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ABSTRACT IN KOREAN

치주인대접목 임플란트 개발을 위한 티타늄 표면에 배양된

치주인대 섬유모세포의 부착과 염증반응에서 SLPI의 효과

길기성

지도교수 : 정문진

치의학과

조선대학교 대학원

치주인대는 치아를 지지할 뿐만 아니라 인접 이틀뼈 및 시멘트질의 수복과 재생에도

관여하는 것으로 알려져 있다. 티타늄은 뛰어난 물리적 강도 및 생체적합성으로 인해

뼈유착률이 높아 임플란트 매식체와 교정용 미니스크류로 널리 사용되고 있다. 임플란

트는 치주인대의 제거로 인하여 교합력에 대한 완충효과 및 외부 염증에 대한 면역력

이 자연치에 비해 낮다.

분비백혈구단백분해효소억제제(Secretory leukocyte protease inhibitor, SLPI)는 상처

치유와 세포증식을 촉진하고, 치주염에서 이틀뼈 흡수를 감소시키며 뼈모세포의 전염

증성사이토카인 발현을 억제한다. 또한, 티타늄 표면에서 뼈모세포의 부착 및 분화와

광화를 촉진한다. 따라서, 본 연구에서는 치주인대를 구성하는 세포 중 치주인대 섬유

모세포를 이용하여 티타늄 표면 부착과 염증반응에 대한 SLPI의 효과 및 작용기전을

규명하고자 하였다.

티타늄 표면에 배양된 치주인대 섬유모세포에 SLPI를 처리한 후 MTT분석, 면역형

광염색, western blotting을 시행하여 치주인대 섬유모세포의 부착과 증식에 대한

SLPI의 기능을 확인하였다. 또한, LPS에 노출된 티타늄 표면의 치주인대 섬유모세포

에 SLPI를 처리한 후 RT-PCR, western blotting, NO, PGE2 분석을 통하여 SLPI의

염증억제 효과를 분석하였다.
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SLPI는 티타늄 표면에서 치주인대 섬유모세포의 부착과 생존 및 증식을 촉진시켰다.

SLPI를 처리한 치주인대 섬유모세포에서 F-actin형성과 paxillin의 발현 그리고 FAK

의 인산화가 대조군에 비하여 증가하였다. 그리고, SLPI를 처리한 치주인대 섬유모세

포에서 Grb2, Ras의 발현 및 ERK1/2의 인산화가 대조군에 비하여 증가하였다. 또한,

SLPI는 LPS를 처리한 티타늄 표면의 치주인대 섬유모세포에서 TNF-α, IL-1β의

RNA와 단백질 발현을 감소시켰다. 또한, iNOS와 COX-2의 발현을 억제하였으며 NO

와 PGE2의 분비를 억제하였다.

따라서, 본 연구 결과를 토대로 SLPI는 티타늄 표면에서 치주인대 섬유모세포의 부

착과 증식을 촉진하고, 염증성 사이토카인 및 매개분자의 분비를 감소시킴으로써 티타

늄과 치주인대 섬유모세포의 부착을 강화시켜 임플란트 식립 후 뼈유착과정에서 생물

학 및 기계적 안정성을 제공하여 임상적 성공률을 높일 수 있는 효과적인 분자일 것으

로 생각된다.
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Ⅰ. INTRODUCTION

The periodontal ligament (PDL) is located between two mineralized tissues, bone

and cementum, and is involved in the repair and regeneration of alveolar bone and

cementum (McCulloch, 1993). The periodontal ligament fibroblast (PDLF) not only

expresses alkaline phosphatase (ALP) and osteocalcin (OC) but is also involved in

the formation of mineralization nodules and production of interleukin-6 (IL-6), an

osteoclast differentiation-inducing factor, by interleukin-1beta (IL-1β) (Shimizu et

al., 1992; Basdra and Komposch, 1997; Okada et al., 1997). PDL stem cells express

bone regulator factors on the titanium (Ti) surface (Lin et al., 2011).

Ti is widely used as an implant fixture for the replacement of missing teeth and

orthodontic mini-screws because of its high success rate of osseointegration and

excellent biocompatibility (Kokubo et al., 2010). Unlike natural teeth, this

osseointegrated implant is less resistant to the progression of periodontal disease as

it does not have the PDL that acts as a protective barrier against the spread of

inflammation and bacteria to teeth and alveolar bone (Schou et al., 1993).

Bacterial infection or lipopolysaccharide (LPS), a component of the cell wall of

gram-negative bacteria, causes inflammation by inducing the secretion of nitric

oxide (NO) and prostaglandin E2 (PGE2) act as inflammatory mediators and are

involved in the production of cytokines such as tumor necrosis factor-α (TNF-α)

and IL-1β. This peri-implantitis promotes the differentiation of osteoclasts and

resorption of bone matrix, resulting in the failure of osseointegration after implant

placement (Morandini et al., 2011; Pivodova et al., 2011).

Secretory leukocyte protease inhibitor (SLPI) is a serine protease inhibitor that

promotes wound healing and cell proliferation (Thompson and Ohlsson, 1986) and

exerts anti-inflammatory effects during the early response in LPS-stimulated

odontoblasts (Choi et al., 2009). In addition, it reduces the expression of

inflammatory cytokines TNF-α and IL-1β and the resorption of alveolar bone in

periodontitis (Lee et al., 2016) and suppresses the destruction of cartilage and bone
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via inhibition of TNF-α and NO production in arthritis (Song et al., 1999). Recent

studies have reported that SLPI promotes the adhesion of osteoblasts to the Ti

surface by increasing the formation of F-actin, expression of paxillin, and focal

adhesion kinase (FAK) phosphorylation (Jeong et al., 2015b), and regulates genes

involved in osteoblast differentiation and mineralization (Choi et al., 2016).

Focal adhesions (FAs) associated with cell adhesion are complexes composed of

signaling proteins such as integrin, FAK, and paxillin, which connect the

cytoskeleton to the extracellular matrix and are involved in cell migration, growth,

differentiation, and survival (Giancotti and Ruoslahti, 1999; Pivodova et al., 2011).

FAK regulates the signal transduction pathways involved in cell adhesion,

proliferation, and migration (Avizienyte et al., 2002; Mitra et al., 2005). The growth

factor receptor-bound protein 2 (Grb2) induces cell proliferation by activating Ras,

which leads to the stimulation of extracellular regulated kinase 1 and 2 (ERK1/2)

that act as adapter proteins connecting the epidermal growth factor receptor

(EGFR) signaling pathway (Giubellino et al., 2008).

To date, studies are underway examining strategies for the improvement of

implant placement and durability, such as changes in implant shape and design

(Chen et al., 2005; Lee et al., 2005), surface modification to control cell behavior

(Oates et al., 2007), nanostructured surface coatings (Catledge et al., 2002; Wang et

al., 2005; Hedia, 2007), and the use of biomolecules such as growth factors (Park et

al., 2006). Recently, various studies have been conducted on periodontio-integrated

implants for the regeneration of periodontal tissues to compensate for the

fundamental limitations of such osseointegrated implants (Gault et al., 2010; Lee et

al., 2017; Garg and Deepa, 2018; Kaoru et al., 2018). The application of this

periodontio-integrated implant is capable of providing high mechanical stability in

the long term due to early osseointegration and formation of periodontal tissue

similar to natural teeth. In addition, studies have been carried out on the discovery

of biological molecules capable of regulating peri-inflammation after the implant and

the function of cells involved in osseointegration processes such as osteoblasts

(Chen et al., 2013; Choi et al., 2015; Jeong et al., 2015b; Choi et al., 2016; Jeong
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and Jeong, 2016). However, there is no research on the effective biological

molecules that promote PDLF activity on the Ti surface.

Based on previous studies demonstrating that SLPI inhibits the excessive

inflammatory response via regulation of gene expression associated with

inflammation and promotes the activity of osteoblasts on the Ti surface, thus SLPI

may be involved in the adhesion of PDLF to the Ti surface and the regulation of

the inflammatory response. Therefore, the purpose of this study was to investigate

the function of SLPI in the inflammatory response and adhesion of PDLF on the

Ti surface before the modeling of periodontio-integrated implants.
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Ⅱ. MATERIALS AND METHODS

Ⅱ-1. Titanium samples

Two types of Ti discs, 20 ㎜ and 48 ㎜ in diameter and 2 ㎜ in thickness, were

used. Polished commercially pure titanium (Cp-Ti) discs were prepared using a

previously described method (Jeong et al., 2015b).

Ⅱ-2. Cell culture and treatment of LPS and SLPI

The periodontal ligament fibroblasts (PDLF) were plated on the Ti discs and

incubated in a CO2 incubator. The cells were cultured in Dulbecco's modified

Eagle's medium (DMEM) (WelGENE, Korea) containing 10% fetal bovine serum

(WelGENE) and 1% antibiotic antimycotic solution (WelGENE). The PDLF were

treated with LPS (Sigma, USA) (200 ng/㎖) (LPS/PDLF) followed by SLPI (R&D

systems, USA) (1 ㎍/㎖) treatment (LPS/SLPI/PDLF).

Ⅱ-3. Cell adhesion and proliferation assay

The PDLFs plated on the Ti discs (2 × 105 cells/㎖) were incubated in

serum-free DMEM with or without 1 ㎍/㎖ SLPI (R&D systems) for 10, 30, and

60 min for the adhesion assay and 12, 24, and 48 h for the proliferation assay.

Viability was assessed using a 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium

bromide (MTT) assay, as described previously (Jeong et al., 2015b).

Ⅱ-4. Western blotting

Total protein was extracted from PDLFs using NP-40 lysis buffer. A total of 30

㎍ of the proteins were subjected to electrophoresis, and the separated proteins
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were transferred to a polyvinylidene difluoride (PVDF) membrane (Merck Millipore,

GER). The membrane was blocked with 5% bovine serum albumin (BSA; Bioshop,

USA) or 5% skim milk (Bioshop) for 1 h at room temperature and blotted with the

primary antibodies for 16 h at 4℃. Antibodies included 1:1,000 of anti-rabbit

phosphorylated FAK (pFAK, Cell signaling, USA), 1:1,000 of anti-rabbit FAK

(Upstate, USA), 1:2,500 of anti-rabbit phosphorylated ERK1/2 (pERK1/2, Cell

signaling), 1:2,500 anti-mouse ERK1/2 (Upsate), 1:40,000 of anti-mouse paxillin

(Transduction Laboratories, USA), 1:1,000 of anti-mouse Grb2 (Upstate), 1:1,000 of

anti-rabbit Ras (Upstate), 1:1000 of anti-rabbit TNF-α, 1:1000 of IL-1β (Abcam,

England), 1:1000 of anti-rabbit iNOS, 1:1000 of anti-rabbit COX-2 (Cell signaling),

and 1:2,500 of anti-mouse β-actin (Santa Cruz Biotechnology, USA). After

washing, the membrane was blotted with 1:5,000 of either HRP-conjugated goat

anti-rabbit or mouse-IgG (Enzo Life Sciences, USA). The membrane was

developed by using an ECL solution (Merck Millipore) in an X-ray film (Fuji Film,

Japan). The density of the expressed bands was measured using the Science Lab

Image Gauge (Fuji Film).

Ⅱ-5. Reverse transcription and polymerase chain reaction (RT-PCR)

Total RNA was extracted from PDLFs using the RiboEXTM reagent (GeneAll,

Korea) according to the manufacturer's instructions. Total RNA (1 ㎍) was used to

synthesize complementary DNA (cDNA) with RT Premix (GeNet Bio, Korea). PCR

was performed in a thermocycler (Takara Bio Inc., Japan) using a PCR premix

(GeneAll) and 1 ㎕ cDNA. The following primers (Bioneer, Korea) were used for

RT-PCR analysis: (1) TNF-α forward 5'-ACG GCA TGG ATC TCA AAG AC-3',

reverse: 5'-CGG ACT CCG CAA AGT CTA AG-3' (2) IL-1β forward, 5'-CAG

GCA GGC ACT ATC ACT CA-3', reverse: 5'-GGC CAC AGG TAT TTT GTC

GT- 3', and (3); GAPDH forward, 5'-CCA TGG AGA AGG CTG GG-3', reverse:

5'-CAA AGT TGT CAT GGA TGA CC-3'. The annealing temperature for each

primer and number of cycles were as follows: (1) TNF-α 58℃ (35 cycles), (2)

IL-1β 59℃ (36 cycles), and (3) GAPDH 60℃ (30 cycles). The density of the
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expressed bands was measured using a Science Lab Image Gauge (Fuji Film).

Ⅱ-6. Immunofluorescence staining

The cells (1 × 105 cells/㎖) on the Ti discs were incubated in serum-free DMEM

with or without 1 ㎍/㎖ SLPI for 30, 60 min, and 3 h. The cells were fixed with

4% paraformaldehyde for 10 min and treated with 0.15% Triton X-100 for 10 min.

The cells were blocked with 1% BSA for 1 h and incubated with anti-mouse

paxillin (1 ㎍/㎖, Transduction Laboratories) for 16 h at 4℃. After washing, the

cells were incubated with the goat-anti-mouse IgG conjugated with FITC

(ThermoFisher Scientific, USA) for 1 h at room temperature. For F-actin staining,

the cells were incubated with 50 ㎍/㎖ of FITC-conjugated phalloidin (Sigma) for

40 min at room temperature. The cells on the Ti discs were mounted using a

mounting medium containing DAPI (Vector Lab, USA). The actin-labeled cells and

paxillin contacts were observed and imaged by fluorescence microscopy (Carl Zeiss,

GER). The number of paxillin contacts per cell at each time point was counted.

The data show the mean of 50 cells counted at each time point.

Ⅱ-7. NO and PGE2 assay

NO production was measured in the supernatants of the cells cultured on the Ti

surface by the standard Griess reaction. The Griess reagent was prepared by

mixing equal volumes of 1% sulfanilamide and 0.1% naphthyl ethylenediamine

dihydrochloride. A total of 100 ㎕ of this reagent was mixed with the 100 ㎕ of

the cellular supernatant and incubated at room temperature for 15 min. The

absorbance of the chromophore formed was measured at 540 nm using an

automated microplate reader (BioTek Instruments, USA). NO concentrations were

calculated using the NaNO2 standard curve. The concentration of PGE2 was

measured in the cellular supernatants on the Ti surface using a PGE2

enzyme-linked immunosorbent assay kit (R&D Systems) according to the

manufacturer's instructions.
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Ⅱ-8. Statistical analysis

All experiments were performed in triplicates. All data are reported as mean and

standard deviation determined using SPSS 25.0 (SPSS, USA). Significant

differences (*p < 0.05) were determined using the independent samples t-test.
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Ⅲ. RESULTS

Ⅲ-1. SLPI increases the adhesion and proliferation of PDLF on the Ti surface

MTT analysis was conducted to investigate the initial effect of SLPI on the

adhesion of PDL fibroblasts (PDLF) on the Cp-Ti surface. The results showed that

the adhesion of PDLF and SLPI-treated PDLF (SLPI/PDLF) exhibited the same

increasing pattern from 10 min to 60 min. SLPI/PDLF showed a significant

increase in the adhesion, approximately 1.2 times at 30 min and 60 min compared

to PDLF (Fig. 1).

In PDLF, the phosphorylation of FAK remained unchanged until 30 min after cell

adhesion and increased from 60 min. In SLPI/PDLF it increased from 10 to 60 min.

The phosphorylation of FAK in SLPI/PDLF was significantly increased by 1.3

times after 10 and 30 min compared to that in PDLF (Fig. 2A and B).

Paxillin expression in PDLF increased gradually from 10 min to 60 min. In

SLPI/PDLF, the expression of paxillin gradually increased up to 30 min and

increased by 1.3 times at 60 min. When comparing paxillin expression between the

two groups, SLPI/PDLF showed a significant increase from 10 min to 60 min

compared to PDLF (Figs. 2A and B).

The distribution of F-actin protein observed using immunofluorescence showed a

gradual increase in the formation of F-actin at 30 min, 60 min, and 3 h in PDLF

as well as SLPI/PDLF. However, when comparing the two cell groups, the

formation of F-actin in SLPI/PDLF was significantly increased after 30 min and 3

h compared to that in PDLF (Fig. 3).

Immunofluorescence analysis was performed using paxillin protein to confirm the

increase in focal adhesion of PDLF by SLPI treatment. The expression pattern of

paxillin protein was observed as the head of an arrow along the edge of the cell

membrane. Both PDLF and SLPI/PDLF showed a time-dependent increase. In

addition, the number of paxillin contact points of SLPI/PDLF significantly increased
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from 30 min to 3 h compared to those of PDLF (Figs. 4A and B).

Cell proliferation of PDLF and SLPI/PDLF on the Cp-Ti surface gradually

increased from 12 to 24 h. The proliferation of SLPI/PDLF increased by

approximately 1.2 times than that of PDLF at all time points (Fig. 5). The

expression patterns of Grb2, Ras, and pERK1/2 proteins was increased in a

time-dependent manner from 10 to 60 min. Their expression was higher in

SLPI/PDLF at all times compared to that in PDLF. The expression of Grb2 protein

was 2.1, 1.2, and 1.2 times higher in SLPI/PDLF than that in PDLF at 10, 30, and

60 min, respectively. The expression of Ras protein was 1.9, 1.3, and 1.2 times

higher in SLPI/PDLF than that in PDLF at 10, 30, and 60 min, respectively.

ERK1/2 phosphorylation was 2.3, 1.2, and 1.6 times higher in SLPI/PDLF than that

in PDLF at 10, 30, and 60 min, respectively (Figs. 6A and B).

Ⅲ-2. SLPI decreases the expression of pro-inflammatory cytokines, iNOS/COX-2,

and the production of NO/PGE2 in PDLF on the Ti surface

The expression of mRNA and protein corresponding to TNF-α and IL-1β 

significantly decreased at all time points in PDLF treated with LPS and SLPI

(LPS/SLPI/PDLF) compared to that in PDLF treated with LPS only (LPS/PDLF).

The mRNA expression of TNF-α decreased 2 times, 1.2 times, 1.4 times, 1.3 times,

and 1.2 times in LPS/SLPI/PDLF from 2 h to 24 h, respectively, compared to that

in LPS/PDLF. IL-1β mRNA expression decreased by 2.6 times, 2 times, 2.1 times,

2.2 times, and 1.8 times in LPS/SLPI/PDLF at 2, 4, 6, 12, and 24 h, respectively,

compared to that in LPS/PDLF (Figs. 7A and B).

TNF-α protein expression in LPS/SLPI/PDLF decreased 1.3, 1.4, 1.5, 1.8, and 1.7

times at 2, 4, 6, 12, and 24 h, respectively, compared to that in LPS/PDLF. IL-1β 

protein expression in LPS/SLPI/PDLF decreased 2.2 times, 1.8 times, 1.4 times, 1.4

times, and 1.3 times at 2, 4, 6, 12, and 24 h, respectively, compared to that in

LPS/PDLF (Figs. 8A and B).

In LPS/SLPI/PDLF, iNOS protein expression decreased 1.2 times, 1.5 times, 1.6

times, 1.5 times, and 1.4 times at 2, 4, 6, 12, and 24 h, respectively, compared to
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that in LPS/PDLF. In LPS/SLPI/PDLF, COX-2 protein decreased by 1.5 times, 1.6

times, 1.3 times, 1.5 times, and 1.5 times compared to that in LPS/PDLF,

respectively (Figs. 9A and B).

The amount of NO secreted was significantly decreased 1.1, 1.2, and 1.2 times in

LPS/SLPI/PDLF compared to that in LPS/PDLF at 6, 12, and 24 h, respectively

(Fig. 10A). The amount of PGE2 secreted decreased 1.3 times and 1.4 times in

LPS/SLPI/PDLF at 12 and 24 h, respectively, compared to that in LPS/PDLF (Fig.

10B).
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Ⅳ. DISCUSSION

The periodontal ligament (PDL) contains fibers, which are secreted and

maintained by cells such as fibroblasts, osteoblasts, osteoclasts, and cementoblasts

as well as epithelial cells, undifferentiated mesenchymal cells, matrix, blood vessels,

and nerves (Nuñez et al., 2012). Interestingly, among PDL cells, periodontal

ligament fibroblasts (PDLF) express bone formation-related markers such as

alkaline phosphatase (ALP), osteocalcin (OC), bone morphogenic protein (BMP),

bone sialoprotein (BSP), and osteopontin (OPN) and which exhibit characteristics

similar to osteoblasts such as calcified nodules formation in vitro (Ohshima et al.,

1988; Arceo et al., 1991; Ivanovski et al., 2001). PDLFs not only play a role in

synthesizing and secreting PDL fibers in the process of healing and regeneration of

periodontal tissues but are also involved in the secretion of the matrix proteins of

bone and proteins related to mineralization. Hence, they play an important role in

replacing some of the main functions of osteoblasts and cementoblasts.

Dental implants are osseointegrated implants that directly form structural and

functional bonding without intervening connective tissue between bones and

implants. Titanium (Ti), which is the most commonly used dental implant, was

initially used without surface treatment. However, since such implants require a

long bone adhesion time, various surface treatment technologies have been

developed to improve bone adhesion. Among these, the surface modification method,

which physically and chemically controls the roughness of the surface of the

implant, increases the contact area between the implant and alveolar bone, along

with the affinity with the osteoblast. It induces rapid adhesion of cells and

improves bone adhesion (Anders et al., 2010). However, such surface modification

only exhibits features of osteoconduction, and the effect of osteoinduction cannot be

expected. These osseointegrated implants lack the PDL of natural teeth. Hence,

despite many advantages, they exhibit physical properties that are vulnerable to

various biomechanical problems such as stress absorption and concentration (Minkle
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et al., 2014). Therefore, in addition to Ti surface modification to increase

osteoconduction and osteoinduction, the formation of periodontal tissue similar to

that of natural teeth after implantation as well as fusion with bone tissue is

expected to promote fusion with the surrounding tissues after implantation.

Recently, to compensate for the fundamental limitations of osseointegrated

implants, various studies on periodontio-integrated implants examining the

regeneration of periodontal tissue by implanting PDL around the implant in tissue

engineering methods have been conducted (Gault et al., 2010; Lee et al., 2017; Garg

and Deepa, 2018; Kaoru et al., 2018). The formation of periodontal tissues such as

cementum and PDL was promoted after the transplantation of a collagen sponge

scaffold cultured with canine PDL cells and a CaP polycaprolactone (CaP-PCL)

coated scaffold with rat PDL cell sheets (Tsumanuma et al., 2011; Hongxia et al.,

2014). In a study in which a ligaplant cultured on a PDL cell cultured on a Ti pin

coated with hydroxyapatite (HA) was implanted in the alveolar bone of a canine, it

was confirmed that a morphology similar to the PDL was formed around the

implant. When it was implanted in humans, mechanical properties similar to those

of natural teeth and regeneration of the alveolar bone and lamina dura were

observed (Gault et al., 2010). These results demonstrate that the application of the

periodontio-integrated implant along with the modification of the implant surface

can lead to the development of implants that provide high mechanical stability in

the long term by early osseointegration and the formation of periodontal tissue

similar to natural teeth.

In recent years, the demand for implants and aesthetic treatments of the elderly

and chronically ill persons is increasing; therefore, studies for the development of

bio-implants with surface treated bioactive substances promoting bone formation,

such as bone formation proteins or growth factors, are underway to shorten

transplant time, promote early osseointegration, and increasing bones. Fibronectin

increases the adhesion of osteoblasts and bone formation on the surface of the Ti.

Transforming growth factor-beta 1 (TGF-β1) and bone morphogenic protein-7

(BMP-7) promote osteoblast differentiation and increase the activity of ALP (Zhang

et al., 2003; Pugdee et al., 2007; Chen et al., 2013). In addition, a secretory
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leukocyte protease inhibitor (SLPI) and thymosin β4 (Tβ4) are known to promote

adhesion, proliferation, and differentiation of osteoblasts on the Ti surface (Choi et

al., 2015; Jeong et al., 2015b; Choi et al., 2016; Jeong and Jeong, 2016). Among

them, bone morphogenic protein-2 (BMP-2) is a physiologically active substance

applied to implants to improve regeneration of bone tissue and surrounding bone

matrix and has been widely used in clinical practice in recent years. However,

BMP-2 is only used for implant placement using maxillary sinus elevation due to

complications such as excessive bone growth and ectopic bone formation. Since it

is easily decomposed by enzymes in the body and due to its short duration of

action and high price, the need for the development of bioactive substances that

can replace them is emerging (Rosa-María et al., 2015). In addition, fusion with

surrounding tissues, including bones as well as inhibition of inflammation, is also

an important factor for a successful implant procedure. Antibiotics used in the

treatment of infectious diseases have many problems and side effects such as an

increase in resistant bacteria due to long-term use, a decrease in the effectiveness

of therapeutic drugs, multiple infections, and an increase in medical expenses.

The process of osseointegration, which is one of the important factors for clinical

success based on the biological stability of the implant and surrounding tissues

after implant placement, involves bone affinity phase, bone conduction phase, and

bone adaptation phase. The bone affinity phase involves a period of approximately

1 month from implant placement until a woven bone is formed. During this period,

blood coagulation reaction by platelets and deposition of osteoid by osteoblasts

occurs on the implant surface. The bone conduction phase involves a period when

a woven bone is replaced with lamellar bone and parallel-fibered bone, and a larger

amount of bone is deposited on the implant surface. The process takes

approximately 2-3 months. The bone adaptation phase involves the entire life from

3 or 4 months after implantation and involves bone remodeling via replacement by

a mature bone (Parithimarkalaignan and Padmanabhan, 2013). Among these

osseointegration processes, anti-inflammatory reactions and cell adhesion are the

most important parts that must precede the deposition of bone on the implant

surface during the bone affinity phase. Subsequently, in the bone conduction and
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the bone adaptation phase, it is necessary to increase the bone matrix formation by

cell division. Therefore, the purpose of this study was to find an effective new

molecule for increasing PDL formation and fusion with alveolar bones after

implantation before application of periodontio-integrated implants to the animal

model. Thus, the function of SLPI, a molecule known to play an important role in

the anti-inflammatory reaction and bone formation process, was investigated in

PDLF on the Ti surface.

SLPI is a non-glycosylated protein with a molecular weight of 11.7 kDa and is

found in the saliva, seminal plasma as well the mucus of the cervix and bronchi

(Thompson & Ohlsson, 1986; Moreau et al., 2008). As a protease inhibitor, the

function of SLPI is to inhibit the activity of serine proteases such as elastase and

cathepsin G of neutrophil, trypsin and chymotrypsin of pancreatic acinar cells, and

chymase of mast cells (Fritz, 1988; Walter et al., 1996; Wright et al., 1999). In

addition, SLPI is involved in cell proliferation, migration, inhibition of inflammatory

response, and acceleration of matrix remodeling during the wound healing process

in the skin and oral mucosa (Ashcroft et al., 2000; Angelov et al., 2004). SLPI not

only acts as an anti-inflammatory factor in the inflammatory response, but also

demonstrates anti-bacterial and anti-fungal effects and the inhibition of HIV

infection (McNeely et al., 1995; Shugars & Wahl, 1998; Sallenave, 2002). SLPI

reduces the expression of TNF-α by inhibiting the activation of nuclear

factor-kappaB (NF-κB) in LPS-treated monocytes and also suppresses the early

inflammatory response of odontoblasts induced by LPS stimulation via the

inhibition of the activation of NF-κB (Taggart et al., 2005; Choi et al., 2009). In

addition, SLPI directly inhibits NF-κB activation, which induces the expression of

tumor necrosis factor-α (TNF-α) and interleukin-1beta (IL-1β) after irradiation

with 660nm red LED in LPS-stimulated macrophages (Jeong et al., 2015a). SLPI

inhibited the inflammatory response and destruction of the surrounding cartilage

and bone by inhibiting the production of TNF-α and nitric oxide (NO) in rat knee

arthritis (Song et al., 1999). It also inhibited the resorption of the alveolar bone and

the expression of inflammatory cytokines such as TNF-α and IL-1β in rat

periodontitis (Lee et al., 2016). In addition, in human PDL cells injected with SLPI
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siRNA, SLPI decreased the expression of interleukin-6 (IL-6), monocyte

chemoattractant protein-1 (MCP-1), and toll-like receptor 2, 4 (TLR2, 4), which

were increased upon LPS stimulation, and inhibited NF-κB activation (Svensson et

al., 2017). SLPI is involved in the differentiation of odontoblasts and mineralization

of dentin during dentinogenesis by increasing the expression of BSP, OC,

osteonectin (ON), and collagen type I (Col I) (Jeong et al., 2015c). It also promotes

the adhesion and differentiation of osteoblasts and mineralization of the bone matrix

on the Ti surface (Jeong et al., 2015b; Choi et al., 2016).

Cell adhesion is essential for the regulation of various cellular processes,

including cell proliferation, migration, differentiation, and survival. In this cell

adhesion process, focal adhesion (FA) is a mechanical structure that mediates the

binding between the cell and extracellular matrix via integrin and plays an

important role in physiological regulation such as development, wound healing,

inflammatory response, migration, and differentiation of cells (Giancotti and

Ruoslahti, 1999). In the signaling process for FA formation, focal adhesion kinase

(FAK), a signaling molecule, and paxillin, a cytoskeletal adapter protein, are

involved in regulating the integration and processing of signals related to adhesion

and growth factors. Tβ4 increased the adhesion of osteoblasts to the Ti surface by

increasing the expression of paxillin mediated by FAK (Choi et al., 2015). In

epithelial and mesenchymal tumor cells overexpressing FAKs such as colon cancer,

breast cancer, and sarcoma in humans, the invasion was promoted by metastasis

(Owens et al., 1995). Paxillin expression was decreased in osteoblasts of FAK

knockout mice (Castillo et al., 2012). The expression of paxillin was observed in

melanoma cells by immunofluorescence staining after treatment with genistein, a

major component of soybean. The number of paxillin observed as the shape of

arrowheads around the cell membrane was decreased. In the case of F-actin, the

distribution of G-actin was increased in melanoma cells treated with genistein (Cui

et al., 2017). In the Ti surface treated with SLA/NaOH, F-actin of MG-63 cells

was increased, and more cells were attached compared to the control (Park et al.,

2014). Plasminogen activation inhibitor-1 (PAI-1) promoted the migration of human

smooth muscle cells and the formation of the actin cytoskeleton (Degryse et al.,
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2004), and SLPI promoted the adhesion of osteoblasts on the Ti surface (Jeong et

al., 2015b).

The results of this study demonstrated that SLPI significantly attached PDLF to

the Ti surface in a time-dependent manner and increased the expression of

phosphorylated FAK (pFAK) and paxillin proteins compared to that observed in the

control group. In addition, immunofluorescence staining analysis was performed to

confirm the morphological expression of F-actin and paxillin protein. The formation

of F-actin and the number of paxillin contacts were increased in the SLPI-treated

cell group compared to that in the control group. Therefore, SLPI increased initial

cell adhesion and F-actin via the FAK/paxillin signaling pathway related to FA,

which effectively attached the PDLF to the Ti surface, suggesting an effective

molecule involved in the promotion of cell proliferation and osseointegration.

Stable adhesion of cells to the extracellular matrix or the surface can induce

survival-related signaling pathways, such as increased proliferation and decreased

apoptosis. pFAK directly interacts with the SH2 domain of growth factor

receptor-bound protein 2 (Grb2) during cytoskeleton formation and cell adhesion,

which activates Ras protein, resulting in increased phosphorylation of extracellular

regulated kinase 1 and 2 (ERK1/2) related to cell proliferation (Koch et al., 1991;

Giancotti and Ruoslahti, 1999). FAK overexpression in human fetal pancreatic islet

cells (islets of Langerhans) increased the survival of islet cells compared to the

control group by increasing the phosphorylation of ERK1/2 (Saleem et al., 2009). In

addition, tissue-type plasminogen activator (tPA) promotes mitosis of renal stromal

fibroblasts by activating FAK/ERK1/2 signaling (Hao et al., 2010). Tβ4 reduced

apoptosis induced by UV or TNF via FAK/paxillin signaling in fibroblasts (Niu

and Nachmias, 2000), and increased viability and proliferation of endothelial

progenitor cells (EPCs) via increased phosphorylation of ERK (Zhao et al., 2011). T

β4 promoted the proliferation of osteoblasts on the Ti surface by activating

FAK/Grb2/Ras/pERK1/2 signaling (Choi et al., 2015). SLPI promoted the

proliferation of endometrial epithelial cells by activating the Ras/MAPK signaling

pathway (Rasool et al., 2010). In addition, SLPI increased cell proliferation and

migration during the wound healing process of oral mucosa and keratinized cells
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(Wang et al., 2011) and promoted proliferation of osteoblasts on the Ti surface via

the FAK/Grb2/Ras/pERK1/2 pathway (Jeong et al., 2015b).

In this study, SLPI significantly increased the proliferation of PDLF on the Ti

surface in a time-dependent manner. In addition, the expression of Grb2 and Ras

proteins and phosphorylation of ERK1/2 was significantly increased in the PDLF

treated with SLPI compared to that in the control group. Therefore, SLPI increased

the proliferation of PDLF via the Grb2/Ras/ERK1/2 signaling transduction process

related to mitosis on the Ti surface, suggesting that it induces an increase in the

secretion and mineralization of collagen by increasing the division of PDLF.

Peri-implantitis caused by a bacterial infection in the oral cavity and toxicity of

the implant material, one of the causes of failure in osseointegrated implant

procedures, unlike natural teeth, can occur commonly because there is no PDL

around the implant, including a vascular network. Therefore, for the development of

implants without peri-implantitis involving the suppression of inflammation and

reduction of bacterial adhesion, many studies are underway for the development of

novel strategies for the improvements in implant, such as the antimicrobial coating

on the implant surface (Brohede et al., 2009), TiN or F coating on the Ti surface,

and anodic oxidation of the Ti surface using sodium chloride electrolyte (Yoshinari

et al., 2001; Shibata et al., 2004). However, there is no reported study examining

the inhibition of peri-implantitis, which can also occur in periodontio-integrated

implants.

Lipopolysaccharide (LPS) is a major component of the cell wall of gram-negative

bacteria that induces peri-implantitis, LPS of P . gingivalis and A.

actinomycetemcomitans stimulates the production of pro-inflammatory cytokines

such as TNF-α, IL-6, and interleukin-8 (IL-8) from monocytes or macrophages

(Cazalis et al., 2008; Holden et al., 2014). In addition, LPS of E. coli, a

gram-negative anaerobic bacterium, increases the production of TNF-α, IL-1β, and

IL-6 in THP-1 cells, a human monocyte cell line (Zhang et al., 2008). It also

increases the expression of TLR4, NF-κB, and pro-inflammatory cytokines such as

colony-stimulating factor 2 (CSF2), IL-2, and IL-6 in human PDL cells (Sun et al.,

2008). The expression of TNF-α and IL-1β was increased in rat periodontitis
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tissue and supernatant of cultured whole blood induced by a combination of ligation

and topical application of LPS (Jonarta et al., 2010). In human PDLF, LPS

increased the expression of TNF-α, IL-1β, and receptor activator of nuclear factor

kappa-Β ligand (RANKL), and in the periodontal tissues of canine, it increased the

expression of IL-6 and IL-8 and caused the destruction of periodontal tissues and

resorption of the alveolar bone (He et al., 2018). In addition, LPS increased the

expression of TNF-α and IL-1β in osteoblasts (Die et al., 2012) and promoted

osteoclast activity by increasing the expression of RANKL and decreasing the

expression of osteoprotegerin (OPG) (Yamano et al., 2010).

TNF-α and IL-1β are pro-inflammatory cytokines that induce acute

inflammation. They are mainly secreted from macrophages; however, they might

also be secreted from PDL cells, gingival fibroblasts, and osteoblasts. TNF-α and

IL-1β accelerate the proliferation and differentiation of osteoclasts by stimulating

the formation of prostagrandin E2 (PGE2) and RANKL in the fibroblasts of

periodontal tissue (Popova and Mlachkova, 2010). Moreover, TNF-α and IL-1β 

induce bone resorption and destruction of the tissue via the degradation of the

extracellular matrix by increasing the expression of collagenolytic enzymes and

matrix metalloproteinases (MMPs) (Page et al., 2000; Graves and Cochran, 2003).

Expression of TNF-α and IL-1β increased in saliva and gingival crevicular fluid

(GCF) of periodontitis patients, which caused more serious inflammation in

periodontitis lesions. It was higher in the sera of patients with chronic periodontitis,

cardiovascular disease, and diabetes (Masada et al., 1990; Martínez-Aguilar et al.,

2019). The antioxidant pyrrolidine dithiocarbamate (PDTC) decreased the expression

of IL-1, IL-6, IL-8, and TNF-α in peri-implantitis periodontal tissues of canine and

PDLF stimulated with LPS. It also inhibited NF-κB, p65, and TRL4 (He et al.,

2018). Curcumin repressed the inflammatory response and reduced the loss of the

alveolar bone by decreasing the expression of TNF-α, IL-6, and RANKL in rat

periodontitis (Zhou et al., 2013). Bovine lactoferrin (bLF) reduced the expression of

TNF-α in LPS-treated gingival tissue and PDL of rats and repressed the

destruction of alveolar bone related to periodontitis by reducing the number of

osteoclasts on the surface of alveolar bone (Yamano et al., 2010).
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In this study, SLPI significantly reduced the expression of TNF-α and IL-1β,

which was increased in LPS-treated PDLF on the surface of the Ti. With respect

to the relationship between previously reported functions of SLPI and LPS, TNF-α,

and IL-1β, the inhibitory effect of pro-inflammatory cytokines of SLPI on the Ti

surface was suggested to alleviate peri-implantitis by reducing inflammation of

PDLF attached to the surface of the Ti. Therefore, to identify the inflammation

inhibitory mechanism of SLPI, here, we investigated the expression of inducible

nitric oxide synthase (iNOS)-NO and cyclooxygenase-2 (COX-2)-prostaglandin E2

(PGE2), which are signal-transducing molecules related to TNF-α and IL-1β that

are the pro-inflammatory cytokines repressed by SLPI.

NO is a free radical produced from l-arginine by nitric oxide synthase (NOS).

NO is an important cell signal-transducing molecule that participates in various

physiological functions of mammals, including vasodilatation, relaxation of smooth

muscles, neural transmission, and immune reactions. NOS is produced in three

subtypes: endothelial NOS (eNOS), neuronal NOS, (nNOS), and inducible NOS

(iNOS). NO produced by each enzyme differs in expression, patterns of control, and

tissue distribution. eNOS and nNOS are involved in intracellular signaling

transduction, protein activity, or inhibition by continuously producing low

concentrations of NO in normal cells. In contrast, iNOS acts as a cytotoxic

substance by producing a large amount of NO in neutrophils, mast cells,

monocytes, and macrophages via the stimulation of proinflammatory cytokines or

LPS. Overexpression of iNOS or excessive production of NO aggravates the

inflammatory response, causing tissue damage, genetic mutation, and nerve damage

(Beckman and Koppenol, 1996; Kendall et al., 2001).

Cyclooxygenase (COX) is the main enzyme that accelerates the reaction by

reducing arachidonic acid to prostaglandin (PG). There are two subtypes of COX.

COX-1 is constantly expressed in most tissues and is responsible for physiological

functions, including platelet aggregation, gastric mucosal protection, and control of

kidney function (Queiroz-Junior et al., 2009). COX-2 is involved in the

inflammatory response and cell proliferation mediated by pro-inflammatory

cytokines or growth factors, respectively (Holzhausen et al., 2005). PGE2 synthesis



- 20 -

by COX-2 leads to inflammation, angiectasia, edema, fever, and pain, and is

involved in tissue damage by inducing the production of MMPs in inflammatory

diseases such as periodontitis and rheumarthritis (Shimizu et al., 2000). Moreover,

PGE2 secreted from macrophages induces bone resorption by activating osteoclasts

during the process of osseointegration (Landgraeber et al., 2014).

TNF-α and IL-1β increased the expression of iNOS in human corneal cells,

pulmonary epithelial cells (Donnelly and Barnes, 2002; Kim et al., 2015), and LPS

and interferon-gamma (IFN-γ) enhanced the expression of iNOS in human gingival

fibroblasts (Daghigh et al., 2002). Scutellaria baicalensis (SB) extract inhibited the

expression of TNF-α, IL-6, and NF-κB activation increased by LPS in PDL cells.

It significantly repressed the production of NO and PGE2 by reducing the

expression of iNOS and COX-2 (Ming et al., 2018). Expression of iNOS and

COX-2 was increased in macrophages, neutrophils, and lymphocytes of periodontitis

tissue compared to that in the normal tissue of humans and mice (Jagadish and

Mehta, 2014). Moreover, Tβ4 decreased inflammatory response during hypoxia by

repressing synthesis of NO and PGE2 by controlling the expression of iNOS and

COX-2 in H2O2 stimulated osteoblasts on the Ti surface (Choi et al., 2018). The

phenolic compound hydroxytyrosol (HT) reduced the expression of iNOS and

COX-2 increased by H2O2 in chondrocytes of osteoarthritis (Facchini et al., 2014)

and flavonoid of persimmon leaves reduced the expression of iNOS and COX-2 by

inhibiting the expression of NF-κB/p65 in H2O2 stimulated osteoblasts (Sun et al.,

2014). NO induced apoptosis of macrophages and osteoblasts stimulated with LPS

and inhibition of NO synthesis in the periapical lesions of rats reduced

inflammation and inhibited bone resorption (Lin et al., 2007). Aminothiazoles

reduced the production of PGE2 in LPS-stimulated PDL cells along with the

development of monocytes into osteoclasts (Kats et al., 2019).

Similar to other studies, SLPI significantly reduced the protein expression of

iNOS and COX-2 and synthesis of NO and PGE2, which is increased upon LPS

stimulation in PDLF on Ti surface compared to that in the control group. SLPI

inhibits signaling pathways via iNOS/NO and COX-2/PGE2, indicating that it can

suppress peri-implantitis by reducing bacterial inflammation and oxidative stress
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caused by hypoxia in PDLF on the Ti surface.

In summary, SLPI can effectively enhance initial osseointegration by promoting

collagen synthesis and mineralization afterward via adhesion of PDLF and inhibition

of inflammation. To verify this, further studies on the genes and proteins of

collagen and mineralization-related genes in inflamed PDLF and on the SLPI

function for inflamed osteoblast differentiation and activation factor of osteoclasts

should be conducted (Fig. 11).
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Ⅵ. FIGURE LEGENDS

Figure 1. Adhesion of SLPI-treated PDLF on Ti discs.

SLPI significantly increased the adhesion of PDLF compared to that of untreated

PDLF. *p < 0.05.

Figure 2. Protein expression of the FA related signaling molecules in PDLF

on Ti discs with SLPI treatment.

(A) The expression of pFAK and paxillin was increased significantly in PDLF on

Ti discs after SLPI treatment compared to that in the untreated PDLF. (B)

Quantitative analysis of the expressed band density between the SLPI-treated and

untreated PDLF on Ti discs. *p < 0.05.

Figure 3. The formation of F-actin in PDLF on Ti discs with SLPI

treatment.

The formation of F-actin in the SLPI-treated PDLF on Ti discs increased with

time compared to that in the untreated PDLF. All scale bars are 5 ㎛.

Figure 4. The paxillin contacts in PDLF on Ti discs with SLPI treatment.

Paxillin (arrowhead) in PDLF on Ti discs was increased upon SLPI treatment in a

time-dependent manner compared to that in untreated PDLF. All scale bars are 5

㎛. *p < 0.05.

Figure 5. Proliferation in PDLF on Ti discs with SLPI treatment.

SLPI significantly increased the proliferation of PDLF compared to that in the

untreated cells. *p < 0.05.

Figure 6. Protein expression of the mitosis-related signaling molecules in

PDLF on Ti discs with SLPI treatment.
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(A) The expression of Grb2, Ras, pERK1/2 was increased significantly in PDLF on

Ti discs after an SLPI treatment compared to that in the untreated cells. (B)

Quantitative analysis of the expressed band density between the SLPI-treated and

untreated PDLF on Ti discs. *p < 0.05.

Figure 7. The mRNA expression of TNF-α and IL-1β in LPS- or

SLPI/LPS-treated PDLF on Ti discs.

(A) The expression of TNF-α and IL-1β mRNA was decreased in

SLPI/LPS/PDLF compared to that in LPS/PDLF. (B) Quantitative analysis of the

expressed band density between the SLPI-treated and untreated PDLF on Ti discs.

M, marker; C, control. *p < 0.05.

Figure 8. The protein expression of TNF-α and IL-1β in LPS- or

SLPI/LPS-treated PDLF on Ti discs.

(A) The expression of TNF-α and IL-1β protein was decreased in

SLPI/LPS/PDLF compared to that in LPS/PDLF. (B) Quantitative analysis of the

expressed band density between the SLPI-treated and untreated PDLF on Ti discs.

C, control. *p < 0.05.

Figure 9. The protein expression of iNOS and COX-2 in LPS- or

SLPI/LPS-treated PDLF on Ti discs.

(A) The expression of iNOS and COX-2 protein was decreased in SLPI/LPS/PDLF

compared to that in LPS/PDLF. (B) Quantitative analysis of the expressed band

density between the SLPI-treated and untreated PDLF on Ti discs. C, control. *p

< 0.05.

Figure 10. Nitric oxide (NO) and prostaglandin E2 (PGE2) production in

LPS- or SLPI/LPS-treated PDLF on Ti discs.

The production of (A) NO and (B) PGE2 was decreased in SLPI/LPS/PDLF

compared to that in LPS/PDLF. C, control. *p < 0.05.
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Figure 11. Diagram of SLPI function in PDLF and osteoblasts on the

titanium surface.
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ABSTRACT

Effects of SLPI on the attachment and inflammatory response

of periodontal ligament fibroblasts cultured

on titanium surface for development of

periodontio-integrated implant

Kil Kisung

Advisor: Prof. Jeong Moon-Jin, Ph.D.

Department of Dentistry,

Graduate School of Chosun University

The periodontal ligament (PDL) is involved not only in tooth support but also in

the repair and regeneration of the alveolar bone and cementum. Titanium (Ti) is a

widely used material as an implant fixture and an orthodontic mini-screw because

of its high success rate of osseointegration demonstrating excellent mechanical

strength and biocompatibility. Because of the removed PDL, this osseointegrated

implant has a lower buffering effect on the occlusal force and lower immunity to

external inflammation compared to the natural teeth. Recently, various studies have

been conducted examining periodontio-integrated implants for the regeneration of

periodontal tissue around implants.

Secretory leukocyte protease inhibitor (SLPI) promotes wound healing and

proliferation. In addition, it reduces alveolar bone resorption in periodontitis and

suppresses the expression of proinflammatory cytokines in osteoblasts. SLPI also

increases the adhesion, differentiation, and mineralization of osteoblasts on the Ti

surface. To date, even though many studies have been reported on the relationship

between Ti and periodontal ligament fibroblasts (PDLF), only a few studies have
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investigated the molecules that promote adhesion and activity in PDLF.

Furthermore, no study has been published examining the function of SLPI in PDLF

cultured on Ti. Therefore, this study aimed to examine the function of SLPI in the

adhesion of PDLF and inhibition of the inflammatory response in PDLF on the Ti

surface, for the modeling of periodontio-integrated implants.

After treatment of cultured PDLF on the Ti surface with SLPI, MTT assay,

immunofluorescence staining, and western blotting were performed to confirm the

function of SLPI in the adhesion and proliferation of PDLF. After SLPI and LPS

treatment of the PDLF on the Ti surface, the inhibitory effect of SLPI on

inflammation was analyzed by PCR, western blotting, and by analyzing the

expression of nitric oxide (NO) and prostaglandin E2 (PGE2). The adhesion,

viability, and proliferation of SLPI-treated PDLF were higher than those observed

in the control cells. The formation of actin stress fibers, paxillin expression, and

FAK phosphorylation was increased in the SLPI-treated PDLF compared to that in

the control. The expression of Grb2 and Ras proteins and phosphorylation of

ERK1/2 was increased in the SLPI-treated PDLF compared to that in the control.

The mRNA and protein expression corresponding to TNF-α and IL-1β were lower

in the SLPI-treated PDLF after LPS exposure than those observed in the

LPS-treated PDLF. In addition, SLPI decreased the protein expression of iNOS and

COX-2 and inhibited secretion of NO and PGE2 in LPS-treated PDLF on the Ti

surface.

Therefore, the results of this study demonstrated that SLPI promoted the

adhesion and proliferation of PDLF on the surface of Ti, and reduced the secretion

of inflammatory cytokines and mediators, suggesting an effective molecule that can

increase the clinical success rate after implantation by providing biological and

mechanical stability during the osseointeration process. Further studies should be

performed to determine the effect of SLPI on collagen expression and mineralization

between PDLF and osteoblasts on Ti.
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