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Association of Number of Teeth with Cognitive Function in the Elderly

Takeshi IMAI”, Masanori NISHINAGA?, Kenji MATSUSHITA?

Department of Aging Intervention®, Department of Oral Disease Research?, National
Institute for Longevity Science, National Center for Geriatrics and Gerontology, Aichi, Japan
¥ Department of Medicine and Geriatrics, Kochi Medical School, Kochi, Japan

Abstract

It has been reported that number of teeth is associated with cognitive function in elderly populations with dementia.
However, little is known about this association in an ordinary elderly population. We evaluated this relationship in a
Japanese population of elderly people aged from 65 to 92 years (n = 345; 122 males and 223 females) residing in Kahoku-
chou (now Kami City) in Kochi Prefecture of Japan. Dental examinations were performed all subjects with the Mini-Metal
State Examination (MMSE) and Kohs task test for assessing cognitive function. Associations were not found between
number of residual teeth and MMSE in total subjects or in males or females. However, associations were found between
number of residual teeth and Kohs score in males. These results suggest that cognitive functions, especially, motor
cognition, may be associated with number of teeth in ordinar}; elderly males.

Key words: cognitive function, dementia, teeth, oral health, elderly, longevity
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1,5-anhydro-p-fructose (1,5-AF), a monosaccharide formed from starch and glycogen, exhibits antioxi-
dant and antibacterial activity, and inhibits cytokine release by attenuating NF-xB activation in LPS-stim-
ulated mice. The present study examined whether 1,5-AF inhibits lipopolysaccharide (LPS)-induced

inducible nitric oxide synthase (iNOS) in vitro and in vivo. We found that 1,5-AF significantly blocked
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1L-10

Acute lung inflammation

the production of NO, and protein and mRNA expression of iNOS, and up-regulated IL-10 production
in vitro. We also investigated the effects of 1,5-AF on acute lung inflammation in C57BL/6] mice. We found
that protein and mRNA expression of iNOS in lung tissues were inhibited by 1,5-AF pretreatment. In addi-
tion, the serum level of IL-10 was upregulated by 1,5-AF. Collectively, the iNOS transcriptional and trans-
lational inhibitory effects of 1,5-AF seem to be prolonged and enhanced by the production of IL-10. These

results suggest that 1,5-AF could be a useful adjunct in the treatment of acute lung inflammation.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Inflammation is a central feature of many pathophysiological
conditions in response to tissue injury and host defense against
invading pathogens [1]. Macrophages are the main proinflamma-
tory cells involved in the responses to invading pathogens and re-
lease many proinflammatory molecules, including nitric oxide
(NO). Excessive NO production has been implicated in the patho-
genesis of inflammatory tissue injury and in several disease states
[2,3]. In activated macrophages, the transcriptionally expressed
inducible nitric oxide synthase (iNOS) is responsible for the pro-
longed enhanced production of NO. Thus, pharmacological inhibi-
tion of NO production offers promising targets for therapeutic
intervention in inflammatory disorders.

1,5-anhydro-p-fructose (1,5-AF) is a newly identified monosac-
charide that is formed directly from starch or glycogen through an
o-1,4-glucan lyase reaction (EC 4.2.2.13). During its formation, the
carbonyl group does not undergo hemiacetal bonding, but it is in-
stead fully hydrated in aqueous solution so that it may play a met-
abolically active role [4]. 1,5-AF has been found in fungi [5], red
algae [6], Escherichia coli [7] and rat liver tissue [8]. 1,5-AF is likely
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to act as an antioxidant for scavenging reactive oxygen species
(ROS) induced by phorbol myristate acetate (PMA) in THP-1 cells,
copper-mediated LDL oxidation [9,10], or as antimicrobial agents
[10], and can attenuate NF-kB activation [11]. ROS and NO, a reac-
tive nitrogen species (RNS), are believed to be important mediators
that lead to lung injury [12].

Interleukin (IL)-10 is a cytokine that has important anti-inflam-
matory and antiproliferative properties, and attenuates the sever-
ity of various disease states. Furthermore, IL-10 suppresses
cellular production of NO, a molecular signal in the inflammatory
process, and down-regulates the expression of iNOS, which is reg-
ulated as a transcription factor of NF-kB activation in macrophages
during acute lung injury [13]. Thus, increased IL-10 levels are re-
quired for attenuation of inflammation.

In this study, we investigated whether 1,5-AF affects NO pro-
duction via its anti-inflammatory activity. We conducted this study
to explore the anti-inflammatory effects of 1,5-AF on iNOS expres-
sion in lung tissues from C57BL/6] mice and in the murine macro-
phage cell line RAW264.7, which can be stimulated with LPS to
mimic a state of infection and inflammation [14].

Material and methods

Cell culture and treatment. The murine macrophage-like
RAW264.7 cells were obtained from the American Type Culture
Collection (Manassas, VA). The cells were cultured in RPMI-1640
medium (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (Hyclone Logan, UT). The cells were pretreated with
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1,5-AF (0-500 pg/ml) for 2 h and stimulated with LPS (500 ng/ml;
0111:B4, Alexis Biochemical, San Diego, CA) in serum-free Opti-
MEM-I medium (Invitrogen, Carlsbad, CA) for various durations.
Cells were extracted for iNOS experiments, and the supernatant
was collected for NOx measurement.

Measurement of nitrite. The measurement of NOx (NO?~ + NO*")
in the supernatant was performed according to the method of Mis-
ko et al. [15] with minor modifications. In brief, 2,3-diaminonaph-
thalene (DAN) was dissolved in 0.62 N HCl at a concentration of
0.05 mg/ml. NO*- in culture medium was reduced to NO*~ with ni-
trate reductase (14 mU) and NADPH (40 pM) at room temperature
(RT) for 5 min. The media were then collected and aliquots of each
sample (100 pl) were placed into 96-well plates. DAN (10 pl) was
then added to each well at RT. After 10 min, 5 ul of 2.8 N NaOH
was added to each well, and the plate was read on an Appliskan
luminescence spectrometer (excitation 360nm, emission
440 nm) (Thermo Fisher Scientific, Waltham, MA). Standard curves
were made with concentrations of sodium nitrite ranging from
0.04 to 10 uM in phenol red-free DMEM.

Western blot analysis. As described previously {16}, RAW264.7
cells were washed in ice-cold PBS, lysed with lysis buffer (0.5 M
Tris-HCl, 10% SDS, 10% 2-mercaptoethanol, and 20% glycerol).
Next, 30 pg/ml of protein was subjected to SDS-PAGE and then
transferred to nitrocellulose membranes (Whatman, Cassel, Ger-
many). The membranes were blocked with 5% non-fat dried milk
in Tris-buffered saline containing 0.04% Tween 20 (TBST) and incu-
bated with iNOS antibodies (Ab) (Upstate Inc., Lake Placid, NY) or
anti-B-actin Ab (Santa Cruz Biotechnology, Santa Cruz, CA) in TBST
supplemented with 1% non-fat dried milk. After washing, the
membranes were incubated with horseradish peroxidase-conju-
gated secondary Abs (MP Biomedicals, LLC, Santa Ana, CA) diluted
to 1:3000 in TBST supplemented with 2.5% non-fat dried milk.
Immunoreactive proteins were detected with an enhanced chemi-
luminescence detection system (Amersham Biosciences).

Flow cytometric assessment of cell viability. RAW264.7 cells were
collected and fixed with 70% ethanol at —20°C for 20 min. After
washed with phosphate-buffered saline (PBS), the cells were cen-
trifuged and stained with propidium iodine (PI) solution (PI
20 pg/ml and RNase 625 pg/ml in PBS) for 20 min in the dark.
The PI fluorescence was measured with an Epics XL flow cytometer
(Beckman Coulter, High Wycombe, Bucks, UK).

Animal studies and treatment protocol. As described previously
[17], 7-week-old, male C57BL/6] mice were obtained from Kyudou
(Kumamoto, Japan). Animal protocols were approved by the Fron-
tier Science Research Center, Kagoshima University and were con-
ducted according to National Institutes of Health (NIH) guidelines.
The mice were housed in a pathogen-free environment under con-
trolled light and humidity conditions, and were provided food and
water ad libitum. Mice were divided into four groups and treated
with: (1) saline solution, (2) 1,5-AF, (3) LPS, and (4) 1,5-AF and
LPS (n=6 per group). Mice were given an intraperitoneal (i.p.)
injection of LPS (2 mg/kg, Sigma, 055:B5, 1 x 10° EU/mg) or saline,
immediately after i.p. injection of 1,5-AF (38.5 mg/kg body weight)
or saline. Four hours after the injection, blood was drawn by intra-
cardiac penetration and collected in capillary blood collection
tubes (Terumo, Tokyo, Japan). Serum was collected and stored at
—80 °C. Lung tissue was obtained immediately after the mice were
killed and fixed in 10% neutral-buffered formalin (Nacalai Tesque,
Inc, Kyoto, Japan).

RT-PCR. As described previously [17], total RNA was extracted
from RAW264.7 cells or lung tissues of mice using an RNAqueous
kit (Ambion, Inc., Texas). RNA was reverse-transcribed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, CA). The relative mRNA expression levels were determined
using an Applied Biosystems 7300 Real-Time PCR System with a
TagMan Universal PCR Master Mix (Applied Biosystems)

NOS2 primers (Mn00440485_ml). The expression levels were cal-
culated as the ratio of the mRNA level for a given gene relative to
the mRNA level for glyceraldehyde-3-phosphate dehydrogenase
(Mm99999915_ml) in the same cDNA sample.

Immunohistochemistry. Paraffin-embedded 5-pum-thick lung
sections were deparaffinized and dehydrated. Antigen retrieval
was performed using antigen-unmasking solution (Vector Labora-
tories Inc., Burlingame, CA). Slides were blocked using Block ACE™
(Dainippon Sumitomo Pharma Co., Osaka, Japan) and incubated
with rat monoclonal anti-macrophage Ab (1:100 dilution; Abcam,
Tokyo, Japan) or rabbit anti-iNOS polyclonal Ab (1:100 dilution;
Santa Cruz Biotechnology) at 4 °C in PBS containing 1% bovine ser-
um albumin. Slides were washed with TBST and incubated with
Histofine Simple Stain Mouse MAX-PO (Nichirei, Tokyo, Japan).
The slides were washed and stained with 3,3’-diaminobenzidine
(DAB; Dako Envision Kit, Glostrup, Denmark). Counterstaining
was performed with hematoxylin.

Statistical analysis. Data are expressed as means % SE. Differ-
ences between means were evaluated using unpaired two-sided
Student’s t-test (P < 0.05 was considered significant).

Results
1,5-AF inhibits LPS-induced NO production in RAW264.7 cells

Murine macrophage-like RAW264.7 cells are commonly used to
investigate anti-inflammatory responses [14]. To investigate
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Fig. 1. 1,5-AF inhibits LPS-induced NO production in RAW264.7 cells. Cells were
pretreated for 2 h with the indicated concentration of 1,5-AF and were then
stimulated with LPS (500 ng/ml) for 18 h. (A) The culture media were collected and
assayed for nitrite production. (B) Cells were collected and assayed for cell viability
by flow cytometry. The values are expressed as means + SE of triplicate exper-

ments, *P<0.05 and P < 0.01 indicate statistically significant differences versus
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whether 1,5-AF suppresses NO production in LPS-treated
RAW264.7 cells, RAW264.7 cells were preincubated with 1,5-AF
(0-500 pg/ml) or fructose (500 pg/ml) as an analog of 1,5-AF, and
were then stimulated with LPS for 18 h. As shown in Fig. 1A ,1,5-
AF significantly suppressed NO production compared with that in
cells stimulated with LPS alone (P<0.01, P<0.05, Fig. 1A) in a
dose-dependent manner; however, fructose had no effect on LPS-
induced NO production (Fig. 1A).

To exclude the potential for cytotoxic activity of 1,5-AF, we
examined whether 1,5-AF affects cell viability with flow cytome-
try. As shown in Fig. 1B, the cell viability was not affected by
500 pg/ml 1,5-AF, a concentration that significantly inhibited
LPS-stimulated production of NO (Fig. 1A).

1,5-AF inhibits LPS-induced iNOS protein and gene expression in
RAW264.7 cells

To investigate whether the inhibition of NO production is
caused by reduced iNOS protein expression, Western blot analysis
was performed on the LPS-treated lysates with or without 1,5-AF
pretreatment. As shown in Fig. 2 A, 1,5-AF pretreatment also inhib-
ited iNOS protein expression in a dose-dependent manner. Expres-
sion of B-actin was also determined in the same blot as the loading
control and was noted as a consistent band. Furthermore, we per-
formed RT-PCR analysis for iNOS mRNA. As shown in Fig. 2B, 1,5-AF
treatment significantly inhibited the expression of iNOS mRNA in
LPS-stimulated RAW264.7 cells compared with LPS alone in a
dose-dependent manner (LPS alone: 1.06+0.029; 300 ug/ml
1,5-AF: 0.810 £ 0.08, P <0.05; 500 pg/ml 1,5-AF: 0.681 £ 0.08, P<
0.01). However, the use of fructose as an analog had no effect on
the expression of iNOS mRNA (0.880 £ 0.067).

1,5-AF suppresses LPS-induced pulmonary iNOS expression and mRNA
production in C57BL/6] mice

iNOS is a important molecule in lung tissue injury and is pri-
marily expressed by activated macrophages [18]. Thus, to confirm
the above results, we examined whether 1,5-AF suppressed iNOS
expression in the LPS-challenged C57BL/6] mice. As shown in
Fig. 3B and C and analyzed in Supplementary Fig. 1A, 1,5-AF pre-
treatment for 2 h significantly suppressed iNOS expression in the
pulmonary parenchyma in LPS-challenged C57BL/6] mice com-
pared with LPS alone (58 + 1% vs. 23 + 0.2%, P < 0.01). Few iNOS-po-
sitive parenchymal cells were found in the control mice or in the
mice treated with 1,5-AF alone (Fig. 3A and D). iNOS expression
was greater in specimens obtained from mice exposed to LPS alone
than in those obtained from 1,5-AF- and LPS-treated mice. Similar
results were obtained from real-time PCR analysis of iNOS mRNA
in lung tissue. iNOS mRNA was up-regulated in mice exposed to
LPS, whereas pretreatment with 1,5-AF decreased LPS-induced
iNOS mRNA expression (Supplementary Fig. 1B; P < 0.05 compared
with LPS-challenged mice).

1,5-AF increases IL-10 levels in RAW264.7 cell and in C57BL/6] mice

IL-10 also exerts an anti-inflammatory role in acute lung
inflammation [13]. iNOS expression in macrophages is down-regu-
lated by IL-10 during acute lung injury [13]. Therefore, we next
investigated whether 1,5-AF alters the production of IL-10.
RAW264.7 cells were preincubated with 1,5-AF (0-500 pg/ml) for
1 h and then challenged with LPS. There was a significant dose-
dependent increase in IL-10 production (Fig. 4A). Furthermore, in
LPS-challenged C57BL/6] mice (Fig. 4B), the IL-10 levels were in-
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with anti-iNOS Ab. The blot was stripped of the bound Abs and reprobed with B-actin to confirm equal loading. (B) Total RNA was extracted after stimulation for 6 h. iNOS and

GAPDH mRNAs were measured by real-time RT-PCR. iINOS mRNA levels were nor?@

with four samples per group. *P<0.05 and P <0.01 indicate statistically significa

inst GAPDH. The values are expressed as means * SE of triplicate experiments,
ces versus the control group.

209



X. Meng et al./Biochemical and Biophysical Research Communications 387 (2009) 42-46 45

iNOS IgG

Cont

LPS

LPS

1,5-AF

1,5-AF

Fig. 3. 1,5-AF inhibits LPS-induced iNOS expression in the lung tissue of C57BL/6]
mice. Seven-week-old male mice were challenged for 4 h with either saline alone
(A) or LPS (B) immediately after 1,5-AF (38.5 mg/kg) (C) or saline treatment and
1,5-AF alone (D). The lung tissues were stained with iNOS Ab (A-D) and isotype IgG
(E-H). The brown regions indicate the DAB-positive area (arrows). Original
magnification: 400x.

creased after treatment with 1,5-AF plus LPS compared with LPS
treatment alone (Fig. 4B; P< 0.01).

Discussion

The present study revealed that 1,5-AF inhibits LPS-induced NO
production in the murine macrophage-like cell line RAW264.7, and
protects mice from LPS-induced lung injury by down-regulating
the expression of iNOS and up-regulating the production of IL-10.

ROS and NO, an RNS, are produced by phagocytes, such as mac-
rophages, in response to LPS stimulation [19]. The excessive syn-
thesis of NO by iNOS acts as a major macrophage-derived
inflammatory mediator and is also involved in the development
of inflammatory disease [20]. Our previous study in THP-1 cells
showed that 1,5-AF inhibits the formation of ROS because of the
presence of enediol forms [9]. Furthermore, other studies have
shown that compounds with antioxidant activity such as curcumin
[17] and resveratrol [21] also inhibit the production of NO and
expression of iNOS. In our present study, 1,5-AF inhibited LPS-in-
duced production of NO and dose-dependently decreased the
amount of iNOS protein and its mRNA production in RAW264.7
cells. Thus, these findings suggest that pretreatment with 1,5-AF
has an antioxidant effect that may inhibit iNOS expression at the
transcriptional and translational levels.
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Fig. 4. 1,5-AF upregulates IL-10 production in LPS-stimulated RAW264.7 cells and
mice serum. (A) Cells were pretreated for 2 h with the indicated concentration of
1,5-AF and were then stimulated with LPS (500 ng/ml) for 6 h. The concentration of
IL-10 released into the supernatant was measured by ELISA. The values are
expressed as means+SE of triplicate experiments. (B) Mice were treated as
described in Fig. 3. The serum IL-10 concentrations were measured by ELISA. The
values are expressed as means + SE with six mice per group. "P < 0.05 and P < 0.01
indicate statistically significant differences versus the control group.

In response to LPS stimulation, the inflammatory cellular infil-
trates in the lung predominantly consist of neutrophils and macro-
phages [22]. In turn, these activated macrophages generate ROS
[23] and release many inflammatory mediators, including iNOS
[24] and proinflammatory cytokines [25}. This perpetuates a vi-
cious cycle to continue the production of cytotoxic mediators, ulti-
mately leading to profound injury, such as acute lung injury [22].
Moreover, iNOS inhibitors prevent LPS-induced acute respiratory
distress syndrome (ARDS) [26]. Our results, which agree with those
of previous studies, show that treatment with 1,5-AF significantly
suppresses LPS-induced iNOS expression in C57BL/6] mice. This
implies that 1,5-AF has an important anti-inflammatory effect on
acute lung inflammation.

Increasing the production of the anti-inflammatory cytokine IL-
10 could also inhibit proinflammatory mediators such as IL-6 [27]
and iNOS [28]. The increased level of IL-10 in the lung of patients
with ARDS is associated with improved survival [29] and IL-10-
knockout mice show increased iNOS expression and NO production
in lung tissue [13]. In the present study, pretreatment with 1,5-AF
enhanced the LPS-induced production of the counter-regulatory
cytokine IL-10 compared with that with LPS stimulation alone both
in vitro and in vivo and may thus play an inhibitory role in LPS-in-
duced iNOS transcription and translation.

A previous report has revealed that proinflammatory mediators
are regulated by the transcription factor NF-kB in LPS-induced
lung inflammation [30]. In our study, we found that 1,5-AF slightly
suppressed iNOS expression at 3 h (data not shown). However, it
did markedly suppress iNOS mRNA and protein expression at 6 h
and 12 h, respectively. 1,5-AF is shown to inhibit the translocaliza-
tion of NF-xB p65 independently of IxBo degradation, and de-

reased the levels of proinflammatory cytokines such as IL-6,
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TNF-o¢ and MCP-1 at 4 h [11]. Furthermore, iNOS expression was
dependent on NF-xB activation, thus, suggesting that 1,5-AF may
directly inhibit iNOS expression by attenuating NF-kB activation
as well as by its antioxidant effects.

The present study indicated that 1,5-AF may inhibit iNOS
expression by up-regulation of the anti-inflammatory cytokine
IL-10. Since IL-10 has been shown to inhibit the translocalization
of NF-xB p65, which was dependent on the degradation of [xBo
[31]. The inhibition of iNOS expression (6 h) by 1,5-AF occurred
at the same time and consequently increased the expression of
IL-10 (6 h). Therefore, these findings suggest that 1,5-AF may di-
rectly inhibit iNOS expression and NO production via NF-kB inac-
tivation in the early phase and indirectly via increased IL-10
levels, which may sustain the anti-inflammatory effects of 1,5-
AF. Thus, these results raise the possibility that the NF-kB inactiva-
tion and increased IL-10 level caused by the action of 1,5-AF may
attenuate iNOS expression.

Collectively, our results suggest that 1,5-AF acts as a selective
inflammatory inhibitor and this anti-inflammatory effect was aug-
mented by the production of IL-10. In turn, IL-10 inhibited LPS-in-
duced iNOS over-expression in RAW264.7 cells and in the lung
tissue of mice. Based on these results, we have clarified the mech-
anism of 1,5-AF activity, which may be used in the treatment of
inflammatory diseases.
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Background: The endothelial cell surface glycoprotein
thrombomodulin (TM) inhibits vascular coagulation and in-
flammation via regulation of thrombin-mediated activation
of protein C. Porphyromonas gingivalis is the major periodon-
topathic bacterium and has been found in vessel walls and ath-
erosclerotic lesions in humans. P. gingivalis-derived cysteine
proteases (gingipains) are known to enhance inflammatory
and coagulant responses of vascular endothelial cells. How-
ever, it has not been elucidated whether gingipains affect vas-
cular endothelial TM. ’

Methods: Purified arginine-specific gingipains (Rgps) and
lysine-specific gingipain (Kgp) from P. gingivalis were used
to investigate the effects of gingipains on recombinant human
TM by immunoblot analyses. Flow cytometry and activated
protein C assay were carried out to examine the effects of gin-
gipains on vascular endothelial cell surface TM. Immunohisto-
chemistry was performed to investigate TM expression in
microvascular endothelia in gingival tissues taken from pa-
tients with periodontitis.

Results: Rgps and Kgp cleaved TMin vitro. Endothelial cell
surface TM was also degraded by Rgps. Thrombin-mediated
activation of protein C was reduced by Rgps through TM inac-
tivation. Gingival microvascular endothelial TM was reduced
in patients with periodontitis.

Conclusions: P. gingivalis gingipains induced the degrada-
tion and inactivation of endothelial TM, which may promote
vascular coagulation and inflammation. In addition, in vivorel-
evance was demonstrated by reduced expression of TMin gin-
gival microvascular endothelia in patients with periodontitis,
which may be involved in the pathogenesis of periodontitis. J
Periodontol 2009;80:1511-1517.
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The major periodontopathic patho-
gen Porphyromonas gingivalis
produces cysteine proteases, des-
ignated gingipains. Two kinds of arginine
residue-specific gingipains, RgpA and
RgpB, and another type of lysine resi-
due-specific gingipain, Kgp, have been
identified.!-3 Many studies revealed that
gingipains are crucial virulence factors in
the development of periodontitis. It was
reported that gingipains promote inflam-
mation through the enhancement of vas-
cular permeability by activation of the
kallikrein/kinin pathway.*> In addition,
gingipains can exert thrombin-like ef-
fects in vasculatures, including procoa-
gulant responses and endothelial cell
activation through protease-activated re-
ceptors.57

P. gingivalisis often detected in vessel
walls and atherosclerotic lesions in hu-
mans.8 Moreover, there is growing evi-
dence that P. gingivalis infection is
strongly associated with the development

_of vascular diseases, including coronary

heart diseases, stroke, and atherosclero-
sis.9-11 Although P. gingivalisis known to
promote transmigration of leukocytes
from blood vessels into inflamed tissue
and increase vascular permeabil-
ity,10:12-14 these effects of P. gingivalis
are partly dependent on gingipain-in-
duced activation of vascular endothelial
cells to induce an increase in vascular

doi: 10.1902/jop.2009.090114
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permeability and adhesion molecule expression.
Therefore, the detailed linkage of proinflammatory
and procoagulant responses of vascular endothelial
cellsto P. gingivalis, particularly the responses to gin-
gipains, should be addressed to further understand
mechanisms of the development of periodontitis and
systemic vascular diseases.

Thrombomodulin (TM) is an endothelial cell sur-
face glycoprotein and contains an extracellular region
that harbors a thrombin-binding site.!® Thrombin
binds to TM and activates protein C.!7 Activation of
protein C that is dependent on TM causes inhibition
of coagulation and inflammatory responses and apo-
ptosis in vascular endothelial cells.!® Thus, endothe-
lial TM maintains vascular homeostasis through the
reduction of thrombotic tendencies and inflammation.

In this study, we investigated the specific involve-
ment of endothelial TM in periodontitis. We investi-
gated whether gingipains directly affect TM in vitro
and cell surface TM in human vascular endothelial
cells. Also, we examined the expression of TM in the
microvascular endothelium in gingival tissues taken
from patients with periodontitis.

MATERIALS AND METHODS

Cultivation of Bacteria

The strain of P. gingivalis (HG66) was grown in 100 ml
broth containing 15.0 g trypticase soy broth,12.5 g
yeast extract, 2.5 mg hemin, 0.25 g cysteine, 0.05 g
dithiothreitol, and 0.5 mg menadione, anaerobically,
at 37°C for 24 to 30 hours in an atmosphere of 85%
N5, 10% CO,, 5% Hy. The culture was used to inoculate
2 liters of the same broth, which was then incubated
anaerobically at 37°C for ~48 hours until the late sta-
tionary phase of bacterium growth.

Purification and Activation of Gingipains

RgpA and Kgp were purified according to the
method described by Pike et al.> RgpB was purified
according to the method described by Potempa
et al.!® The amount of active Rgps or Kgp in each
batch of purified proteases was determined by active-
site titration with Phe-Pro-Arg-chloromethylketone
(FPR-cmk) and benzyloxycarbonyl-L-phenylalanyl-L-
lysyl-acyloxyketone (ZFK-ck),* respectively.?® The
same inhibitors were used to obtain inactivated Rgps
or Kgp with covalently modified active-site cysteine
residues. The concentration of fully activated Rgps or
Kgp with cysteine was calculated from the amount of
inhibitors needed for complete inactivation of the pro-
teases. Therefore, the concentration of Rgps or Kgp in-
dicated in this study is that of active Rgps or Kgp. To
activate Rgps and Kgp, they were diluted with 0.2 M
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(pH 8.0), 5 mM CaCl;, and 10 mM cysteine and
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gingipains were diluted with serum-free medium for
cell culture. To block the enzymatic activity of gingi-
pains, activated gingipains were incubated with FPR-
cmk or ZFK-ck for 10 minutes at room temperature
before use. The amidolytic activity of purified Rgps
or Kgp was determined using benzoyl-L-arginine-p-
nitroanilide or benzoxycarbonyl-L-lysine-p-nitroani-
lide** as a substrate. The formation of p-nitroaniline
was monitored spectrophotometrically at 405 nm.

Cell Culture

Human aortic endothelial cells (HAECs) T were grown
as described previously.?! Cells were used for exper-
iments at passages four to eight.

Sodium Dodecyl Sulfate-Polyacrylamide

Gel Electrophoresis (SDS-PAGE) and

Immunoblot Analysis

A total of 500 nM recombinant human TM (thTM)##
was incubated at 37°C for 8 hours with RgpA, RgpB,
or Kgp at concentrations of 0.1 to 100 nM or for O
to 8 hours at a concentration of 100 nM. Samples
were boiled in a reducing treatment buffer containing
10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and
0.05% bromophenol blue and visualized by SDS-
PAGE with Coomassie brilliant blue staining. Samples
were also separated by SDS-PAGE followed by immu-
noblot analyses using a monoclonal antibody to TM.88
Immunoreactive bands were visualizedll after being
treated with a horseradish peroxidase—-conjugated an-
tibody to anti-mouse immunoglobulin G (IgG). Cell ly-
sates were obtained by incubating HAECs seeded on
60-mm plates with a buffer consisting of 20 mM Tris-
hydrochloride (pH 7.2), 150 mM sodium chloride, 5
mMEDTA, and 1% Triton X-100 in the presence of pro-
tease inhibitors at 4°C for 15 minutes followed by clar-
ification by centrifugation at 12,000 x g for 10 minutes.
SDS-PAGE and immunoblot analyses were performed
as described above. A total of 500 nM recombinant
human activated protein C11 was incubated at 37°C
for 8 hours with RgpA at concentrations of 1 to
100 nM for an immunoblot analysis using a mono-
clonal antibody to activated protein C.## Results are
representative of three separate experiments.

Flow Cytometry

To assess the surface expression of TM, confluent
HAECs were treated with 200 nM RgpA for 1 hour.
The cells were removed with phosphate buffered
saline containing 20 mM EDTA and fixed with

9 Difco, Franklin Lakes, NJ.

# Bachem Bioscience, King of Prussia, PA.

** Novabiochem, Darmstadt, Germany.

11 Cambrex, Walkersville, MD.

$% American Diagnostica, Stamford, CT.

§§ Abcam, Tokyo, Japan.

l ECL system, Amersham Pharmacia Biotech, Piscataway, NJ.
99 Abcam.

then incubated at 37°C for 10 minutes. The activate? -I #:gAbcam.
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phosphate buffered saline containing 4% paraformal-
dehyde at 4°C for 1 hour. The cells were incubated at
4°C for 1 hour with anti-TM monoclonal antibody or
isotype-matched mouse IgG and then with fluorescein
isothiocyanate-conjugated anti-mouse IgG. Samples
were analyzed using the flow cytometer.*** Results
are representative of three separate experiments.

Protein C Activation Assay

To measure in situ activated protein C—generating ca-
pacity, HAECs in 96-well plates were incubated with
Dulbecco’s modified Eagle’s medium in the presence
or absence of 1-100 nM RgpA for 8 hours at 37°C,
washed with Hanks balanced salt solution (HBSS), 1T
and incubated with 25 pg/mlrecombinant human pro-
tein C,¥ff 1 U/ml human thrombin,$88 2.5 mM CaCl,,
and 1 mg/ml bovine serum albumin in HBSS at 37°C.
After 1 hour, the thrombin was neutralized by the addi-
tion of 50 mg/ml lepirudinllland incubated with a 3-mM
solution of chromogenic substrate for activated protein
C 8-2366111 at 25°C. Hydrolysis of the substrate was
determined using a microplate reader.*## Results are
representative of three separate experiments.

Immunohistochemistry

Tissues were obtained from the healthy gingiva (n=3;
probing depth <3 mm; no bleeding on probing; and no
boneloss) and inflamed gingiva (n=6; probing depth =
3 to 6 mm; bleeding on probing; and bone loss) of nine
patients, who had no history or current signs of sys-
temic disease and had received no medication within
the prior 6 months, when their teeth were extracted be-
cause of deep caries and/or periodontitis. The nine pa-
tients (6 females and 3 males; mean age, 46.8 = 70
years) were enrolled in the study from May 1998 to
May 1999. After obtaining informed written consent,
the tissues were taken from the marginal gingiva near
the extracted socket accordingto guidelines approved
by the Ethics Committee of Kagoshima University
Graduate School of Medical-and Dental Sciences. At
least 10 consecutive sections of three different sites
of each gingival tissue were used for immunostaining
of TM. Formalin-fixed, decalcified, paraffin-embedded
sections were immunostained with an anti-TM mono-
clonal antibody using a staining system.**** Images
were obtained with a microscope. 11T

Statistics

All values were evaluated by statistical analysis using
the Student-Newman-Keul test. Differences were
considered statistically significant at P<0.01.

RESULTS

Rgps and Kgp Degrade TM In Vitro

We first examined whether TM can be a substrate for
gingipains in vitro. We found complete digestion of
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D RepA (100 nM)
0_10_30 30 60 180 360 (min)

' ?”;gi}m i,
Regps and Kgp drgested ™in vitro. rhTM was mcubated at 37°C for 8

~ hours with RgpA, RepB, or Kgp at concentrations of 0.1 to | 00 nM (A),
and rhTM was incubated for 0'to 8 hours (1 h) with 1 00 nM RgpA, RgpB, or
Kgp (B). These samples were analyzed by SDS-PAGE. rhTM was treated.

_ for 3 hours with RgpA atconcentrations of 5 to. 1,000 nM (C), and thTM

. was treated for 0 to 360 minuites (min) with |00 nM RgpA (D). These
samples were andlyzed by SDS-PAGE and immunoblotted with an
antrbody to TM. The results shown are representauve of three separate
expenments : :

RgpA or RgpB when assessed by SDS-PAGE (Fig.
1A). Kgp at 100 nM degraded TM, but the effect was
very modest. In the case of RgpB, degradation of TM
occurred ata concentration<1 nM (Fig. 1A). Aftertreat-
ment with 100 nM RgpB, degradation of TM occurred
within 1 hour and continued for 28 hours (Fig. 1B).

**%  FACSCalibur, Becton Dickinson, Franklin Lakes, NJ.
111 Life Technologies, Gaithersburg, MD.
#¥ Sigma-Aldrich, St. Louis, MO.
§§ Sigma-Aldrich.
[l Peptide Institute, Osaka, Japan.
911 Peptide Institute.
### Vmax Kinetic Microplate Reader, Molecular Devices, Sunnyvale, CA.
**** sABC kit, Dako, Carpinteria, CA.
1111 Olympus microscope IX71 with DP70 image capture, Olympus,

thTM after incubation with 100 nM purified actxé-l 4 Tokyo, Japan.
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Gingipains Degrade Thrombomodulin
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RgpA and Kgp at 100 nM required >2 to 4 hours of incu-
bation before obvious degradation was observed (Fig.
1B). Therefore, we focused on Rgps because Rgps di-
gested TM more efficiently than Kgp did. Immunoblot
analyses showed that treatment of TM with RgpA led
to the formation of low molecular mass fragments in a
dose- and time-dependent manner (Figs. 1C and
1D). In addition, immunoblot analyses for TM showed
that the fragments were of TM origin, not Rgp origin.
It was also confirmed that RgpB could digest thTM sim-
ilarly to RgpA (data not shown).

Rgps Cleave Cell Surface TM

We examined whether Rgps affect TM proteinin vascu-
lar endothelial cells. We previously reported that RgpA
at 10 to 1,000 nM did not kill endothelial cells because
it could induce exocytosis of endothelial cell-specific
components.® It is generally believed that dead cells
do not release intracellular components. Flow cytom-
etry analysis revealed the presence of a considerable
amount of cell surface TM in HAECs (Fig. 2A). After
RgpA stimulation, the amount of TM was clearly re-
duced. In addition, immunoblot analysis showed that
RgpA clearly decreased the expression level of TM in
HAECs in a dose-dependent manner (Fig. 2B).

A 8
- ---~ Isotype 1gG
5 85 ' -~ Untreated
-g ; | -— RgpA 200 n\i
= i
2
B
O
2
T
1% 1o! 102 10° 1ot
Log Fluorescence Intensity
B RgpA @M)

0 5 10 20 50 100 }PC

GAPDH | gup esmesn

Figure 2. ,

Rgps degraded TM in cells. A) HAECs were treated for | hour with 200
nM RgpA, and surface TM was detected by flow cytometry. Thick line =
not stimulated; thin line = stimulated with RgpA; dashed line = cells
stained with control antibody. B) HAECs were treated at 37°C for 3 hours
with RgpA at concentrations of 5 to 100 nM. Immunoblot analysis was
performed with an antibody to TM or GAPDH, Representative results of
three separate experiments are shown. PC = positive control (hTM).

1514

Rgps Inhibit Generation of Activated Protein

Cby TM

In vascular endothelial cells, thrombin binds to TM and
activates protein C. Thrombin treatment led to the ac-
tivation of protein Cin HAECs (Fig. 3A). To clarify whe-
ther proteolytic cleavage of TM inhibits TM function,
we examined the effect of RgpA on protein C activa-
tion. We found that pretreatment of HAECs with RgpA
reduced thrombin-mediated activation of protein C in
adose-dependentmanner (Fig. 3A). The ability of RgpA
to reduce activation of protein C was completely abol-
ished by pretreatment of RgpA with the cysteine prote-
ase inhibitor leupeptin (Fig. 3A), indicating that the
activity of RgpA depends on its protease activity. We
alsofoundthat RgpA did not degrade protein C and ac-
tivated protein C (Fig. 3B and data not shown). These
findings suggest that Rgps inhibit TM activity by prote-
olytic cleavage of TM in vascular endothelial cells.

TM Expression in Gingival Microvascular
Endothelia Is Reduced in Patients
With Periodontitis
We performed immunohistochemistry for TM in in-
flamed gingival tissues from human subjects with peri-
odontitis to assess a possible in vivo relevance of
endothelial TM to gingipains.

We found that a considerable amount of TM was
present in the microvascular endothelia in gingival
tissues from healthy subjects (Figs. 4A and 4B). We

A

Protein C Activation
(OD/min/ug protein)

0
Thrombin - + + + + +
RgpA (M) -~ - 1 10 100 100
Leupeptin (uM) — - - - - 10

B RgpA (nM)
0 1 10 108

Figara 2.

Rgps inhibit TM activity in vascular endothelial cells. A) HAECs were
incubated with I to 100 nM RgpA for 8 hours in the presence or absence
of leupeptin and were washed with HBSS. The cells were treated with
25 ug/ml protein C and | Ulml human thrombin. Protein C activation
was performed for measurement of TM cofactor activity. Each value

is mean % SD (n = 3). B) Recombinant human activated protein

C was incubated at 37°C for 8 hours with RgpA at concentrations

of | to 100 nM. These samples were analyzed by SDS-PAGE and
immunoblotted with an antibody to activated protein C. The results shown
are representative of three separate experiments. *Versus cells incubated
with thrombin (P <0.01). OD = optical density (405 nmy); min = minutes.
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Immunohistochemical staining for TM in healthy (A and B) or inflamed (C and D) gingiva from
' patients with penodontms Arrows = decreased stalnlng for TM Sca le bar 50 um AI results are..

representcmve of three !ndependent expenments

also found that the level of TM was clearly lower in
the endothelia from subjects with periodontitis than
in normal endothelia (Figs. 4C and 4D).

DISCUSSION

The importance of the linkage between endothelial TM
and periodontitis has not been clarified. Our study
showed that endothelial TM was degraded by Rgps,
leading to TM inactivation (Figs. 2 and 3). In addition,
the expression level of TM was clearly reduced in the
microvascular endothelia in gingival tissues taken
from patients with periodontitis (Fig. 4). Although
we could not demonstrate that gingipains cause re-
duction of TM in vivo, given that periodontitis is a
disease triggered by bacterial infections, such as
Pgingivalisinfection, disruption of TM may be caused
by gingipainsreleased from P. gingivalisduring the de-
velopment of periodontitis. In addition, because vari-
ous bacteria other than P. gingivalis are involved in
the progression of periodontitis, degradation of TM
might be induced by gingipains as well as other bacte-
rial proteases and virulence factors.

In vascular endothelial cells, thrombin binds to TM
and activates protein C.17 Activated protein C proteo-
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amplification of the coagulation
system.!” It is also known that ac-
tivated protein C has various other
activities, such as suppression of
the production of proinflammatory
mediators, apoptosis, and E-se-
lectin~dependent leukocyte adhe-
sion in endothelial cells.18:22-26 TM
accelerates protein C activation
and directly decreases endothelial
cell activation by blocking high-
mobility group protein-B1 inflam-
matory functions and suppressing
nuclear factor-kappa B nuclear
translocation and the mitogen-ac-
tivated protein kinase pathways.2”
Thus, TM plays important roles in
the maintenance of vascular coag-
ulation and inflammation. Some
studies demonstrated that the
amount of TM expressed on the en-
dothelial cell surface is decreased
upon exposure to the proinflam-
matory cytokines interleukin (IL)-1
and tumor necrosis factor-alpha
(TNF-a).2829 Downmodulation of
TM expression is associated with
aloss in the capacity of endothelial
cells to catalyze conversion of pro-
tein C to activated protein C, which
causes widespread coagulation
and inflammation within the microvasculature.30-31
Furthermore, it has been suggested that diabetes,
one of the important risk factors for periodontitis, in-
duces dysfunction of the endothelial TM~protein C
system,32:33 as shown by a decreased level of acti-
vated protein C and loss of TM in the endothelium.34
The perturbation of the TM-protein C system is be-
lieved to be a potential mechanism of the progression
of diabetic symptoms. Therefore, similar to diabetes,
periodontitis may cause dysfunction of the endothelial
TM-protein C system triggered by gingipains, which
canbe animportant determinant of the severity of peri-
odontitis. Moreover, such situations could be acceler-
ated by various factors, including IL-1 and TNF-a
derived from the host responses in periodontitis.
Gingipains include arginine residue-specific RgpA
and RgpB and lysine residue-specific Kgp. In addition,
there are two forms of gingipains: vesicle associated
and secreted.35 We tried to purify vesicle-associated
RgpA, RgpB, and Kgp because these forms of gingi-
pain exert various pathologic effects through cleavage
or degradation of in-host proteins, such as tissue pro-
teins, coagulation factors, and cytokines. It was shown

lytically inactivates factors Va and Vllla, thereby blocki? -l Gﬁf SABC kit, Dako.
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that the enzymatic activity of Rgpsis strongerthan that
of Kgp.36 In addition, a comparison of the activities of
RgpA and RgpB revealed that RgpA exerts more po-
tent activity toward certain types of in-host proteins
than does RgpB.3¢ Consistent with previous results
for Rgps and Kgp, we found that proteolysis of TM by
Rgps occurred more strongly than that of TM by Kgp
(Fig. 1). In contrast, RgpB digested TM more efficiently
thandidRgpA (Fig. 1). The different efficiencies of pro-
teolysis may be due to the positions of cleaving sites. It
was suggested that RgpA and RgpB possess different
substrate specificities.>” Human TM contains 25 argi-
nine residues, which can be targets for Rgps. RgpA
could actually process thTM, leading to the formation
of at least three masses of fragments (Figs. 1C and
1D). In addition, RgpA could also cleave TM in cells
(Fig. 2). Because TMalso contains two lysineresidues,
TM can be amajor substrate for RgpA, RgpB, and Kgp.

Gingival microvessels are one of the first lines of de-
fense against P. gingivalis and the only organs that
communicate with the whole body. Although P. gingi-
valisis the most widely studied periodontopathic bac-
terium contributing to gingival inflammation, many
studies38-41 suggested that P. gingivalis could invade
endothelial cells and accelerate coagulation and in-
flammation in aortas, coronary vessels, atheroscle-
rotic plaques, and placenta. Moreover, a recent
study“? showed that prevention of P. gingivalis inva-
sion into endothelial cells by antibiotic therapy could
reduce the production of proinflammatory cytokines
and atherosclerotic plaque development in P. gin-
givalis-infected apolipoprotein E*/~ mice. Thus, P.
gingivalis that has invaded endothelial cells may
cause degradation and inactivation of endothelial
TM by releasing gingipains, resulting in unbalanced
or susceptible procoagulant and immune responses
to oral tissues as well as systemic organs.

CONCLUSIONS

Cysteine proteases released from P. gingivalis gingi-
pains digest TM, leading to inactivation of its function.
Our results may provide new insight into the role of
gingipains in the initiation and modulation of vascular
coagulant and inflammatory responses. The disrup-
tion of TM at sites with high concentrations of gingi-
pains may lead to severe periodontitis or other
vascular diseases during the development of P. gingi-
valis infection.

ACKNOWLEDGMENTS

This work was supported by Grants-in-Aid for Scien-
tific Research (B: 19390538 to KM), for Exploratory
Research (19659494 to KM), and for Aichi Gakuin
University High-Tech Research Center Project (to

Sports, Science and Technology, Tokyo, Japan.
The authors report no conflicts of interest related to
this study.

BREFERENCES

1. Chen Z, Potempa J, Polanowski A, Wikstrom M, Travis
J. Purification and characterization of a 50-kDa cys-
teine proteinase (gingipain) from Porphyromonas gin-
givalis. J Biol Chem 1992;267:18896-18901.

2. Kadowaki T, Yoneda M, Okamoto K, Maeda K,
Yamamoto K. Purification and characterization of a
novel arginine-specific cysteine proteinase (argingi-
pain) involved in the pathogenesis of periodontal dis-
ease from the culture supernatant of Porphyromonas
gingivalis. J Biol Chem 1994;269:21371-21378.

3. Pike R, McGraw W, Potempa J, Travis J. Lysine- and
arginine-specific proteinases from Porphyromonas gin-
givalis. Isolation, characterization, and evidence for the
existence of complexes with hemagglutinins. J Biol
Chem 1994;269:406-411.

4. Imamura T, Pike RN, Potempa J, Travis J. Pathogenesis
of periodontitis: A major arginine-specific cysteine pro-
teinase from Porphyromonas gingivalis induces vascular
permeability enhancement through activation of the kal-
likrein/kinin pathway. J Clin Invest 1994;94:361-367.

5. Imamura T, Potempa J, Pike RN, Travis J. Depen-
dence of vascular permeability enhancement on cys-
teine proteinases in vesicles of Porphyromonas
gingivalis. Infect Immun 1995;63:1999-2003.

6. Inomata M, Into T, Ishihara Y, Nakashima M, Noguchi
T, Matsushita K. Arginine-specific gingipain A from
Porphyromonas gingivalis induces Weibel-Palade
body exocytosis and enhanced activation of vascular
endothelial cells through protease-activated receptors.
Microbes Infect 2007;9:1500-1506.

7. Lourbakos A, Yuan YP, Jenkins AL, et al. Activation of
protease-activated receptors by gingipains from Por-
phyromonas gingivalis leads to platelet aggregation: A
new trait in microbial pathogenicity. Blood 2001;97:
3790-3797.

8. Desvarieux M, Demmer RT, Rundek T, et al. Peri-
odontal microbiota and carotid intima-media thickness:
The Oral Infections and Vascular Disease Epidemiol-
ogy Study (INVEST). Circulation 2005;111:576-582.

9. Beck JD, Elter JR, Heiss G, Couper D, Mauriello SM,
Offenbacher S. Relationship of periodontal disease to
carotid artery intima-media wall thickness: The ather-
osclerosis risk in communities (ARIC) study. Arterios-
cler Thromb Vasc Biol 2001;21:1816-1822.

10. Genco RJ, Trevisan M, Wu T, Beck JD. Periodontal
disease and risk of coronary heart disease. JAMA
2001;285:40-41.

11. Mattila KJ, Valtonen VV, Nieminen MS, Asikainen S. Role
of infection as a risk factor for atherosclerosis, myocar-
dial infarction, and stroke. Clin Infect Dis 1998;26:719-
734.

12. Cutler CW, Kalmar JR, Genco CA. Pathogenic strate-
gies of the oral anaerobe, Porphyromonas gingivalis.
Trends Microbiol 1995;3:45-51.

13. Genco RJ. Host responses in periodontal diseases:
Current concepts. J Periodontol 1992;63:338-355.

14. Saglie FR, Marfany A, Camargo P. Intragingival oc-
currence of Actinobacillus actinomycetemcomitans
and Bacteroides gingivalis in active destructive peri-

TN), provided by the Ministry of Education, Culturez -I 7 odontal lesions. J Periodontol 1988;59:259-265.

1516

217



