
It has been suggested that periodontal
infection may be involved in the initiation
and progression of atherosclerosis and
subsequent coronary heart disease. This
is supported not only by epidemiologic
case control studies (6, 24), but also by
animal experiments using apolipoprotein
E-deficient mice (16, 17).
In atherosclerosis it is recognized that

both systemic and localized inflammation
in the arteries contribute to the initiation

and progression of the disease (28). A
number of potential triggers capable
of inducing proinflammatory cellular
responses have been identified; these
include modified lipoproteins, cytokines,
chemokines, hypertension, smoking and
diabetes mellitus (36). However, it has
been hypothesized that one or more
infectious agents may play a role in
atherogenesis, either through a direct pro-
inflammatory effect on the vessel wall or

through a less specific, long-distance pro-
inflammatory effect. In this context, it has
been suggested that periodontal infection
may be one such inflammatory foci.
Experimental evidence strongly impli-

cates sustained elevated endothelial cell
expression of adhesion molecules, such as
intercellular adhesion molecule (ICAM)-1,
vascular cell adhesion molecule (VCAM)-1
and E-selectin, as mediators of leukocyte
accumulation in atherosclerosis (28). In
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Objective: Individuals with periodontitis have been cited as having a significantly
increased risk of developing coronary heart disease. Although accumulating evidence
suggests that periodontal infection is involved in the development and progression of
atherosclerosis, the underlying mechanisms remain to be elucidated. In the present study,
we examined how periodontal infection could contribute to endothelial dysfunction.
Methods: Human coronary arterial endothelial cells were stimulated with tumor
necrosis factor (TNF)-a and interleukin (IL)-1b, both of which are reported to be elevated
in the serum of periodontitis patients. Cells were also stimulated with lipopolysaccharide,
outer membrane protein and heat shock protein 60 derived from Porphyromonas
gingivalis, a representative periodontopathic bacterium which is known to stimulate
myeloid cells.
Results: Although TNF-a and IL-1b, at concentrations a little higher than those in sera
of periodontitis patients, up-regulated the expression of intercellular adhesion molecule-1
and vascular cell adhesion molecule-1, P. gingivalis antigens had only a slight stimulatory
effect.
Conclusion: Experiments in which the total pathogen burden is considered, rather than
a single species of bacteria, would increase our understanding of the contribution of
which periodontal infection to atherogenesis.
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addition to the expression of adhesion
molecules, endothelial cells also produce
chemokines and cytokines, further aggrava-
ting the inflammation. For example, mono-
cyte chemoattractant protein-1 (MCP-1)
appears responsible for the direct migration
ofmonocytes into the intimaat sites of lesion
formation (9). Interleukin (IL)-6, which is
produced by endothelial cells, has been
implicated in the pathogenesis and clinical
course of atherosclerotic vascular disease as
it stimulates acute phase proteins and indu-
ces endothelial dysfunction (40). The
expression of these adhesion molecules is
regulated at least in part by circulating
proinflammatory cytokines such as tumor
necrosis factor (TNF)-a and IL-1b and
lipopolysaccharidederived fromGram-neg-
ative bacteria such as Escherichia coli (10).
Lipopolysaccharide is a potent activator

of cells of the immune and inflammatory
systems, including monocytes, macroph-
ages, and endothelial cells. In addition it
contributes to both local and systemic
inflammation (35). It is now clear that
responsiveness to lipopolysaccharide from
Porphyromonas gingivalis, a major perio-
dontopathic bacterium, can be conferred
by Toll-like receptor 4 (TLR4) and TLR2
(5), both of which are expressed in human
atherosclerotic lesions (7). Recent evi-
dence showed that the Asp299Gly TLR4
polymorphism, which attenuates receptor
signaling, is associated with a decreased
risk of atherosclerosis, suggesting a patho-
genic role for lipopolysaccharide (14).
As with other infectious agents, perio-

dontal pathogens have been considered to
be candidate triggers of the inflammatory
response. Furthermore, it has been pro-
posed that patients with periodontitis may
have elevated circulating levels of some of
these inflammatory markers (23). In addi-
tion, low levels of endotoxemia in appar-
ently healthy subjects might result from
chronic or recurrent infection associated
with the breaching of epithelial barrier
function such as seen in periodontitis (27).
Although it is reasonable to assume that

periodontal infection stimulates not only
cells in the inflamed periodontal tissue but
also circulating immune cells to produce
proinflammatory cytokines, it is as yet
unknown how periodontopathic bacteria
are involved in atherogenesis.
As periodontitis is caused by a number

of periodontopathic bacteria, the examina-
tion of the role of a single bacterium may
underestimate the effect of periodontal
infection on atherogenesis but it will
nevertheless allow us to make an assess-
ment of the direct versus indirect effect of
the organism.

Material and methods

Cell culture

Cryopreserved human coronary arterial
endothelial cells (HCAECs) were pur-
chased from BioWhittaker, Inc. (Walkers-
ville, MD). The cells were grown in EBM-
2 supplemented with EGM-2 MV (5%
fetal bovine serum, hydrocortisone, human
fibroblast growth factor, vascular endothel-
ial growth factor, insulin-like growth
factor, ascorbic acid, human epidermal
growth factor, gentamicin/amphotericin-
1000, growth medium; BioWhittaker) and
the growth medium was changed every
other day until confluence. The cells
between 8 and 12 passages were used.
For stimulation, the cells were cultured in
the growth medium at a concentration of
4 · 104 cells/well in a 96-well culture plate
(NUNC, Roskilde, Denmark) for 24 h in a
humidified atmosphere of 5% CO2 and air
at 37�C until subconfluence. After washing
with Hanks’ balanced salt solution (HBSS)
three times, and preincubation with EBM-2
(BioWhittaker) for 12 h, the cells were
stimulated with various doses of recom-
binant human (rh)-TNF-a, rh-IL-1b (both
from ENDOGEN, Woburn, MA), lipopoly-
saccharide from P. gingivalis (kindly pro-
vided by H. Kumada and T. Umemoto,
Department of Oral Microbiology, Kana-
gawa Dental University, Yokosuka, Japan),
lipopolysaccharide from E. coli O111:B4
(List Biological Laboratories, Campbell,
CA), P. gingivalis outer membrane protein
(OMP), and P. gingivalis GroEL in EBM-2
supplemented with 10% fetal calf serum.
The details of the preparation of P. gingi-
valis OMP (3) and GroEL (31) have been
described previously.

Enzyme-linked immunosorbent assay

(ELISA) for adhesion molecules

At the end of the culture period, the plates
were washed with phosphate-buffered
saline (PBS) three times and the cells were
fixed with 4% phosphate-buffered parafor-
maldehyde for 15 min. After washing with
PBS containing 0.05% Tween-20 (PBS-T;
pH 7.4), nonspecific binding sites were
blocked with PBS-T containing 1% bovine
serum albumin for 1.5 h at room tempera-
ture. The plates were washed with PBS-T
and biotinylated mouse anti-human CD54
(1 : 10000 dilution) and CD106 (1 : 1000
dilution; both from eBioscience, San
Diego, CA) diluted with blocking reagent
were added and incubated for 1 h at room
temperature. After washing three times
with PBS-T, horseradish peroxidase-con-
jugated avidin (eBioscience) diluted with

blocking reagent was added and incubated
for a further 45 min at room temperature.
The o-phenylene diamine diluted to
1.3 mg/ml in 0.1 m citrate buffer contain-
ing 0.015% hydrogen peroxide was added.
Color development was stopped by the
addition of 1 m sulfuric acid and absorb-
ance was read at a wavelength of 492 nm
using an automated ELISA reader (Lab-
systems Oy, Helsinki, Finland) and ana-
lyzed using GENESIS LITE software
(Labsystems).

Cytokine and chemokine assay

The levels of IL-6 and MCP-1 in the
supernatants of HCAEC culture were
determined by using commercially avail-
able ELISA kits (BioSource, Camarillo,
CA) according to the manufacturer’s
instructions.

mRNA expression of TLR2 and TLR4 in

HCAEC

Total RNAwas isolated from unstimulated
and stimulated HCAEC using TRIZOL
(Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions and treated
with RNase-free DNase I (Invitrogen). The
RNA was then reverse-transcribed to
cDNA using random primer (Takara Shuzo
Co., Ltd., Shiga, Japan) and M-MLV
reverse transcriptase (Invitrogen). Polym-
erase chain reaction (PCR) amplification
of cDNAwas performed using oligonucle-
otide primers specific for TLR2, TLR4 and
GAPDH. The primer sequences are shown
in Tabeta et al. (30). PCR amplification
was performed with Taq DNA polymerase
(Promega, Madison, WI) using a DNA
thermal cycler (GeneAmp� PCR System
9700; Applied Biosystems, Foster, CA).
The amplification cycle profile was as
follows: for TLR2 and TLR4, denaturation
at 94�C for 1 min; annealing at 58�C for
1 min; extension at 72�C for 1 min, for
GAPDH, denaturation at 94�C for 1 min;
annealing at 59�C for 1 min; extension at
72�C for 1 min. After amplification (30
cycles), each PCR product was electro-
phoresed on 2% agarose gel and visualized
by ethidium bromide staining. For real-
time PCR, primers and probes were all
purchased from Applied Biosystems and
the sequences have been published previ-
ously (4, 21). Reactions were conducted in
a 25 ll reaction mixture on the ABI
PRISM 7900HT Sequence Detection Sys-
tem (Applied Biosystems) following the
predeveloped TaqMan assay reagents pro-
tocol (Applied Biosystems) and incubated
for 10 min at 95�C, followed by 40 cycles
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of a two-step amplification procedure
composed of annealing/extension at 60�C
for 1 min and denaturation for 15 s at
95�C. The ABI PRISM SDS 2.0 software
(Applied Biosystems) was used to analyze
the standards and quantifications.

Statistical analysis

Results were expressed as themean ± stand-
ard error of the mean (SEM). Data were
analyzed by paired t-test. A probability
value of < 0.05 was considered statistically
significant.

Results

Induction of adhesion molecules on

HCAECs by lipopolysaccharide

Lipopolysaccharide from P. gingivalis
showed only a weak stimulatory effect
on the expression of ICAM-1, and not on
VCAM-1 on HCAEC. The effect was
dose-dependent; however, statistically sig-
nificant effects were observed at concen-
trations of 0.1 lg/ml and 1.0 lg/ml. The
stimulatory effect of E. coli lipopolysac-
charide was higher than that of P. gingi-
valis lipopolysaccharide. For VCAM-1
expression, no stimulatory effect of P. gin-
givalis lipopolysaccharide was observed.
The effect of E. coli lipopolysaccharide on
VCAM-1 expression was similar for
ICAM-1 in which there was no stimulato-
ry effect up to a concentration of 10 ng/ml
but a significant increase in expression
was shown at 0.1 lg/ml with a further
increase at 1.0 lg/ml. The overall stimu-
latory effect of lipopolysaccharide was
much lower than that of IL-1b and TNF-a
(Fig. 1).

Induction of adhesion molecules on

HCAECs by P. gingivalis outer membrane

protein and GroEL

The stimulatory effect of P. gingivalis
OMP and GroEL on the ICAM-1 and
VCAM-1 was weak, and lower than that of
P. gingivalis lipopolysaccharide. A statis-
tically significant difference was observed
only for P. gingivalis OMP at a concen-
tration of 1 lg/ml. OMP and GroEL had
little effect on VCAM-1 expression, how-
ever (Fig. 2).

Induction of adhesion molecules on

HCAECs by TNF-a and IL-1b

In preliminary experiments, the maximum
expression of adhesion molecules was
observed after 24 h of stimulation; subse-
quent experiments were done at this incu-
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Fig. 1. P. gingivalis lipopolysaccharide- and E. coli lipopolysaccharide-induced expression of
ICAM-1 (A) and VCAM-1 (B) in HCAECs. HCAECs were stimulated with various doses of the
lipopolysaccharide for 24 h and the expression levels of adhesion molecules were determined by
ELISA. Values represent the mean ± SEM of triplicate cultures. The experiments were repeated three
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VCAM-1 (B) in HCAECs. HCAECs were stimulated with various doses of the cytokines for 24 h
and the expression levels of adhesion molecules were determined by ELISA. Values represent the
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bation time. As shown in Fig. 3, both
TNF-a and IL-1b stimulated the expres-
sion of ICAM-1 on HCAEC in a dose-
dependent manner, but the mode of action
of the two cytokines was different. IL-1b
showed a stimulatory effect at a concen-
tration of 0.1 ng/ml and reached a maxi-
mum at 1.0 ng/ml. The apparent
stimulatory effect for TNF-a, however,
was observed at 1.0 ng/ml and rose further
at 10.0 ng/ml. For VCAM-1 expression,
again a stimulatory effect was observed at
lower concentrations of IL-1b compared
with TNF-a. Although the stimulatory
effect of IL-1b was higher than that of
TNF-a, VCAM-1 expression was much
lower than ICAM-1 expression.

Inflammatory cytokines induce the

production of IL-6 and MCP-1

HCAECs produce IL-6 and MCP-1 spon-
taneously. The basal levels of production
were significantly increased by 24-h sti-
mulation with TNF-a and IL-1b in a dose-
dependent fashion. Although the effect of
TNF-a and IL-1b on MCP-1 production
was similar, the effect on IL-6 production
was quite different inasmuch as the stim-
ulatory effect of TNF-a was much lower
than that of IL-1b (Fig. 4).

E. coli lipopolysaccharide but not

P. gingivalis antigens stimulate IL-6 and

MCP-1 production

As shown in Fig. 5, lipopolysaccharide,
OMP and GroEL derived from P. gingiva-
lis did not enhance IL-6 and MCP-1
production by HCAECs. E. coli lipopoly-
saccharide, on the other hand, stimulated
HCAECs to produce IL-6 and MCP-1 in a
similar fashion to TNF-a.

Expression of TLR2 and TLR4 on HCAECs

Whereas HCAECs express TLR4 mRNA
constitutively, mRNA for TLR2 could not
be detected. Upon stimulation with TNF-a
and IL-1b, the expression of mRNA for
TLR2 was significantly up-regulated. The
expression of mRNA for TLR4, however,
appeared to decrease following IL-1b
stimulation, as evidenced by image analy-
sis. E. coli lipopolysaccharide, but not
P. gingivalis lipopolysaccharide, up-regu-
lated the mRNA for TLR2 slightly. The
expression of mRNA for TLR4 was not
affected either positively or negatively by
lipopolysaccharide stimulation at the con-
centration tested (Fig. 6A). Real-time PCR
confirmed the stimulatory effect of TNF-a,
IL-1b and E. coli lipopolysaccharide on

TLR2 expression by HCAEC (Fig. 6B).
On the other hand, there was little effect of
these stimulants on TLR4 expression
(Fig. 6C).

Discussion

In contrast to the assumption that bacterial
antigens in the bloodstream directly modu-
late endothelial function, resulting in
aggravation of atherosclerosis, the present
study showed little effect on the expression
of adhesion molecules and the production
of cytokines by HCAEC following stimu-
lation with bacterial products. However,
IL-1b and TNF-a, which are produced in a
large amounts in periodontitis lesions, had
significant effects on HCAECs.
Bacterial HSP60 not only induces pro-

inflammatory cytokines and adhesion mol-
ecules in endothelial cells but also
stimulates autoimmune responses against
self-HSP60 as a result of molecular mim-
icry (25). Chlamydia pneumoniae has
received much attention by cardiovascular
researchers because of elevated levels of
circulating antibodies to chlamydia HSP60
in CHD patients. These antibodies are
thought to mediate endothelial cell cyto-

toxicity by reacting with autologous
HSP60 on endothelial cells (20). In addi-
tion, Chlamydia HSP60 induces the pro-
duction of proinflammatory cytokines such
as TNF-a by endothelial cells, macroph-
ages and smooth muscle cells (15).
Although P. gingivalis HSP60 has also
been demonstrated to stimulate adaptive
immunity in which specific T-cells and
antibody are elevated in periodontitis
patients and patients with both periodon-
titis and atherosclerotic aneurysm, respect-
ively (38, 39), this antigen failed to induce
TNF-a production by monocyte-derived
macrophages (32). However, little is
known about the biological effects of
HSP60 and other protein antigens derived
from P. gingivalis, on endothelial cells.
Although P. gingivalis HSP60 and OMP
slightly up-regulated ICAM-1 expression,
they had little effect on VCAM-1 expres-
sion and cytokine production. Therefore,
the biological activity of P. gingivalis
and C. pneumoniae, both of which are
involved in common chronic inflammatory
diseases, may be different.
In vitro studies clearly demonstrate that

lipopolysaccharide, an active moiety of
endotoxin, is a powerful inducer of adhe-
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sion molecules on endothelial cells (13). In
chronic periodontal infection, bacteria
from the oral cavity can be released into
the bloodstream in a variety of circum-
stances (11), for example during scaling
(18), tooth extraction (22), and even
toothbrushing (29). Once lipopolysaccha-
ride and other bacterial components enter
the bloodstream, cells expressing Toll-like
receptors become activated. Ligation of
these receptors initiates the activation of
NF-jB, resulting in the expression of a
wide array of inflammatory genes (19).
In the present study, ICAM-1 expression
was slightly up-regulated by stimulation
with lipopolysaccharide from P. gingivalis
and E. coli, but a statistically significant
change was only observed at concentra-
tions of 100 ng/ml or higher. The effect
on VCAM-1 expression was similar,
albeit to a much lesser extent. Concentra-
tions of endotoxin > 100 ng/ml can pro-
duce cellular activation independently of
CD14 and TLR4, and thus may not
accurately reflect how blood vessels might
respond to clinically relevant levels of
endotoxin (2).

As previously reported (7, 41),
HCAECs constitutively express high lev-
els of mRNA for TLR4, indicating that
HCAECs are readily responsive to lipo-
polysaccharide. However, stimulation of
HCAEC with TNF-a, IL-1b or lipopoly-
saccharide derived from P. gingivalis or
E. coli did not change the expression of
TLR4. In contrast, a previous study has
shown that lipopolysaccharide stimulation
up-regulated the mRNA expression of
TLR4 in human microvascular endothel-
ial cells (8), suggesting differential func-
tions between these endothelial cells. On
the other hand, in the present study,
virtually no mRNA expression of TLR2
was observed in unstimulated HCAEC.
However, upon stimulation with TNF-a
and IL-1b at a concentration of
1.0 ng/ml, the mRNA expression of
TLR2 was significantly up-regulated with
a higher activity being seen with IL-1b.
The effect of IL-1b was evident at a
concentration as low as 1.0 pg/ml, which
is comparable to the concentration seen
in sera of periodontitis patients (data not
shown). While as little as 10 ng/ml of

E. coli lipopolysaccharide had an appar-
ent stimulatory effect, 100 ng/ml lipo-
polysaccharide of P. gingivalis resulted in
only a marginal elevation of TLR2
mRNA. This could also be attributable
to the unique characteristics of P. gingi-
valis lipopolysaccharide.
In contrast to the bacterial antigens,

relatively low levels of TNF-a and IL-1b
can induce a substantial increase in ICAM-
1 and VCAM-1 expression. Previous
studies have already demonstrated these
findings (1, 26); however, the concentra-
tion of cytokines used in this study to
stimulate the cells was 10 ng/ml, which is
much higher than ‘physiological’ levels
seen in common chronic inflammatory
diseases such as periodontitis. Ide et al.
reported that the mean levels of IL-1b and
TNF-a in the serum of chronic periodon-
titis patients before treatment were
0.95 pg/ml and 2.21 pg/ml, respectively
(12). We also reported that the mean level
of TNF-a in the serum of periodontitis
patients was 1.90 pg/ml (37). IL-1b
showed an apparent stimulatory effect on
adhesion molecule expression at a concen-
tration as low as 0.1 ng/ml. This concen-
tration is still higher than that seen in the
sera of periodontitis patients, but consid-
ering the dose-dependent response, the
concentration of TNF-a of periodontitis
patients is thought to have some effect on
endothelial cell expression of adhesion
molecules. In fact, TNF-a is reported to
up-regulate the adherence of lymphocytes
to endothelial cells at a concentration of
10 pg/ml (34).
Although some effects of P. gingivalis

antigens and inflammatory cytokines on
HCAEC functions were demonstrated, this
does not indicate a causal relationship
between periodontal infection and athero-
sclerosis. Most importantly, we utilized
antigens from P. gingivalis but not other
periodontopathic bacteria. Accumulating
evidence clearly indicates that the total
number of pathogens (pathogen burden) is
a stronger and independent predictor of the
presence and extent of coronary athero-
sclerosis (33). The concentrations of
cytokines that induced a positive response
were still higher than those in the sera of
periodontitis patients, which in turn may
reflect a systemic inflammatory response
to the total periodontal infection. Whereas
we can not comment on the relative
importance of infection and inflammation,
it should be noted that data from the
present study do not preclude a role for
periodontal infection in atherogenesis. The
extent to which periodontal disease contri-
butes to both the total burden of infection
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and the total burden of inflammation needs
to be further investigated.
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Fig. 6. Effects of lipopolysaccharide from P. gingivalis and E. coli, TNF-a and IL-1b on the
expression of mRNA for TLR2 and TLR4. Expressions were analyzed by reverse-transcription-PCR
(A). Quantitative analysis of the expression of TLR2 and TLR4 was conducted by real-time PCR (B
and C). a, d): Control. b) TNF-a (1 ng/ml). c) IL-1b (1 ng/ml). e) P. gingivalis lipopolysaccharide
(100 ng/ml). f) E. coli lipopolysaccharide (10 ng/ml).
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