were
fixed with 3% paraformaldehyde solution in PBS, pH 7.2, and permeabilized with
0.1% Triton X-100 in PBS for 20 min. Nonspecific staining was blocked by
incubating the fixed cells in 5% bovine serum albumin in TBST for 1 h at room
temperature. The cells were then incubated with mouse anti-iNOS (Santa Cruz,
CA) overnight at 4°C, washed with TBST, and then treated with FITC-conju-
gated goat anti-mouse antibody for 1 h at room temperature and washed with
TBST. Nuclear staining was performed to assess the quality of the DNA. After
fixation, permeabilization, and immunofluorescence staining for iNOS, the cells
were stained with DAPI (Sigma) for 10 min, rinsed with calcium- and magne-
sium-free PBS, mounted on glass slides with Vectashield (Vector Labs, Burlin-
game, CA), and examined with a Nikon TS100 photomicroscope fitted with a
DAPI and FITC filter.

Western blot analysis. For Western blot analyses, cells were lysed in ice-cold
radioimmunoprecipitation buffer containing a mixture of protease inhibitors, and
the protein concentration was determined by using a bicinchoninic acid protein
assay kit from Pierce. Equal amounts of protein were loaded into each well,
resolved by 4 to 20% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (Novex; Invitrogen), and electroblotted onto polyvinylidene difluo-
ride membranes (Immobiline-P; Millipore, Billerica, MA) by a semidry trans-
fer blot method (Bio-Rad) according to the manufacturer’s instructions. The
membranes were blocked with 5% nonfat dry milk in TBST for 1 h at room
temperature and then incubated with primary and horseradish peroxidase-
conjugated secondary antibodies in blocking buffer for 2 h at room temper-
ature or overnight at 4°C, washed with TBST, and developed by using a
West-Pico ECL kit from Pierce.

Nitric oxide determination. The conditioned media from cells treated with
recombinant fibronectin fragments or medium alone were collected, and equal
volumes of Griess reagent (Sigma) were added to the conditioned media in
96-well clusters and incubated at room temperature for 10 min before the
absorbance at 540 nm was measured. Sodium nitrite was used as a standard to
measure the amount of nitric oxide released into the medium. The treated cells
were lysed, and their protein concentrations determined by using a bicinchoninic
acid kit (Pierce, Rockford, IL). The level of nitric oxide released by treated cells
was expressed relative to that in untreated control cells (100%).

ELISA for apoptosis. The cells were lysed after treatment with the AFn or
control serum-free medium, and equal amounts of cell lysate protein were
processed to quantitate apoptosis by using a cell death detection ELISAPLUS kit
(Roche) as recommended by the manufacturer. Cell death was measured in
terms of the amount of DNA fragmentation relative to that in control cells by
measuring the optical density at 495 nm as suggested in the assay kit.

Other reagents. The chemical inhibitors used for iNOS were 1400W, 1-amino-
2-hydroxyguanidine, ATS, and SMT (Calbiochem), and these were dissolved as
recommended by the manufacturer. LPS from P. gingivalis (ATCC 33277) was
from InvivoGen, CA. All antibodies were from Santa Cruz Biotechnology, CA,
and other reagents were from Sigma unless stated otherwise.

Data analysis. All the experiments were done at least three times, and repre-
sentative blots are shown. Data were collected and are expressed as means �

standard deviations. Significance tests (Student’s t test) were done by using Sigma
Plot.
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RESULTS

AFn molecule induces nitric oxide in primary human fibro-
blasts. Human primary PDL cells were treated with increasing
doses of AFn for 5 h, and then the cell culture medium was
examined for the presence of nitric oxide by using Griess re-
agent. There was a gradual increase in nitric oxide in the
medium with increasing doses of AFn (Fig. 1A), whereas cAFn
was unable to induce nitric oxide in these cells.

The generation of nitric oxide in response to a stimulant is
usually mediated by iNOS. Therefore, using specific antibodies
for inducible nitric oxide, we examined the expression of iNOS
in primary cells incubated with AFn. As shown by the Western
blot in Fig. 1B, AFn induced the expression of iNOS in these
cells, and its expression increased with increasing doses of
AFn. At the same time, the control molecule cAFn did not
induce the expression of iNOS in these cells. Actin was used as
a loading control, as shown in the Western blot (Fig. 1B).

We next treated the primary cells with 40 �g/ml of AFn over
time, measured the generation of nitric oxide in the medium,
and examined iNOS expression in the treated cells. As seen by

the results in Fig. 1C, there was approximately a sixfold in-
crease in nitric oxide generation by these cells when treated
with AFn over time, which coincided with increased expression
of iNOS in the cells (Fig. 1D). We confirmed the induction of
iNOS in the primary cells upon AFn treatment by immunoflu-
orescence. When treated with AFn, but not in the presence of
the control fragment, cells underwent a change in morphology
from a well-spread to a rounded appearance, with a simulta-
neous appearance of iNOS and a brighter, more-condensed
nucleus (Fig. 1E), consistent with an apoptotic phenotype.

Inhibition of iNOS attenuates nitric oxide production and
apoptosis induced by AFn in primary cells. In cells pretreated
with iNOS inhibitors, including ATS, SMT, and 1400W, the
induction of nitric oxide usually triggered by AFn was signifi-
cantly reduced (Fig. 2A). This suggested that the induction of
nitric oxide produced in the presence of AFn was likely
through the activity of iNOS and not due to other NOS isoen-
zymes.

To confirm that nitric oxide production in primary cells
treated with AFn resulted from induction of iNOS and was not

FIG. 1. AFn induced nitric oxide generation in primary cells in a dose- and time-dependent manner. (A) PDL cells were treated with increasing
concentrations of AFn or cAFn for 5 h, and the nitric oxide generated in the medium was measured and expressed compared to the level released
by cells treated with serum-free medium (M), which was taken as 100%. �, P value of �0.05 compared with results for medium-treated cells.
(B) After removal of the medium for measuring nitric oxide, the cells used in the experiment described for panel A were lysed and analyzed by
Western blotting for the expression of iNOS. Actin was used as a loading control. (C) PDL cells were treated with 40 �g/ml of AFn for different
times, and the medium was assayed for the release of nitric oxide. H, hours; N, cells treated overnight with AFn; �, P value of �0.05 compared
with results for medium-treated cells. (D) The cells used in the experiment described for panel C were lysed, and the cell lysate was analyzed by
Western blotting to determine the level of expression of iNOS. Actin was used as a loading control. (E) PDL cells were treated with serum-free
medium or AFn or cAFn, and iNOS was visualized by immunofluorescence using an FITC-conjugated secondary antibody. The nuclei were stained
with DAPI. The cells shown are representative of cells from approximately 20 fields.
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due to the activities of other NOS isoenzymes, we inhibited the
expression of iNOS by transfecting cells with iNOS siRNA.
When iNOS siRNA-transfected cells were treated with AFn,
these cells generated a significantly reduced level of nitric
oxide (Fig. 2B). Western blot analysis confirmed the suppres-
sion of iNOS with siRNA at 100 nM and its complete abroga-
tion with a higher concentration of siRNA (Fig. 2C).

To directly examine whether iNOS is involved in apoptosis
mediated by AFn, cells were treated with iNOS pharmacologic
inhibitors and siRNA for iNOS under AFn conditions before
apoptosis was assessed. DNA fragmentation was significantly
diminished under AFn conditions when iNOS was suppressed
(Fig. 2D), demonstrating that iNOS is a required step in this
apoptotic mechanism. Control treatments were not able to
overcome the elevated levels of DNA fragmentation or apop-
tosis induced by AFn.

Overexpression of iNOS increased generation of nitric oxide
from AFn-treated cells. We next investigated whether the over-
expression of iNOS could enhance the production of nitric
oxide from cells treated with AFn. Cells transfected with in-
creasing doses of iNOS and treated with AFn produced higher
levels of nitric oxide than cells that were transfected with the
control vector (Fig. 3A). Moreover, increased amounts of
iNOS cDNA led to even higher levels of nitric oxide produc-
tion in the presence of AFn. The results shown in Fig. 3A were
confirmed by Western blot analyses for iNOS (Fig. 3B).

AFn mediates nitric oxide production by activating JNK-1.
In previous studies, we demonstrated that AFn mediates
apoptosis by inducing JNK phosphorylation in primary cells. In

addition, other reports suggest that JNK is upstream of nitric
oxide production under bacterial LPS challenge (9, 16, 32, 48,
49, 55, 60). Therefore, we examined whether the activation of
JNK-1 was required for the generation of nitric oxide in these
cells in the presence of AFn. As shown by the results in Fig.
4A, inhibiting the expression of JNK-1 with siRNA led to a

FIG. 2. Inhibition of iNOS decreased nitric oxide production and apoptosis in PDL cells treated with AFn. (A) PDL cells were treated with
40 �g/ml AFn for 5 h after an initial pretreatment of the cells with the specific iNOS inhibitor ATS (25 �M), SMT (2 mM), or 1400W (10 �M),
and then nitric oxide release from the medium was measured. M, serum-free medium; CT, control cells; �, P value of �0.05 compared with results
for medium-treated cells under control conditions; #, P value of �0.05 compared to results for AFn-treated cells under control conditions.
(B) PDL cells were transfected with siRNA for iNOS (iNOS siRNA) or control siRNA (CT-siRNA) at 100 nM and 200 nM concentrations for
36 h and then treated with AFn, and the nitric oxide released into the medium was measured. �, P value of �0.05 compared with results for medium
(M)-treated cells under control conditions; #, P value of �0.05 compared to results for AFn-treated cells under control conditions. (C) The cells
used in the experiment described for panel B were lysed and analyzed by Western blotting to determine the level of expression of iNOS. Actin was
used as a loading control. Abbreviations are as defined for panels A and B. (D) PDL cells were pretreated with ATS, the iNOS inhibitor, as
described for panel A or were transfected with 200 nM siRNA for iNOS (iNOS siRNA) or control siRNA (CT siRNA) and then treated with AFn.
The cells were then lysed, and the amount of apoptosis in the treated cells relative to that in untreated or untransfected control cells was
determined by ELISA. The absorbance of the serum-free medium (M)-treated control cell lysates at 495 nm was arbitrarily defined as 1 unit, and
the absorbances of other cell lysates were expressed as levels of change with respect to the absorbance of the control cell lysate. �, P value of �0.05
compared with results for medium-treated cells under control conditions; #, P value of �0.05 compared to results for AFn-treated cells under
control conditions.

FIG. 3. Overexpression of iNOS in PDL cells increased AFn-me-
diated nitric oxide production. (A) PDL cells were transfected with
cDNA for iNOS at two different doses or with a vector control and
then treated with AFn for 5 h, and the nitric oxide generated into the
medium was measured. M, cells treated with serum-free medium only;
�, P value of �0.05 compared with results for vector-transfected and
medium-treated cells. (B) The cells used in the experiment described
for panel A were lysed, and the lysate used to analyze iNOS by West-
ern blotting. Actin was used as a loading control. M, cells treated only
with serum-free medium; V, vector-transfected cells.
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significant reduction in nitric oxide production in the cells in
the presence of AFn. Western blot results (Fig. 4B) confirmed
that suppressing JNK-1 with siRNA blocked iNOS expression
even in the presence of AFn (Fig. 4B, lane 8). Western blots
also confirmed the robust suppression of JNK-1 expression by
siRNA in these cells (Fig. 4B, lanes 5 and 6). Note that the
double bands present in the Western blots for pJNK and total
JNK reveal the cross-reactivity of this antibody with JNK-2
(also noticeable in Fig. 5B).

To further examine the upstream regulation of nitric oxide
by JNK-1 in this mechanism, JNK-1 was overexpressed in these
cells in the presence of AFn. The overexpression of JNK-1
heightened the response to AFn and increased the levels of
nitric oxide (Fig. 5A) and iNOS (Fig. 5B) significantly. As the
results for iNOS expression show, its response to AFn in-
creased with increasing doses of JNK-1 cDNA. Furthermore,
the phosphorylation of JNK-1 was also increased by the dual
actions of AFn and JNK-1 overexpression, showing its impor-
tant role in this mechanism (Fig. 5B). To confirm the impor-
tance of the requirement for JNK-1 phosphorylation in regu-
lating nitric oxide expression in this pathway, a JNK-KD, which
is incapable of being phosphorylated, was tested. Cells over-
expressing JNK-KD and treated with AFn produced signifi-
cantly lower levels of nitric oxide with increasing doses of the
JNK-KD cDNA (Fig. 5B). The Western blot results (Fig. 5B)
also confirmed the higher levels of JNK-1 expression achieved
with transfection and the increased pJNK levels exhibited for
JNK-1- but not for JNK-KD-transfected cells. Taken together,

these results (Fig. 4 and 5) demonstrate that pJNK is required
for AFn’s ability to generate nitric oxide in these cells.

As a reconfirmation of JNK-1’s role in this apoptotic mech-
anism, suppressing JNK-1 with siRNA revealed that DNA
fragmentation could be suppressed when JNK-1’s actions were
silenced in these cells (Fig. 5C). Some of the apoptosis noticed
with JNK-1 suppression is likely due to residual JNK-1 activity
(Fig. 4B).

Bacteria, bacterial endotoxin, and IFN-� prime cells to re-
lease nitric oxide under AFn conditions. Bacterial components
not only degrade the ECM into molecules like AFn but also
induce cell signaling in resident cells. Gram-negative bacteria
contain LPS, a potent proinflammatory molecule that induces
iNOS, on their cell surface. Moreover, at sites of infection,
IFN-� is secreted to stimulate the immune system to eradicate
these pathogens, and IFN-� also induces iNOS (41–43). There-
fore, the roles of LPS and IFN-� in the production of nitric
oxide by AFn were investigated. Cells pretreated with both
LPS and IFN-� and then treated with AFn exhibited a signif-
icant increase in nitric oxide generation (Fig. 6A). However,
there was only a modest increase in nitric oxide production
when cells were pretreated with either LPS or IFN-� and then
treated with AFn. The treatment of cells with LPS or IFN-�
alone resulted in a small increase in nitric oxide production.

We further investigated the levels of iNOS in cells treated
with LPS and IFN-� alone or in various combinations with
AFn. We found that the levels of iNOS were higher in cells
pretreated with the combination of LPS and IFN-� and then
treated with AFn (Fig. 6B). In addition, the levels of iNOS
were higher in cells treated overnight with AFn than in those
treated for 1 h. We confirmed the role of nitric oxide in me-
diating this apoptotic mechanism under the modulating effects
of LPS and IFN-� by showing that DNA fragmentation was
significantly higher under combined treatments with AFn,
LPS, and IFN-� (Fig. 6C).

Finally, to more generally examine these mechanisms, we
evaluated the effects of live P. gingivalis, E. coli, and S. mutans
bacteria on nitric oxide generation in PDL cells, human gingi-
val fibroblasts, human oral keratinocytes, and human neutro-
phils. Unlike S. mutans, a gram-positive bacteria that lacks LPS
on its cell surface, the gram-negative bacteria P. gingivalis and
E. coli contain abundant levels of LPS on their cell surface
which can activate cells. When PDL cells were treated with P.
gingivalis, there were significant increases in nitric oxide pro-
duction (Fig. 7A) with increasing MOIs compared to the levels
observed for cells treated with E. coli and S. mutans (Fig. 7B
and C). Although the levels were lower than the levels for PDL
cells, human gingival fibroblasts, human oral keratinocytes,
and human neutrophils also produced higher levels of nitric
oxide in the presence of P. gingivalis than that of E. coli and S.
mutans. We further observed dose-dependent increases in ni-
tric oxide production by PDL cells with increasing MOIs of E.
coli that were greater than those of human gingival fibroblasts,
human oral keratinocytes, and human neutrophils (Fig. 7B).
With increasing MOIs, S. mutans induced modest increases in
nitric oxide production in PDL cells and slight increases in
nitric oxide production in gingival fibroblasts, human oral
keratinocytes, and human neutrophils (Fig. 7C).

Next, we pretreated the various cells with P. gingivalis, E.
coli, and S. mutans at an MOI of 50 before challenging the cells

FIG. 4. Inhibition of JNK-1 inhibited nitric oxide generation in
PDL cells treated with AFn fragment. (A) PDL cells were transfected
with two different doses of siRNA for JNK-1 or a control siRNA
(CT-siRNA) and then treated with AFn or serum-free medium (M),
and the nitric oxide in the medium was assayed by using Griess re-
agent. �, P value of �0.05 compared with results for control siRNA-
transfected and medium-treated cells; #, P value of �0.05 compared
with results for control siRNA-transfected and AFn-treated cells.
(B) The cells used for the experiment described for panel A were lysed,
and the levels of iNOS, pJNK-1, and JNK-1 were determined by
Western blot analysis. Actin was used as a loading control. CT, control
untransfected cells; CT si, control siRNA-transfected cells; M, serum-
free medium.
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with AFn or a combination of AFn and IFN-�. We used a
lower dose of AFn for these pretreated cells in order to clearly
differentiate the effects of AFn alone versus those with the
various bacteria and IFN-�. We observed that the pretreat-
ment of cells with AFn and P. gingivalis resulted in a greater
increase in nitric oxide production (Fig. 7D and E) than pre-
treatment with AFn and E. coli or S. mutans, especially in PDL
cells. The greater magnitude of nitric oxide production by PDL
cells in the presence of P. gingivalis was due to robust induction
of iNOS, as seen by the results in Fig. 7F. We further observed
increased apoptosis in PDL cells (Fig. 7G) in the presence of
P. gingivalis and IFN-� and AFn. A combination of AFn and
IFN-� induced almost a fourfold increase in apoptosis, the
highest level among the cells tested, in PDL cells infected with
P. gingivalis over the level in uninfected controls. Human gin-
gival fibroblasts and neutrophils exhibited slightly increased
apoptosis in the presence of AFn, but this was further aug-
mented with the combination of AFn, IFN-�, and P. gingivalis.
S. mutans or E. coli only caused a slight increase in apoptosis
in the gingival fibroblasts and neutrophils when combined with
AFn and IFN-� treatment. In contrast, the apoptosis of oral
keratinocytes was not augmented by P. gingivalis treatment
when combined with AFn and IFN-� treatment.

In our initial prescreening experiments (data not shown), we
infected various cells with bacteria at MOIs of 25, 50, and 100
and observed that with increasing MOIs, there were increased
levels of apoptosis of PDL cells in the presence of E. coli and
P. gingivalis, but not with S. mutans, and these levels were
highest with P. gingivalis. The same was noted with neutrophils,
although to a lesser extent. The apoptosis of human gingival
fibroblasts was slightly increased at an MOI of 25 for E. coli but
then decreased at MOIs of 50 and 100, whereas in the presence
of P. gingivalis and S. mutans, the gingival fibroblasts under-
went a slight increase (about a 1.4- and 1.5-fold increase, re-
spectively) in apoptosis compared to the level in uninfected
cells (data not shown). There have been conflicting reports in
the literature about the effects of P. gingivalis on apoptosis of
epithelial cells. In our experiments with human oral keratino-
cytes, P. gingivalis increased their apoptosis slightly, to 1.3-fold,
at an MOI of 50 but then apoptosis at an MOI of 100 was
suppressed back to control levels (data not shown). Also, nei-
ther S. mutans nor E. coli induced apoptosis of oral keratino-
cytes with increasing MOIs. These data strongly suggest that
during bacterially induced periodontal disease and inflamma-
tion, the combined effects of an altered matrix, bacterial com-
ponents, and inflammatory mediators are more deleterious to

FIG. 5. Overexpression of JNK-1 increased nitric oxide generation in the presence of AFn, whereas cells transfected with JNK-KD attenuated
nitric oxide production in the presence of AFn. (A) PDL cells were transfected with 2 �g cDNA for JNK-1, JNK-KD, or control vector and then
treated with AFn or serum-free medium (M), and nitric oxide was measured in the medium. �, P value of �0.05 compared with results for
vector-transfected and medium-treated cells; #, P value of �0.05 compared to results for JNK-1-transfected and AFn-treated cells. (B) PDL cells
were treated under conditions similar to those described for panel A except that two different doses of cDNA for JNK-1 and JNK-KD were used
to transfect the cells. After treatment, the cells were lysed for Western blot analyses to determine the levels of iNOS, pJNK, and JNK-1. M, cells
treated only with serum-free medium; V, cells transfected with vector control. (C) PDL cells were transfected with an siRNA for JNK-1 (JNK-1
siRNA) at concentrations of 100 and 200 nM or with a control siRNA (CT-siRNA) and then treated with AFn. The cells were lysed, and the lysate
used for measuring apoptosis by ELISA. The level of absorbance of the serum-free medium (M)-treated control cell lysates at 495 nm was
arbitrarily defined as 1 unit, and the levels of absorbance of other cell lysates were expressed as the level of change with respect to the absorbance
of the control cell lysate. �, P value of �0.05 compared with results for medium-treated control siRNA-transfected cells; #, P value of �0.05
compared to results for control siRNA-transfected and AFn-treated cells.
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host cells by inducing a higher level of nitric oxide and apop-
tosis.

DISCUSSION

The macromolecules that comprise the ECM play important
roles in providing structural integrity to cells, tissues, and or-
gans and also serve as a conduit for cell-cell signaling. How-
ever, in diseases caused by infection and inflammation, like
periodontitis, and diseases of the joints, like arthritis, the ECM
undergoes degradation by bacterial proteases or host-derived
inflammatory proteases (37, 73, 75). Thus, breakdown frag-
ments of the ECM indicate a state of dissolution, and they
trigger deleterious cellular events, including apoptosis. In our
earlier studies, we characterized one such breakdown product
of the ECM that arises from the fragmentation of fibronectin.
This breakdown product of fibronectin originates from the
proteolytic cleavage of intact fibronectin, and it is found in the
gingival crevicular fluid of patients affected by periodontal
disease and in joint fluids from arthritic patients (29, 33). Our
earlier studies showed that this proteolytic fragment and its
recombinant counterpart, AFn, trigger aberrant cell signaling

in primary cells that ultimately leads to apoptosis (13, 40, 68).
In addition, the breakdown products of macromolecules gen-
erate nitric oxide in cells present in inflamed sites. Nitric oxide
is an instrumental signaling molecule in many apoptotic, as
well as antiapoptotic, events (8). The aim of this study was to
examine whether AFn induces the generation of nitric oxide in
primary cells and whether the inhibition of nitric oxide gener-
ation could prevent apoptosis of these cells. Furthermore,
since our previous studies showed that AFn phosphorylates
JNK as part of the apoptotic mechanism, we investigated
whether JNK was necessary for the generation of nitric oxide.

Our data demonstrate that nitric oxide and its regulatory
enzyme iNOS are both upregulated under proapoptotic matrix
conditions, suggesting a key role for these processes in the
pathogenesis of periodontal disease and inflammation. High
levels of nitric oxide and iNOS have been reported in patients
with periodontal disease (5, 18, 23, 44, 58, 65) and in rodent
models of periodontal disease (15, 25, 26, 46, 50, 51). However,
the mechanisms by which these molecules mediate their patho-
genic effects have not been fully delineated. Reports indicate
that periodontopathic bacteria and bacterial components, in-
cluding LPS, stimulate local gingival fibroblasts and inflamma-
tory cells, including macrophages, to produce nitric oxide (2, 7,
12, 17, 41, 46, 61, 66). In agreement with these findings, our
data show for the first time that PDL cells also respond to an
LPS challenge by producing increased levels of nitric oxide and
iNOS. Our data further showcase a novel matrix-mediated
mechanism by which nitric oxide might be induced under con-
ditions of periodontal inflammation.

Moreover, sites of infection and inflammation often contain
immunomodulators like IFN-� which can facilitate cellular
release of nitric oxide (10). Therefore, in the present study, we
examined the effects of LPS and IFN-� on the ability of AFn to
generate nitric oxide in primary PDL cells. We observed that
neither LPS nor IFN-� on their own nor a combination of the
two increased the generation of nitric oxide from these primary
cells beyond twofold compared to the level generated by un-
treated cells (Fig. 6A). When cells were treated with AFn and
either LPS or IFN-�, there was approximately a 2.5- to 3-fold
increase in nitric oxide production from these cells. However,
there was a dramatic increase in the production of nitric oxide
when cells were treated with AFn in the presence of LPS and
IFN-�. Similarly, the induction of iNOS was high in the pres-
ence of LPS and IFN-�, and this induction was greater when
cells were further treated with AFn.

To examine these mechanisms more generally and to ascer-
tain the differences in the involvement of different types of
bacteria for nitric oxide production, we used live gram-positive
(S. mutans) and gram-negative (P. gingivalis and E. coli) bac-
teria in our experiments. We observed that S. mutans, a gram-
positive bacterium, was able to induce small amounts of nitric
oxide generation in PDL cells. Although S. mutans lacks LPS,
other cell wall components, like lipoteichoic acid and poly-
osides, might trigger the release of nitric oxide from PDL cells.
The treatment of PDL cells with E. coli, a gram-negative bac-
teria with abundant LPS, resulted in the production of higher
levels of nitric oxide than those observed with S. mutans. How-
ever our experiments with live P. gingivalis prompted PDL cells
to release nitric oxide at much higher levels (Fig. 7E) than
were observed with LPS purified from P. gingivalis (Fig. 6A).

FIG. 6. LPS and IFN-� primed PDL cells toward AFn-mediated
nitric oxide production and exacerbated apoptosis. (A) Cells were
treated with various combinations of LPS (20 �g/ml), IFN-� (20 U/ml),
and AFn or serum-free medium (M), and the level of nitric oxide
generated was measured in the medium. CT, control; �, P value of
�0.05 compared with results for AFn-treated cells under control con-
ditions. (B) PDL cells were treated with different combinations of LPS
(20 �g/ml), IFN-� (20 U/ml), and AFn or serum-free medium (M) for
1 h or overnight (N), and the level of expression of iNOS was deter-
mined in the cell lysates of the treated cells by Western blot analysis.
(C) The cell lysates from the experiment described for panel A were
used to determine the level of apoptosis in cells treated with LPS,
IFN-�, and AFn in different combinations. The absorbance of the
serum-free medium (M)-treated control cell lysates at 495 nm was
arbitrarily defined as 1 unit, and the levels of absorbance of other cell
lysates were expressed as the levels of change with respect to the result
for the control cell lysate (CT). �, P value of �0.05 compared with
result for AFn-treated cells under control conditions.
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This is likely attributable to the fact that live bacteria can
provide a more-active conformation of the LPS than the puri-
fied form, and they also possess other virulence factors, which
are more potent and distinct from those of E. coli. Moreover,
PDL cells primed with P. gingivalis and IFN-� required much
lower concentrations of AFn to release significant amounts of
nitric oxide and to undergo apoptosis. We also tested the
abilities of other cells, including human gingival fibroblasts,
human oral keratinocytes, and human neutrophils, to respond
to gram-negative and gram-positive bacteria and AFn. The
results of our experiments revealed that among the cells tested,
PDL cells were the most responsive toward nitric oxide gen-
eration in response to either the gram-positive or the gram-
negative bacteria. Also, PDL cells produced much higher levels
of nitric oxide in the presence of AFn and even higher levels of
nitric oxide in combination with IFN-� than the other primary
cells that were used to mimic in vivo conditions.

Since epithelial cells are the first line of defense against foreign

invading pathogens, we tested their effectiveness against bacterial
infection. We found that although these cells produced large
amounts of nitric oxide in the presence of AFn or when combined
with P. gingivalis or AFn plus IFN-�, they were significantly less
apoptotic than other cells under the same conditions. Current
research on the fate of epithelial cells following infection with P.
gingivalis is contradictory. In general, P. gingivalis induces apop-
tosis of fibroblasts (21, 35, 71), endothelial cells (59, 63), cardiac
myoblasts (45), lymphocytes (19), monocytes (54), and polymor-
phonuclear neutrophils (27, 52, 57), whereas live P. gingivalis
inhibits apoptosis of epithelial cells (53). For example, P. gingivalis
inhibits apoptosis induced by camptothecin, a human topoisom-
erase I inhibitor used as an anticancer drug. In contrast, heat-
killed P. gingivalis and protease-active extracellular components
of P. gingivalis or its mutants induce apoptosis of epithelial cells
(11). Interestingly, ex vivo studies revealed apoptosis at sites of
bacterial-associated inflammation in human gingival tissues, es-
pecially near the epithelial layer (69). In these apoptotic sites,

FIG. 7. Effects of gram-positive and gram-negative bacteria on nitric oxide generation in primary cells. (A to C) Cells were treated with various
MOIs of P. gingivalis, E. coli, and S. mutans; nitric oxide was measured in each conditioned medium, and the level compared to the level generated
by cells which were treated with serum-free medium. �, P value of �0.05 compared with result for serum-free-medium-treated cells; ��, P value
of �0.05 compared to results for gingival fibroblasts, keratinocytes, and neutrophils at an MOI of 100. (D, E) Cells were pretreated with P.
gingivalis, S. mutans, or E. coli at an MOI of 50 or with IFN-� (20 U/ml) or both and then treated with 20 �g/ml AFn. The nitric oxide generated
was measured in each conditioned medium and compared to the level generated by cells which were treated with serum-free medium (M). �, P
value of �0.05 compared with result for serum-free medium-treated cells; ��, P value of �0.05 compared to results for gingival fibroblasts,
keratinocytes, and neutrophils treated with P. gingivalis and AFn shown in panel D and for P. gingivalis, IFN-�, and AFn shown in panel E,
respectively. (F) The PDL cells pretreated with P. gingivalis for which results are shown in panel E were lysed, and their cell lysates immunoblotted
for iNOS detection. Actin was used as a loading control. (G) The PDL cells which were treated as described for panel E were lysed, and the lysates
were used to determine the levels of apoptosis relative to the levels in cells which were treated with serum-free medium (M). The absorbance of
the serum-free medium-treated control cell lysates at 495 nm was arbitrarily defined as 1 unit, and the levels of absorbance of other cell lysates
were expressed as levels of change with respect to the result for the control cell lysate. �, P value of �0.05 compared with result for serum-free
medium-treated cells; ��, P value of �0.05 compared to results for keratinocytes treated with P. gingivalis, IFN-�, and AFn; P, PDL cells; G, human
gingival fibroblasts; K, human oral keratinocytes; N, human neutrophils; Pg, P. gingivalis; Sm, S. mutans; Ec, E. coli.
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there are increased levels of caspase-3 and -7, the two effector
caspases that are responsible for apoptosis (4). Nitric oxide can be
anti- or proapoptotic (62), and thus it is possible that nitric oxide
generated from oral keratinocytes infected with live P. gingivalis
may contribute to their resistance to apoptosis.

Our experimental results show that under in vivo conditions,
bacterial LPS and IFN-�, by virtue of their presence at sites of
infection and inflammation, can prime the neighboring cells to
produce large amounts of nitric oxide in the presence of a
degraded, proapoptotic ECM. This huge surge in nitric oxide
production may be one potential mechanism behind tissue
destruction and apoptosis at sites of infection and inflamma-
tion. We have also shown that inhibiting nitric oxide produc-
tion by inhibiting iNOS and JNK-1 can help prevent apoptosis
of these cells. Therefore, the use of such biological modifiers
may have therapeutic benefits in the treatment of tissue-de-
structive diseases arising from disease-altered matrices (56).

Reported mechanisms in the activation of nitric oxide in-
clude the activation of mitogen-activated protein kinase family
members, including p38 and the transcription factor NF-�B
(24, 41, 42). However, there are no reports that have examined
the role of the ECM in regulating nitric oxide and iNOS in
inflammatory conditions, including periodontal disease. Our
data indicate that JNK is critical to this mechanism, since
specifically targeting its expression by transfection/overexpres-
sion or suppressing it with siRNA or a kinase mutant showed
direct effects on nitric oxide production in PDL cells. Thus,
these experimental observations indicate that the treatment of
cells with AFn results in the activation of JNK-1 to pJNK,
which in turn leads to the activation of iNOS, which ultimately
results in the generation of nitric oxide by these primary cells.
In summary, our collective data indicate that disease-altered
matrices in combination with existing bacterial and inflamma-
tory components prime resident connective tissue cells, espe-
cially PDL cells, to produce higher levels of nitric oxide into
the inflammatory milieu, thus potentially exacerbating the ex-
tent of tissue destruction by apoptosis.
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