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Summary

In this study, we examined the role of nitric oxide (NO) in controlling vascular
integrity mediated by vascular endothelial (VE)-cadherin in chronic inflam-
mation. Periapical granulomas were analysed for the expression of inducible
NO synthase (iNOS) and VE-cadherin, and more iNOS expression than
VE-cadherin was shown. Human umbilical vein endothelial cells (HUVECs)
were stimulated with proinflammatory cytokines and lipopolysaccharide
extracted from Porphyromonas gingivalis and it induced iNOS expression,
whereas it reduced VE-cadherin expression, compared with negative controls.
On the other hand, pre-incubation with 1400W, an iNOS-specific inhibitor,
markedly reduced iNOS expression in stimulated HUVECs and restored
VE-cadherin expression to its control level, suggesting that vascular integrity
was modulated in conjunction with the reduction of NO. Immunocytochem-
istry confirmed the functional role of NO in cultured HUVEC monolayers
with or without 1400W. These data are consistent with a hypothesis suggest-
ing that NO could attenuate VE-cadherin-mediated vascular integrity in
human chronic inflammation.
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Introduction

Vascular endothelial (VE) activation is an early step in
leucocyte–endothelial adhesion and a hallmark of inflam-
matory processes [1]. The VE is important in cell re-
cruitment because adhesion of leucocytes to vascular
endothelial cells (ECs) in the bloodstream is a crucial step
in inflammation and immunity [2]. Lymphocyte circula-
tion and diapedesis are controlled by ECs, and in vivo and
in vitro studies have shown that ligands on ECs affect cir-
culating lymphocytes [3]. These proinflammatory effects
provoke disruption of the EC tight junction and enhance
endothelial permeability. VE-cadherin, a homophilic adhe-
sion molecule localized in endothelial adherens junctions,
is particularly important in cell to cell adhesion and
inflammation [4] because it modulates vascular per-
meability of the endothelial monolayer in inflammatory
tissues [5,6]. Although this process has been well described,
the mechanisms of vascular integrity in chronic inflamma-
tion are only partially understood.

Periapical periodontitis is an infectious disease that causes
substantial tissue damage and resorption of supporting bone
around the root apex [7]. The periapical granulomas are

generally polymicrobial, with many different anaerobic bac-
teria in the root canal systems, and histologically exhibit
granulomatous tissues rich in blood vessels. Therefore, it is
suitable for the analysis of vascular immune systems in
chronic inflammation. Nitric oxide (NO) is a free radical
that mediates cytotoxic effects against host tissues and cells
[8–10], and plays a vital role in the regulation of inflam-
mation and immunity [11,12]. The association between
VE-cadherin and inducible NO synthase (iNOS) in human
chronic inflammation has been shown [13]. In chronic
inflammation, cytokine-mediated endothelial signalling
results in leucocyte transmigration into locally inflamed
areas through intercellular gaps within the endothelium
[2,14,15]. Furthermore, Kubes et al. [16] have demonstrated
that inhibition of NO synthesis decreases microvascular
permeability in feline small intestine. On the basis of
these findings, we hypothesized that VE-cadherin-mediated
vascular integrity might be controlled by NO in chronic
inflammation.

To elucidate our hypothesis, we examined human granu-
lomatous tissues obtained surgically from inflamed peri-
apical lesions, and analysed for iNOS and VE-cadherin
expression. In addition, human umbilical vein endothelial
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cells (HUVECs) were examined to determine the role of NO
in vascular integrity.

Materials and methods

Preparation of human samples

Twenty-eight chronic periapical periodontitis patients
(11 male; ages 23–79 years) referred to the Department of
Endodontics, Nihon University Dental Hospital, were
examined. The experimental protocol was approved by the
Ethics Committee of the Nihon University School of Den-
tistry, based on the Declaration of Helsinki. Periapical lesions
were obtained at the time of surgical treatment of periapical
periodontitis and divided into two portions. One portion
was prepared for paraffin sections, followed by haematoxylin
and eosin (H&E) stains. The other portion was prepared
for frozen tissue sections and analysed for iNOS and
VE-cadherin expression.

Quantitative analysis of inflammatory infiltrates

To determine the association between disease severity and
VE-cadherin or iNOS expression, inflammatory infiltrates
(macrophages, lymphocytes, neutrophils, plasma cells, fibro-
blasts and ECs) were counted using H&E-stained specimens
in three consecutive microscopic fields at ¥200 magnifica-
tion under a light microscope.

Two-colour immunofluorescence image analysis

The localization of iNOS- and VE-cadherin-expressing ECs
in periapical granulomas was analysed by two-colour immu-
nofluorescence image analysis, as described previously [13];
however, additional quantitative analysis was performed in
this study. Positive cells were examined using a fluorescence
microscope (Eclipse E600; Nikon, Tokyo, Japan) and the
number of ECs immunoreacting with each antibody were
counted in five different fields of vision per section at a
magnification of ¥ 200.

Extraction of lipopolysaccharide from Porphyromonas
gingivalis (Pg-LPS)

The P. gingivalis FDC 381 was grown anaerobically in brain
heart infusion broth (Difco, Detroit, MI, USA) with bovine
serum (5%), haemin (5 mg/ml) and vitamin K3 (1 mg/ml) at
37°C in an anaerobic chamber (Model 1024; Forma Scientific,
Marietta, OH, USA) for 2 days. Bacterial cells were collected
by centrifugation, washed three times with pyrogen-free
water and lyophilized. Lipopolysaccharide (LPS) was
extracted from lyophilized cells using the hot phenol/water
method [17], and the crude extract was purified using
repeated ultracentrifugation at 100 000 g for 3 h. Finally,
samples were treated with nuclease P1 (Yamasa Shoyu, Chiba,
Japan) and lyophilized [18].

Induction and inhibition of iNOS expression
in HUVECs

The HUVECs purchased from Lonza Walkersville, Inc.
(Basel, Switzerland) were maintained according to the
manufacturer’s instructions. Third-passage cells were
seeded onto six-well tissue-culture plates (BD Falcon, Fran-
klin Lakes, NJ, USA) at a density of 1 ¥ 104 cells/cm2, and
were stimulated with a combination of 0 or 20 mg/ml of
Pg-LPS and 0 or 50 ng/ml of interferon (IFN)-g, tumour
necrosis factor (TNF)-a or interleukin (IL)-1b (R&D
Systems, Inc., Minneapolis, MN, USA) for 20 h. After incu-
bation, the supernatants were harvested and the cells were
collected using trypsin-ethylenediamine tetraacetic acid.
The number of viable cells was determined using a cell-
counting kit (Wako Fine Chemicals, Osaka, Japan).

For the inhibition of iNOS expression, HUVECs
were pre-incubated with or without 1400W (N-[3-
(aminomethyl)benzyl] acetamidine·2HCl; Biomol Interna-
tional LP, Plymouth Meeting, PA, USA) for 1·5 h. The cells
were then stimulated with a combination of Pg-LPS and
IFN-g, TNF-a or IL-1b as described above.

Measurement of iNOS and VE-cadherin protein in
cultured HUVECs

Enzyme-linked immunosorbent assay (ELISA) was per-
formed to measure the amount of iNOS and VE-cadherin
protein in cultured HUVECs. ELISA kits for iNOS or
VE-cadherin were purchased from R&D Systems or Kamiya
Biomedical Co. (Seattle, WA, USA) respectively. The manu-
facturers’ instructions were followed.

RNA extraction and real-time polymerase chain
reaction analysis

Total RNA was extracted from frozen tissue sections of peri-
apical granulomas or cultured HUVECs using 1 ml of Trizol
Reagent (Invitrogen, CA, USA). The complementary DNA
was amplified in 25-ml reaction mixtures containing SYBR
Premix Ex Taq (Takara Bio, Inc., Shiga, Japan), polymerase
chain reaction (PCR) primers for iNOS or VE-cadherin
(20 mM each of sense and anti-sense). The primer sequences
were as follows (shown 5′→3′): iNOS, GAACCGAGGGTA
CATGCTGGA (reverse) and ACCAGTACGTTTGGCAATG
GAGA (forward); VE-cadherin, ACGTCTCCTGTCTCTG
CATGC (reverse) and GGCAAGATCAAGTCAAGCGTG
(forward); and glyceraldehydes-3-phosphate dehydrogenase
(GAPDH), GACAAGCTTCCCGTTCTCAG (reverse) and
GAGTCAACGGATTTGGTCGT (forward). The assays were
performed using a Smart Cycler (Cepheid, Sunnyvale, CA,
USA) and gene expression levels were normalized by divid-
ing the calculated values for the mRNA samples by those of
GAPDH mRNA.
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Immunocytochemistry of EC monolayers treated with
iNOS inhibitors

Third-passage HUVECs were seeded at a density of 1 ¥ 104

cells/cm2 on chamber slides (Nalge Nunc International,
Rochester, NY, USA) coated with fibronectin (10 mg/ml,
Sigma, St Louis, MO, USA); 1400W was pre-incubated, fol-
lowed by stimulation with Pg-LPS and IFN-g, TNF-a or
IL-1b for 20 h. The cultured HUVECs on the slides were
analysed for iNOS and VE-cadherin expression using
immunocytochemistry.

Statistical analysis

All data are expressed as means � standard deviation. spss
version 15·0 for Windows (SPSS, Inc., Chicago, IL, USA) was
used for statistical analysis. Differences between iNOS and
VE-cadherin expression in periapical granulomas or cul-
tured HUVECs were analysed using the Mann–Whitney
U-test or by one-way analysis of variance followed by a
Student–Newman–Keuls test respectively. Differences were

considered significant at P < 0·05. The associations between
iNOS or VE-cadherin protein expression and the number of
inflammatory infiltrates in the granulomatous tissues were
determined using the correlation coefficient (R).

Results

Histological evaluation of periapical lesions

Paraffin sections of H&E-stained periapical lesions were
evaluated histologically using Nair’s definition of radicular
cysts [7]. Of the 28 periapical lesions, 20 exhibited granulo-
matous tissues rich in blood vessels and infiltrated with a
large number of inflammatory cells. No epithelial cells were
observed in any views of these samples, and the specimens
were diagnosed as periapical granulomas (Fig. 1a). The other
eight samples were diagnosed as radicular cysts, with
complete epithelial lining (Fig. 1b); however, the epithelial
cells express a large amount of iNOS mRNA expression and
make more patient-to-patient variation in the expression
levels. Therefore, the radicular cysts were excluded from this
study.

Expression of iNOS and VE-cadherin in periapical
granulomas

In two-colour immunofluorescence image analysis, ECs were
identified based on fluorescent nuclear counterstaining
using 4,6-diamine-2-phenylindole (DAPI) and morphologi-
cal features (Fig. 2a). The resulting immunostaining demon-
strated strong immunoreactivity for the iNOS antibody in
ECs and in the other inflammatory cells (Fig. 2b), whereas
the VE-cadherin polyclonal antibody reacted only with
ECs (Fig. 2c). Merging the immunofluorescence images
demonstrated that ECs expressed VE-cadherin and iNOS

Fig. 1. Histological examination of periapical lesions with

haematoxylin and eosin stains. (a) Periapical granulomas, which were

rich in blood vessels. (b) Radicular cysts with epithelium-lined tissues.

Original magnification: ¥100 (a) or ¥50 (b).

Fig. 2. Two-colour immunofluorescence

image analysis of periapical granulomas. (a)

Nuclear counterstains using 4,6-diamine-2-

phenylindole. (b) Inducible nitric oxide

synthase (iNOS) monoclonal antibody. (c)

Vascular endothelial (VE)-cadherin polyclonal

antibody. (d) Merged images. (e) Negative

controls for iNOS. (f) Negative controls for

VE-cadherin. Original magnification: ¥100

(a–c, e, f) and ¥200 (d).
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simultaneously (Fig. 2d). No positive staining was observed
for negative controls lacking both antibodies (Fig. 2e, f).

The mean percentage of iNOS- or VE-cadherin-
expressing ECs in each patient was determined relative to the
number of DAPI-positive ECs (Fig. 3a). For eight patients,
these values were 15·3 � 4·5 or 8·7 � 3·7% respectively
(Fig. 3b), and were significantly different.

Real-time PCR analysis for periapical granulomas revealed
that the levels of iNOS and VE-cadherin expression varied
among patients (Fig. 4, upper panel); however, iNOS mRNA

expression was higher than that of VE-cadherin in all samples.
When the associations between the expression level of iNOS
or VE-cadherin and the number of inflammatory infiltrates
in the granulomatous tissues were examined (Fig. 4, lower
panel), the correlation coefficients (R) for iNOS- or VE-
cadherin-expressing ECs were 0·929 or 0·760 respectively, and
both mRNA expressions demonstrated significant correla-
tion (P < 0·01) with the number of inflammatory infiltrates.

Expression of iNOS and VE-cadherin in cultured
HUVECs and the effects of iNOS inhibitors

Among various combinations of Pg-LPS and proinflamma-
tory cytokines, Pg-LPS with either IFN-g, TNF-a or IL-1b, or
Pg-LPS with the combination of two cytokines, did not
exhibit a marked difference between iNOS and VE-cadherin
expression (data not shown). On the other hand, Pg-LPS
with all the cytokines demonstrated a significant difference;
therefore, we cultured HUVECs with this combination for
the following studies. As shown in Fig. 5, stimulated
HUVECs increased iNOS protein expression, compared
with non-stimulated controls, whereas pre-incubation with
1400W markedly decreased iNOS expression. On the other
hand, stimulation decreased VE-cadherin protein levels
compared with non-stimulated controls. Pre-incubation
with 1400W caused a statistically significant increase in the
amount of VE-cadherin protein compared with stimulated
cells not pretreated with 1400W.

Moreover, as shown in Fig. 6, incubation of the cells with
the Pg-LPS/inflammatory cytokine combination markedly
up-regulated iNOS mRNA expression compared with
untreated controls, and pre-incubation with 1400W reduced
iNOS mRNA expression significantly. Cell stimulation sig-
nificantly down-regulated VE-cadherin mRNA expression
compared with untreated controls; however, pre-incubation
with 1400W restored VE-cadherin mRNA expression.
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Effects of 1400W on VE-cadherin organization in
EC monolayers

To determine the functional role of 1400W in vascular
permeability, the effects of Pg-LPS/inflammatory cytokine
stimulation and 1400W pretreatment on HUVECs seeded in
chamber slides were examined as shown in Fig. 7. In non-
stimulated HUVECs, VE-cadherin expression was clearly
visible on the cell surface, whereas no iNOS immunoreactiv-
ity was observed. Stimulation of the cells increased iNOS
expression and decreased VE-cadherin expression. Pre-
incubation of the cells with 1400W before stimulation
substantially reduced iNOS expression, while it increased
expression of VE-cadherin at EC junctions. Interestingly,
pre-incubation with 1400W also increased the monolayer
density, suggesting that resistance to permeability was
restored. Thus, VE-cadherin and iNOS had opposite expres-
sion profiles in HUVECs.

Discussion

In this study, we performed a quantitative analysis of
iNOS and VE-cadherin expression in ECs in periapical
granulomas. Two-colour immunofluorescence image analy-
sis demonstrated that some ECs have a capability to express
both of these proteins, but the number of cells expressing
iNOS was significantly higher than the number expressing
VE-cadherin. In addition, real-time PCR analysis demon-
strated higher expression of iNOS mRNA than that of
VE-cadherin mRNA. Thus, at both the protein and mRNA
levels, iNOS expression is more prevalent than VE-cadherin
expression in periapical granulomas.

Levels of iNOS and VE-cadherin mRNA expression in the
periapical granuloma samples varied from patient to patient,
despite the fact that all patients were asymptomatic and of
similar clinical status. To examine the reason for the patient-
to-patient variation in expression levels, we determined the
correlation coefficients for the association between mRNA
expression and the number of inflammatory infiltrates
in periapical granulomas. The results indicated that the
number of inflammatory infiltrates is associated more
closely with the level of iNOS expression than with the level
of VE-cadherin expression, consistent with the accumulation
of iNOS-expressing cells in inflamed lesions [19]. Another
possible explanation is that the strength of stimuli, such as
LPS, released by Gram-negative anaerobes and inflamma-
tory cytokines might differ slightly among patients. Negative
controls for periapical granulomas may help understanding
of the meaning of the difference between iNOS and VE-
cadherin expression; however, periapical granulomas were
pathological lesions, and suitable negative controls could not
be obtained.

The P. gingivalis is a recognized pathogen within the group
of Gram-negative anaerobic rods [20]. Although it has been
isolated from periodontal pockets, it has also been found in
human dental root canal systems and periapical abscesses
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4,6-diamine-2-phenylindole.
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[21,22]. The primary virulence factors of P. gingivalis include
LPS, fimbriae, proteases, phospholipase, alkaline and acid
phosphatases, and cytotoxic metabolites [20,23,24]. P. gingi-
valis induces tissue destruction and abscesses in murine
models, and augments cytokine release from human peri-
odontal ligament cells [25,26]. Thus, this microorganism
could be a major pathogen of periapical periodontitis [27].

Because the association between NO and VE-cadherin in
managing vascular integrity in chronic inflammation was
still unclear, we next examined the association between iNOS
and VE-cadherin expression in cultured HUVECs. When
unstimulated HUVECs were analysed, less iNOS expression
than VE-cadherin was found. However, after the cells were
stimulated with P. gingivalis LPS combined with inflamma-
tory cytokines, iNOS expression increased significantly,
whereas VE-cadherin expression decreased significantly,
indicating opposite expression profiles for iNOS and
VE-cadherin. Interestingly, gingipains (toxic proteases) from
P. gingivalis cleave VE-cadherin in ECs, causing them to lose
their cell adhesion properties [28], and also to induce EC
detachment and apoptosis. Thus, our observations are con-
sistent with a role for P. gingivalis in the pathogenicity of ECs
in periapical granulomas.

To determine the role of NO in VE-cadherin expression in
ECs, we applied 1400W to the cultured HUVECs. This com-
pound is a highly specific inhibitor of iNOS, with at least a
5000-fold higher selectivity for iNOS than for endothelial
NOS (eNOS) [29]. ELISA and real-time PCR analyses dem-
onstrated that pre-incubation of the cells with 1400W inhib-
ited iNOS expression significantly, whereas pre-incubation
with 1400W increased VE-cadherin expression significantly,
suggesting that the reduction of NO synthesis up-regulates
VE-cadherin expression by HUVECs.

In a study by Murohara et al. [30], the inhibition of
endogenous NO formation by Nw-nitro-l-arginine methyl
ester (L-NAME), a non-selective NO synthase inhibitor,
did not affect the expression of VE-cadherin in cultured
HUVECs. Our study differed in that we focused on iNOS,
whereas they analysed the role of eNOS, which is constitu-
tively expressed rather than inducible [31]. Thus, NO syn-
thesized by eNOS may not affect VE-cadherin expression in
cultured ECs.

To determine the functional role of iNOS specific inhibi-
tors in vascular integrity, we also analysed the effects of
1400W on VE-cadherin organization in HUVEC monolay-
ers using chamber slides. Strong immunoreactivity against
VE-cadherin antibody was seen clearly in the intercellular
junctions of non-stimulated monolayers, whereas no
iNOS immunoreactivity was observed. However, when the
cells were stimulated, iNOS expression was enhanced and
VE-cadherin expression was reduced markedly. Pre-
incubation of the cells with 1400W increased the density of
VE-cadherin-expressing ECs and restored permeability at
the EC junctions while reducing iNOS expression. Thus,
NO inhibition demonstrated clearly that NO can control

VE-cadherin organization at junctions in the HUVEC
monolayer.

Recently, inhibition of NO synthesis was shown to trigger
anti-inflammatory responses [32–34]. Therefore, iNOS-
specific inhibitors could be considered for clinical use in
pharmacological anti-inflammation therapies. The findings
in this study raise the possibility that 1400W could be used in
the treatment of chronic inflammatory diseases such as peri-
apical periodontitis. Further studies using animal models are
required to assess this possibility conclusively.

Taken together, we conclude that the increase in NO in
local inflammation promotes the loss of VE-cadherin and
could augment the migration of leucocytes from the blood-
stream, prolonging and exaggerating local inflammation.
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