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Chapter One

Preface

The pulp-dentin complex serves as a physiological barrier of the tooth and
protects it against occlusal overload. A continuous outward flow of dentinal fluid
prevents the inward diffusion of noxious agents, such as bacteria or their components
(1). In addition, throughout the life of a tooth, odontoblasts keep forming peri-tubular
and tertiary dentins in respond to biological and pathological stimuli, and these
dentins further help to reduce the risk of those noxious agents penetrating into the
pulp. The odontoblasts themselves may also release antimicrobial peptides, which can
directly kill bacteria (2). Regarding to the protection against occlusal overload, some
of the nerves residing in the pulp tissue are thought to have proprioceptor functions.
This speculation is supported by a study using cantilever weight to load on vital or
non-vital teeth, which demonstrated that non-vital teeth are more prone to fractures
because much more weight could be placed on them before pain was experienced (3).
Furthermore, the survival rate of root-filled teeth has been reported to be lower
compared to that of vital teeth (4). Therefore, maintaining pulp vitality is crucial to
the tooth’s long-term survival.

Pulp capping is the treatment of an exposed or nearly exposed pulp with a
dental material in an attempt to facilitate the formation of reparative dentin and
preserve pulp vitality (5). From clinical and economical viewpoints, pulp capping is
technically simple to perform and usually can be done in a single visit at a low cost,
making it a beneficial procedure for both dentists and patients. However, this type of
treatment has its limitations. While it has a high success rate of 92% with

mechanically exposed pulps, this is not the case with those exposed by caries, with the



success rate of only 33% (6). The penetration of bacteria to the pulp will result in
pulpal inflammation, leaving the pulp less able to respond and heal, compared to a
mechanical exposure without preexisting inflammation (7). To improve these clinical
outcomes of pulp capping on caries-associated cases, there is a critical need to
develop a biological active material, which ideally should have the following
properties: bacterial elimination, inflammatory regulation (e.g. pulp tissue breakdown
inhibition), pulp cell activation (e.g. migration, proliferation and differentiation into
odontoblasts) and angiogenesis stimulation.

Cathelicidins are a family of antimicrobial peptides characterized by a fairly
conserved N-terminal prosequence cathelin domain and a variable C-terminal
antimicrobial domain. To date, only one member of the cathelicidin family has been
identified in human; the unprocessed form is termed human cationic antimicrobial
peptide 18 (hCAP18) and the mature form is termed LL37 (8). As the name implies,
LL37 is formed by a proteolytic cleavage from the last 37 amino acid residues of the
C-terminus of hCAP18, with the first two residues of its sequence being leucine (9,
10). LL37 is expressed in various types of leukocytes and epithelial cells, and is also
present in mucosal secretions, sweat and plasma (11-15). This peptide plays a major
role in innate immune defense against bacteria, fungi and viruses (16). Its broad
spectrum of bactericidal activity owes to its net-positive charge and the propensity to
fold into an amphipathic a-helix upon contact with bacterial membrane, allowing it to
interact with and disrupt the membrane (10). Apart from its main antimicrobial role,
LL37 also exhibits a wide range of other biofunctions, including lipopolysaccharide
(LPS)/lipoteichoic acid (LTA)-neutralizing activity, chemoattractant function,

immunomodulation, the stimulation of angiogenesis and wound healing, and the



mediation of cytokine release (17). In other words, LL37 is a robust molecule capable
of inducing diverse biological effects.

Previous studies have demonstrated that LL37 is effective against cariogenic
bacteria (18) and promotes pulp cell migration (19). Thus, with these properties, LL.37
may be a potential pulp capping material. However, before it can be used for this
purpose, LL37 still needs to meet some remaining criteria, which should be whether
LL37 has some angiogenic roles in dental pulp and can inhibit/reduce pulp tissue
breakdown.

This study aimed to investigate the possible application of LL37 as a pulp
capping material by addressing the two remaining criteria, and was accordingly
divided into two parts: (1) the angiogenic effect of LL37 on pulp cells and (2) the

inhibition/reduction of pulp tissue breakdown by LL37.



Chapter Two

The Angiogenic Effect of LL37 on Pulp Cells

1. Introduction

Angiogenesis is indispensable for pulp wound healing. The newly formed
blood vessels supply nutrients, oxygen, signaling molecules and progenitor cells to
the wound site, while simultaneously removing metabolic waste products from the
area (20, 21). The endothelial cells lining sprouting capillaries also play a role in pulp
homeostasis (21), and may promote the survival of adjacent cells during angiogenesis
(22).

Following an injury, angiogenesis is immediately initiated in response to
various angiogenic factors, such as vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (bFGF/FGF-2), which are released from the wounded
tissue and platelets (23, 24). VEGF (or VEGF-A) is the founding member of the
human VEGF family, which consists of other four members: VEGF-B, VEGF-C,
VEGF-D, and placental growth factor (PIGF). VEGF itself consists of multiple
isoforms, with VEGF-165 being the predominant one followed by the 189 and 121
residue molecules (25). VEGF was originally discovered as a tumor-secreted protein
that increases the permeability of microvessels. Therefore, it is also referred to as
vascular permeability factor (VPF) (26). However, it was later found to stimulate the
proliferation and migration of endothelial cells and induce angiogenesis in vivo (27,
28). VEGF is not only highly expressed in tumors, but also in other pathological and
physiological conditions characterized by angiogenesis, such as psoriasis, rheumatoid
arthritis and ovarian corpus luteum formation (29), and in various normal human

tissues and organs (30, 31). VEGF is widely regarded as the single most important



angiogenic factor (32), and its expression, which is upregulated by many factors
ranging from hypoxia conditions to certain growth factors and hormones (33-35), is
often associated with angiogenesis.

The dental pulp is a highly vascularized tissue and consists mainly of pulp
fibroblasts. In addition to their involvement in reparative dentin formation, these pulp
cells are known to express VEGF and play a role in angiogenesis (36-38). Therefore,
an increase in the release of VEGF from pulp cells may promote the process of pulp
wound healing by inducing angiogenesis.

LL37 has been reported to directly activate endothelial cells to increase their
proliferation and the formation of vessel-like structures (39). However, since LL37
can also mediate cytokine release from various cell types (40), it remains to elucidate
if this peptide is indirectly involved in angiogenesis by inducing the secretion of
angiogenic factors from resident cells. To address this issue, the effects of LL37 on
the expression of VEGF in human pulp (HP) cells in vitro and the intracellular

signaling pathway involved in this process were examined.

2. Materials and Methods

2.1. Cell and Culture Condition

Three healthy premolars extracted for orthodontic reasons were donated by
three different patients with their informed consent according to a protocol approved
by the Ethical Authorities at Hiroshima University (D47-2). Pulp cells from each
patient were then separately obtained from the explant cultures of pulps removed from
their corresponding tooth as previously described (41), and were named HP1, HP2

and HP3 cells. HP cells at passage 6 were used in all the experiments conducted in



this study. Cells were cultured in Dulbecco’s modified Eagle’s Medium (DMEM,;
Sigma, Steinheim, Germany) supplemented with 10% fetal bovine serum (Serum
Source International Inc., Charlotte, NC), 100 U/ml penicillin (Sigma-Aldrich, St.
Louis, MO), 100 ug/ml streptomycin (Sigma-Aldrich) and 1 pg/ml fungizone
(Invitrogen Life Technologies, Carlsbad, CA) at 37°C in a humidified atmosphere of
5% of CO,, with the media being changed 1 day after the seeding and every 3 days
afterward. When cells reached confluence after 7 days of culture, they were washed
twice with phosphate buffered saline (PBS). Culture media were then changed to
serum-free DMEM, and stimulations were started according to each experiment as

follows.

2.2. RNA Preparation and Real-time PCR

Confluent HP cells, which had been cultured at a density of 1 x 10° cells/well
in six-well plastic culture plates (Corning Inc., Corning, NY) with each well
containing 2 ml of medium, were stimulated with 10 ug/ml LL37, synthesized as
described previously (42) and kindly provided by Prof. Hitoshi Komatsuzawa of
Kagoshima University Graduate School of Medical and Dental Science, for various
lengths of time (0-24 h) before the end of the incubation on day 8. For the dose-
response assay, cells were treated with LL37 (0-10 ug/ml) for 3 h. To determine the
signaling pathway involved, an inhibition assay was conducted by either pretreating
cells or not for 30 min with 10 uM PDTC (an NF-kB inhibitor; Merck KGaA,
Darmstadt, Germany), 10 uM SB203580 (a p38 MAPK inhibitor; Calbiochem, La
Jolla, CA), 50 uM PD98059 (an ERK kinase inhibitor, Calbiochem), or 10 uM
SP600125 (a JNK inhibitor, Calbiochem) before being further stimulated with 10

ug/ml LL37 for another 3 h. Total RNA was isolated using RNAiso (Takara, Otsu,



Japan), purified, and quantified by spectrometry at 260 nm and 280 nm. Then, 2.5 ug
of the total RNA was reverse transcribed with ReverTraAce (Toyobo, Osaka, Japan),
following the manufacturer’s protocol. GAPDH was used as a housekeeping gene,
and the mRNA expression levels of VEGF were relatively quantified by real-time
PCR using comparative CT method. PCR was performed using a TagMan® Gene
Expression Assay (Applied Biosystems, Foster City, CA), with the assay ID for

VEGF and GAPDH being Hs00900055 ml and Hs02758991 gl, respectively.

2.3. Enzyme-linked Immunosorbent Assay (ELISA)

HP2 cells were chosen as the representative of the three HP cells, and were
cultured in triplicate at a density of 1 x 10* cells/well in 48-well plates, with each well
containing 200 ul of medium. After becoming confluent, cells were stimulated with
10 ug/ml LL37 for various lengths of time (0-24 h) before the end of the incubation
on day 8 in the time-response assay, or with LL37 (0-10 ug/ml) for 24 h in the dose-
response assay. For the inhibition experiment, cells were either pretreated or not for
30 min with 50 uM PD98059 before being exposed to 10 ug/ml LL37 for another 24
h. The supernatants were collected and VEGF protein levels were determined using a
Human VEGF ELISA Development Kit (PeproTech, Rocky Hill, NJ), according to

the manufacturer’s instructions.

2.4. Immunoblotting

Representative HP2 cells were seeded at a density of 1 x 10° cells/well in six-
well plates, with each well containing 2 ml of medium, until they reached confluence
after 7 days of culture. Cells were then treated with 10 ug/ml LL37 for 10, 20, 30,

and 60 min (time-response assay) before the end of the incubation, or were either



pretreated or not for 30 min with 50 uM PD98059 before being exposed to 10 ug/ml
LL37 for another 20 min (inhibition assay). Cells were then lysed in 250 ul sodium
dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-HCL, 2% w/v SDS, 10%
glycerol, 50 mM dithiothreitol and 0.01% w/v bromophenol blue). The cell lysates
obtained were sonicated for 5 sec at 4°C and resolved in 10% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) gels and electroblotted to polyvinylidene difluoride
membranes (PVDF; Bio-Rad, Hercules, CA). The membranes were blocked with 5%
skim milk for 30 min and then probed with a rabbit anti-human phospho-ERK1/2
antibody (Cell Signaling, Danvers, MA; 1 : 2000), rabbit anti-human total ERK1/2
antibody (Cell Signaling, 1 : 2000), or rabbit anti-human B-actin antibody (Sigma, 1 :
250). After being washed, the membranes were incubated for 1 h at room temperature
with an anti-rabbit IgG antibody conjugated with horseradish peroxidase (R&D
Systems, Minneapolis, MN; 1 : 2000) in Tris-buffered saline-T (TBS; 20 mM Tris-
HCL, 0.15 M NaCl, pH 7.6). After further washing, immunodetection was performed
using ECL Prime Western blotting detection reagents (GE Healthcare, Little Chalfont,
UK), and band densities were measured by Imagel, a java-based image processing

software (NIH, Bethesda, MD).

2.5. Statistical Analysis
Differences between two groups of interest were analyzed by the Student’s #-

test and were considered significant for p-values less than 0.05.



3. Results

3.1. VEGF Expression

The LL37 treatment significantly increased VEGF mRNA expression in HP1
cells, with a peak being observed at 3 h (Fig. 1A). The up-regulated expression of
VEGF mRNA was also noted in both HP2 and HP3 cells following the treatment with
LL37 (Fig. 1A). These increases in all cells were dose-dependent up to the maximum
dose examined, i.e., 10 ug/ml LL37 (Fig. 1B).

Consistent with the VEGF mRNA expression results, VEGF protein levels
measured by ELISA increased in a time-dependent manner with the LL37 treatment
in the representative HP2 cells (Fig. 2A). Although LL37 failed to significantly

increase VEGF production at lower concentrations, it did so at 10 ug/ml (Fig. 2B).

3.2. The ERK Signaling Pathway in LL37-induced VEGF Production

The inhibition assay showed that the ERK kinase inhibitor significantly
attenuated LL37-induced VEGF mRNA expression in all tested cells, while the other
inhibitors did not (Fig. 3A). LL37-induced VEGF protein production in the
representative HP2 cells was also consistently abolished by the ERK kinase inhibitor
(Fig. 3B).

As expected from the above results, LL37 induced the phosphorylation of
ERK1/2 in the representative HP2 cells, with the maximal effect being observed 20
min after the LL37 treatment (Fig. 4). However, the ERK kinase inhibitor, which
suppressed LL37-induced VEGF expression, clearly blocked LL37-induced ERK1/2

phosphorylation (Fig. SA & 5B).



4. Discussion

The present study demonstrated that LL.37 enhanced the secretion of VEGF
from HP cells. Since VEGF is known to be a very potent angiogenic factor, an
increase in its level will promote angiogenesis, which in turn may facilitate pulp
wound healing. VEGF was also shown to induce the migration, proliferation and
differentiation of HP cells, mediated by the kinase domain-containing receptor
(KDR/VEGFR-2) and activator protein 1 (AP-1) depending signaling pathway (43).
Thus, with these extra functions, LL37-stimulated VEGF in HP cells is thought to
contribute more significantly to the pulp wound healing process.

LL37 has been reported to induce angiogenesis by directly activating
endothelial cells without stimulating the release of VEGF (39). However, LL37 was
shown to induce the release of VEGF from HP cells in the present study, which
indicates that LL37 also has an indirect angiogenic effect, making it an even more
potent inducer of angiogenesis. In other words, particularly in the context of the
dental pulp, which is a highly vascularized tissue and mainly contains pulp fibroblasts
expressing VEGF (37), LL37 may act on both endothelial cells and pulp cells, and its
application to pulp injury or amputated pulp may effectively promote angiogenesis
and accelerate the healing process.

The present study showed that LL37-induced VEGF expression was
significantly suppressed by the ERK kinase inhibitor (Fig. 3). This result suggests that
LL37 stimulates VEGF release from HP cells through the ERK signaling pathway.

LL37 not only activates ERK, but also NF-kB to promote the expression of VEGF in

human periodontal ligament cells (44). However, the NF-kB inhibitor failed to block

LL37-induced VEGF mRNA expression in HP cells in the present study (Fig. 3A).
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Therefore, the mechanisms responsible for LL37-induced VEGF expression may
differ from cell to cell.

LL37 is known to activate/transactivate a number of cell-surface receptors,
such as the formyl peptide receptor-like 1 (FPRL1), the P2X; receptor, the epidermal
growth factor receptor (EGFR), the insulin-like growth factor 1 receptor (IGF-1R) and
other still-uncharacterized G-protein coupled receptors (GPCR) (45-49). A previous
study has shown that LL37 transactivates the EGFR to induce JNK phosphorylation,
which results in the induction of HP cell migration (19). However, the results of the
present study demonstrated that the JNK signaling cascade was independent to LL37-
induced VEGF mRNA expression (Fig. 3A). In addition, the pretreatment with an
EGFR neutralizing antibody failed to inhibit either LL37-induced VEGF mRNA
expression or ERK phosphorylation in HP cells (data not shown), which suggests that
EGFR transactivation is not involved in this case. Similarly, neither an IGF-1R
neutralizing antibody nor an antagonist of FPRL1 suppressed the VEGF expression
induced by LL37 (data not shown). Thus, at present, it is speculated that LL37-
induced VEGF expression in HP cells may be mediated by a GPCR, which remains to
be identified.

In summary, LL37 activates the ERK signaling pathway to boost the secretion

of VEGF from HP cells.

11



>

VEGF mRNA/GAPDH mRNA

VEGF mRNA/GAPDH mRNA W

*%

T *
!
0 3 6 12 24
Time (h)
0 0.1 1 2.5 10

LL37 (ug/ml)

= HP1
mHP2
HP3

= HP1
mHP2
HP3

Figure 1. The effects of LL37 on VEGF mRNA expression in HP cells. (A and B)
The relative ratio of VEGF mRNA levels to those of GAPDH determined by real-time
PCR. HP1, HP2, and HP3 cells were stimulated with 10 ug/ml LL37 for the indicated
periods of time before the end of the incubation on day 8 (A), or with the indicated
doses of LL37 for 3 h (B). The data shown are the representatives of three
independent experiments with similar results, and values are the means + standard
deviation of triplicate determinations. *p < 0.05, **p < 0.01 vs. controls (no exposure

to LL37)
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Figure 2. The effects of LL37 on VEGF protein production in HP cells. (A and B)
VEGF protein levels measured by ELISA. The representative HP2 cells were
stimulated with 10 ug/ml LL37 for the indicated periods of time before the end of the
incubation on day 8 (A), or with the indicated doses of LL37 for 24 h (B). The data
shown are the representatives of two independent experiments with similar results,

and values are the means =+ standard deviation of triplicate determinations. *p < 0.05,
**p <0.01.
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Figure 3. The involvement of the ERK pathway in LL37-induced VEGF expression
in HP cells. (A) The relative ratio of VEGF mRNA levels to those of GAPDH. Cells
were either pretreated or not for 30 min with the inhibitors and stimulated with LL37
for another 3 h. (B) VEGF protein levels. The representative HP2 cells were either
pretreated or not for 30 min with the ERK kinase inhibitor before the exposure to
LL37 for 24 h. The data shown are the representatives of two independent
experiments with similar results, and values are the means + standard deviation of
triplicate determinations. **p < 0.01: differs significantly among different treatments
in each cell line.
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Figure 4. The effect of LL37 on phosphorylated ERK1/2 levels. The representative
HP2 cells were treated with 10 ug/ml LL37 for the indicated periods of time before
the end of the incubation. The representative blots of phosphorylated ERK1/2, total
ERK1/2, and B-actin from three independent experiments with similar results are
presented.
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Figure 5. The effect of the ERK kinase inhibitor on LL37-induced phosphorylated
ERK1/2 levels. HP2 cells were either pretreated or not with the ERK kinase inhibitor
(50 uM) for 30 min before the exposure to LL37 (10 ug/ml) for another 20 min. The
representative blots of phosphorylated ERK1/2, total ERK1/2, and B-actin from three
independent experiments with similar results are presented (A), while the
corresponding graph shows the mean densities + standard deviation of phospho-
ERK1/2 bands from the three experiments measured by Imagel software (B). The
band density of untreated samples was set a value of 1, and those of treated ones (i.e.,
LL37 + ERK kinase inhibitor) were normalized to this. *p < 0.05, and **p < 0.01.
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Chapter Three

The Inhibition/Reduction of Pulp Tissue Breakdown by LL37

1. Introduction

Like any other inflammation, pulpitis is associated with tissue destruction,
which is characterized by the degradation of extracellular matrix (ECM). At least
three pathways have been recognized in the ECM degradation, that is, plasminogen
(Plg)-dependent pathway, polymorphonuclear (PMN) leukocyte serine proteinase-
dependent pathway and matrix metalloproteinase (MMP)-dependent pathway (50).

MMPs or matrixins are a family of zinc-dependent endopeptidases, which
have a common zinc-binding motif in their active site followed by a conserved
methionine turn. This MMP family contains at least 23 members in human, as listed
in Table 1. Based on their substrate specificity and homology, these MMPs are
divided into six groups: collagenases, gelatinases, stromelysins, matrilysins,
membrane-type MMPs (MT-MMPs) and other MMPs, but together they are capable
of degrading all kinds of ECM components (51). They also act on a variety of other
substrates, such as other proteinases, latent growth factors, cell surface receptors and
chemotactic molecules (52, 53). Due to their wide range of proteolytic activities,
MMPs are involved in many physiological and pathological processes, including
embryogenesis, normal tissue remodeling, wound healing, angiogenesis, cancer and
inflammation (54-56).

The wide-scale expressions of MMPs and the tissue inhibitors of
metalloproteinases (TIMPs) were observed in both human odontoblasts and pulp
tissue, and they are considered to play a role in the formation and maintenance of the

dentin-pulp complex by participating in dentin matrix organization prior to
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mineralization (57). As an example, MMP-13 is highly expressed in human dental
pulp (58) and particularly in long-term cultures of HP cells under the condition that
support mineralization in vitro (59), suggesting its role in HP cell differentiation. In
contrast, collagenolytic and elastinolytic activities were found in necrotic pulp while
neither enzymatic activity was seen in healthy pulp (60), which indicates that MMP
activities may also be involved in the pathological processes of pulp tissue. Indeed,
the elevated levels of some MMPs have been reported in either inflamed pulps or
cultures of pulp cells stimulated with inflammatory cytokines or bacteria. The
concentrations of MMP-1 were significantly increased in acute and chronic inflamed
pulps, while those of MMP-2 and MMP-3 were elevated in acute pulpitis (61). The
higher levels of MMP-9 and gelatinolytic activity were also detected in inflamed
pulps compared with healthy counterparts (62). Interleukin (IL)-1 or tumor necrosis
factor (TNF)-a were shown to stimulate the production of MMP-2 and MMP-9 by HP
cells during long-term culture (63). Similarly, other studies have reported the ability
of IL-la to induce the secretion of MMP-1 and MMP-3 from HP cells and the
collagen degradation mediated by these cells (64, 65). Black-pigmented Bacteroides
species (Porphyromonas endodontalis and Porphyromonas gingivalis) were capable
of elevating the levels of MMP-2 but not those of MMP-9 in both the conditioned
medium and cell extracts from long-term cultures of HP cells (66). Based on these
findings that the expressions of MMPs, particularly those of MMP-1, MMP-2 and
MMP-3, are increased in the inflammatory conditions of either pulp tissue or cells, it
is likely that MMPs play a role in the tissue destruction of inflamed dental pulp.
Inflammation is usually initiated as a response to bacteria or bacterial
components, such as peptidoglycan (PGN). PGN is a polymer consisting of sugars

and amino acids that forms a mesh-like layer outside the plasma membrane of
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bacteria, forming the cell wall. It is possessed by virtually all bacteria (except
Mycoplasma), but its amount, location and specific composition vary, depending on
bacteria types. In Gram-positive bacteria, PGN is found as a thick exposed layer in
association with LTA, whereas in Gram-negative bacteria it is present as a thin layer
overlaid by LPS. The sugar component of PGN consists of alternating residues of [3-
(1,4) linked of N-acetylglucosamine and N-acetylmuramic acid, which are cross-
linked by short peptide chains called stem peptides. Based on the nature of the third
residue of these stem peptides, PGN can be classified into two major types, that is,
DAP-PGN in Gram-negative bacteria and Lys-PGN in Gram-positive bacteria (67).
PGN is an immunostimulatory component of the bacterial cell wall and has been
demonstrated to stimulate the production of inflammatory cytokines, such as IL-6, IL-
8, IL-la/pand TNF-ain  eosinophils, = macrophages and epithelial
cells (68-70). Interestingly, it also increases IL-6 levels in HP cells (71). Thus, PGN
may induce the inflammatory conditions of dental pulp, which are probably associated
with the elevated levels of MMPs.

LL37 is known to inhibit the immunostimulatory activities of bacteria-derived
molecules. For instance, LL37 suppressed LPS-induced TNF-oo mRNA and protein
expression in the murine macrophage cell line RAW 264.7 (72). Microarray studies
also demonstrated that 106 out of 125 genes up-regulated by LPS in human
monocytes were suppressed in the presence of LL37 (73). Consistent with these
observations, monocyte-derived dendritic cells stimulated by LPS, LTA or flagellin in
the presence of LL37 released lower amounts of IL-6, IL-12 and TNF-a (74). In
addition, LL37 was reported to abolish the mRNA expressions of IL-6 and IL-8

induced by PGN in HP cells (75).
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Therefore, to study the capability of LL37 to inhibit or reduce pulp tissue

breakdown, its effects on the expressions of MMPs, mainly those of MMP-1, MMP-2

and MMP-3, in PGN-stimulated HP cells were examined.

Table 1. Human Matrix Metalloproteinases

Types

MMPs

Substrates

Collagenases

Gelatinases

Stromelysins

Matrilysins

MT-MMPs

Other MMPs

MMP-1

MMP-8

MMP-13

MMP-2

MMP-9

MMP-3

MMP-10

MMP-11

MMP-7

MMP-26

MMP-14

MMP-15

MMP-16

MMP-17
MMP-24

MMP-25

MMP-12

Type L, IL, 11, VII, VIII, X, XI collagens, gelatin,
fibronectic, laminin, tenascin, a,-macroglobulin,
IL-1B, proTNF-a, proMMP-1, -2 and -9

Type [, 1L, III collagen, aggrecan, fibrinogen, o,-
macroglobulin, bradykinin

Type L, IL, 11, IV, VI, IX, X, XIV collagens,
collagen telopeptides, gelatin, fibronectin,
tenascin-C, aggrecan, fibrinogen, o,-
macroglobulin, proMMP-9

Type L, IL, IT1, IV, V, VII, X, XI collagens,
gelatin, laminin, elastin, fibronectin, o,-
macroglobulin, IL-1b, proTNF-a., latent TGF-f3,
proMMP-1, -2, -9 and -13

Type IV, V, XI, XIV collagens, gelatin, elastin,
laminin, aggrecan, a,-macroglobulin, IL-1§3,
proTNF-a

Type 1, IV, V, VII, IX, X, XI collagens,
collagen telopeptides, gelatin, elastin,
fibronectin, laminin, aggrecan, decorin, perlecan,
versican, o,-macroglobulin, IL-18, proTNF-a,
fibrinogen, proMMP-1, -3, -7, -8, -9 and -13
Type 111, IV, V collagens, gelatin, elastin,
fibronectin, aggrecan, proMMP-1, -7, -8 and -9
Type IV collagen, gelatin, fibronectin, o,-
proteinase inhibitor

Type I, IV collagens, gelatin, elastin, fibronectin,
laminin, aggrecan, a,-macroglobulin, proMMP-
1,-2,-7 and -9

Gelatin, fibronectin, o,,-macroglobulin,
fibrinogen, proMMP-9

Type L, II, III collagens, gelatin, fibronectin,
laminin, aggrecan, a,-macroglobulin, proTNF-a.,
fibrinogen, proMMP-2, -13 and -20

Fibronectin, tenascin, laminin, aggrecan,
proTNF-a, proMMP-2

Type III collagen, gelatin, fibronectin, laminin,
a-macroglobulin, proMMP-2

Gelatin, fibrinogen, fibrin, proTNF-a
Fibronectin, gelatin, chondroitin sulphate
proteoglycan, proMMP-2

Type IV collagen, gelatin, fibronectin,
fibrinogen, fibrin, proMMP-2

Type I, IV, V collagens, elastin, gelatin,
fibronectin, laminin, aggrecan, a,-macroglobulin,
proTNF-a, fibrinogen
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Table 1. Continued.

Type MMP Substrates
MMP-19 Type IV collagen, gelatin, laminin, fibronectin,
fibrinogen, fibrin
MMP-20 Amelogenin, type IV collagen, aggrecan,
fibronectin, laminin, tenascin-C
MMP-21 al-antitrypsin
MMP-23 Gelatin
MMP-27 -
MMP-28 Casein
Adapted from (51).

2. Materials and Methods

2.1. Cell Culture
The representative HP2 cells were used and cultured until they were ready for

experiments, as described in the section 2./. of chapter two.

2.2. RNA Preparation

HP2 cells were stimulated with 10 ug/ml PGN (derived from Staphylococcus
aureus; Sigma) for various lengths of time (0-24 h) before the end of the incubation
on day 8. To study the involvement of LL37 and the intracellular signaling pathway in
the PGN effect on MMP expressions, the cells were either pretreated or not for 30 min
with 10 ug/ml LL37 or 10 uM of each inhibitor (same as those used in the VEGF
study) and stimulated for another 24 h with 10 ug/ml PGN. Total RNA was isolated,
purified, quantified and reverse transcribed as described in the section 2.2. of chapter

two.

21



2.3. Real-time PCR

mRNA expressions of MMP-1, MMP-2 and MMP-3 were quantified by real-
time PCR. The PCR was carried out in two steps with a Lightcycler system using
SYBR green (Roche Diagnostics, Mannheim, Germany). The sense primers and
antisense primers used to detect the mRNA of GAPDH, MMP-1, MMP-2 and MMP-3

are listed in Table 2.

Table 2. Sense and Antisense Primers for Real-time PCR

Target Gene Primer Sequence

GAPDH Forward 5'-AACGTGTCAGTGGTGGACCTG-3'
Reverse 5'-AGTGGGTGTCGCTGTTGAAGT-3’

MMP-1 Forward 5-CTGGCCACAACTGCCAAATG-3'
Reverse 5-CTGTCCCTGAACAGCCCAGTACTTA-3'

MMP-2 Forward 5-TCTCCTGACATTGACCTTGGC-3'
Reverse 5'-CAAGGTGCTGGCTGAGTAGATC-3’

MMP-3 Forward 5'-ATTCCATGGAGCCAGGCTTTC-3'
Reverse 5'-CATTTGGGTCAAACTCCAACTGTG-3'

2.4. p38 Phosphorylation and Total p38 Expression

HP2 cells were stimulated with 10 ug/ml PGN for 0-60 min before the end of
the incubation, or were either pretreated or not for 30 min with 10 ug/ml LL37 before
being exposed to 10 ug/ml PGN for another 30 min. The cells were then handled as
described in the section 2.4. of chapter two. Samples were resolved in 10% SDS-
PAGE gels and electroblotted to PVDF membranes, which were subsequently
blocked with 5% skim milk for 1 h and then probed with a rabbit anti-human
phospho-p38 antibody (Cell Signaling, 1 : 1000) or rabbit anti-human total p38

antibody (Cell Signaling, 1 : 1000). After being washed, the membranes were
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incubated for 1 h at room temperature with an anti-rabbit IgG antibody conjugated
with horseradish peroxidase, and immunodetection was performed using ECL Prime

Western blotting detection reagents.

2.5. Statistical Analysis

The Student’s #-test was used.

3. Results

As expected, PGN significantly increased the mRNA expressions of MMP-1,
MMP-2 and MMP-3 in a time-dependent manner (Fig. 6). However, the pretreatment
with LL37 abolished these increases (Fig. 7). Similarly, the p38 inhibitors also
suppressed all the MMP mRNA expressions induced by PGN (Fig. 8). The ERK
kinase inhibitor decreased the elevated mRNA levels of MMP-1 but not those of
MMP-2 and MMP-3, while the JNK inhibitor decreased the elevated mRNA levels of
MMP-1 and MMP-3 but not that of MMP-2 (Fig. 8). Although there were significant
differences in MMP-1 or MMP-1 and MMP-3 mRNA levels between no treatment
and pretreatment with the ERK kinase inhibitor or the JNK inhibitor, the decreases in
MMP expressions caused by these two inhibitors were less pronounced than those
caused by the p38 inhibitor (Fig. 8). In other words, the decreases in MMP
expressions caused by the p38 inhibitor were the most pronounced. In contrast, the
NF-kB inhibitor had no suppressive effect on all the MMP mRNA expressions
induced by PGN at all (Fig. 8).

PGN induced the phosphorylation of p38, with the maximal effect being
observed 30 min after the PGN treatment (Fig. 9). However, this increased level of

phosphorylated p38 was apparently suppressed by LL37 (Fig. 10).
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4. Discussion

The present study demonstrated that the p38 inhibitor most robustly blocked
PGN-induced mRNA expressions of MMP-1, MMP-2 and MMP-3 in HP cells (Fig.
8), suggesting that PGN most likely activates p38 to increase these MMP mRNA
levels in HP cells. This finding is consistent with a previous study, which has reported
that PGN induces IL-6 levels in HP cells through the p38 pathway (71). However,
PGN is known to induce inflammatory cytokine productions through the activation of
a number of signaling pathways in various cell types. For example, PGN induces the
release of IL-1p, IL-6 and IL-8 via NF-kB and ERK in human eosinophils (68); it
boosts IL-6 production in the murine macrophage cell line RAW 264.7 through p38
and NF-kB (69); and it stimulates multiple signaling pathways, including NF-xB, p38
and JNK to enhance the secretions of IL-6, IL-8 and TNF-a in human corneal
epithelial cells (70). Thus, it is noticeable that the intracellular signaling molecules
involved in the responses elicited by PGN seem to vary, depending on the cell type
being examined.

LL37 was shown to suppress both PGN-induced MMP expressions and PGN-
induced p38 phosphorylation in the present study (Fig. 7 & Fig. 10). These findings
strongly indicate that LL37 decreases PGN-induced MMP expressions by blocking
the phosphorylation of p38. Still, the exact mechanism is yet to be identified.
Nevertheless, a previous study has reported that LL37 inhibits IL-6 and IL-8 mRNA
expressions induced by PGN in HP cells possibly through the P2X; receptor (75).
Therefore, it is reasonable to assume that LL37 probably interacts with the P2X;
receptor, resulting in the suppression of p38 phosphorylation, which in turn leads to

the abrogation of the increases in MMP expressions induced by PGN.
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The extracellular matrix of the dental pulp is composed mainly of collagens
type I and III (76), and the degradation of these collagens is believed to play a role in
the tissue destruction during pulp inflammation. MMP-1 is a key enzyme involved in
degrading the triple helix of collagen types I and III (51), and MMP-2 and MMP-3
may also degrade these collagens as outlined in Table 1. In addition, the increased
levels of these MMPs have been reported to be observed in inflamed pulps (61).
Therefore, they are suggested to be involved in pulp tissue destruction. Here, LL37
was shown to suppress the increases in these MMP mRNA levels induced by PGN in
HP cells, so their suppression by LL37 means that LL37 can inhibit or at least counter
the breakdown of pulp tissue.

As noted earlier, MMPs participate in a wide range of physiological and
pathological processes, including angiogenesis. During angiogenic process, the
endothelial cells activated by angiogenic factors release proteases, such as MMPs, to
degrade the basement membrane so that they can migrate and proliferate into the
surrounding matrix (77). Here, LL37 was shown to suppress the mRNA expressions
of MMP-1, MMP-2 and MMP-3 induced by PGN in HP cells, thus raising a concern
whether or not the suppressive effect of LL37 on the MMP expressions may impair
the angiogenic role of MMPs. Fortunately, this is unlikely because MMPs, which are
necessary for the angiogenic process, can be released by the activated endothelial
cells themselves (77). Thus, the suppression of PGN-induced MMP expressions in HP
cells by LL37 may not interfere with the angiogenic activity of those MMPs released
by endothelial cells.

The dental pulp is known to have a good reparative/regenerative potential
once certain prerequisites are met, including the elimination of bacteria, regulation of

inflammation, promotion of pulp cell function, and angiogenesis. Previous studies
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have demonstrated that LL37 is effective against cariogenic bacteria (18) and induces
the migration of HP cells (19). The present study additionally showed that LL37
increased VEGF expression and abolished PGN-induced MMP expressions in HP
cells. These two additional effects of LL37 on HP cells should in turn promote
angiogenesis and inhibit pulp tissue breakdown during pulpal inflammation,
respectively. Although it remains to determine whether LL37 can stimulate reparative
dentin formation, a recent study has reported that LL37 promotes bone regeneration in
a rat calvarial bone defect (78), suggesting that this peptide may also possess
osteogenic/odontogenic induction activity. Based on these findings, LL37 is strongly
proposed as an agent to facilitate pulp wound healing and may be used as a pulp
capping material. In addition, all three HP cells tested in this study showed an up-
regulated level of VEGF following the LL37 treatment. This consistent effect of LL.37
on HP cells from different individuals may indicate its effectiveness when applied to
the general population.

In summary, PGN increases the mRNA expression of MMP-1, MMP-2 and
MMP-3 through the activation of p38. However, LL37 suppresses this effect,

resulting in the decrease in these MMP mRNA levels induced by PGN.
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Figure 6. The effect of PGN on MMP mRNA expressions in HP cells. HP2 cells were
stimulated with 10 ug/ml PGN for the indicated periods of time before the end of the
incubation on day 8. The graph shows the relative ratio of MMP-1, MMP-2 and
MMP-3 mRNA levels to those of GAPDH determined by real-time PCR. Data are the
representatives of two independent experiments with similar results, and values are
the means + standard deviation of triplicate determinations. **p < 0.01 vs. controls
(no exposure to PGN).
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Figure 7. The effect of LL37 on PGN-induced MMP mRNA expressions in HP cells.
HP2 cells were either pretreated or not for 30 min with 10 ug/ml LL37 before the
exposure to 10 ug/ml PGN for another 24 h. The graph shows the relative ratio of
MMP-1, MMP-2 and MMP-3 mRNA levels to those of GAPDH determined by real-
time PCR. Data are the representatives of three independent experiments with similar
results, and values are the means + standard deviation of triplicate determinations.
**p < 0.01: differs significantly among each MMP.
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Figure 8. The involvement of the p38 pathway in PGN-induced MMP expressions in
HP cells. The graph shows the relative ratio of MMP-1, MMP-2 and MMP-3 mRNA
levels to those of GAPDH. HP2 cells were either pretreated or not for 30 min with the
inhibitors and stimulated with PGN for another 24 h. Data shown are the
representatives of three independent experiments with similar results, and values are
the means + standard deviation of triplicate determinations. **p < 0.01 vs. controls
(no exposure to PGN) & “p < 0.05, *p < 0.01 vs. PGN-treated for each MMP.
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Figure 9. The effect of PGN on phosphorylated p38 levels. HP2 cells were treated
with 10 ug/ml PGN for the indicated periods of time before the end of the incubation.
The representative blots of phosphorylated p38 and total p38 from three independent
experiments with similar results are presented.
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Figure 10. The effect of LL37 on PGN-induced phosphorylated p38 levels. HP2 cells
were either pretreated or not with 10 ug/ml LL37 for 30 min before the exposure to
10 ug/ml PGN for another 30 min. The representative blots of phosphorylated p38
and total p38 from three independent experiments with similar results are presented
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Chapter Four

Summary and Conclusion

The objective of this work was to study the possible application of LL37 as a
pulp capping by focusing on two main aspects: the angiogenic effect of LL37 on pulp
cells and the inhibition/reduction of pulp tissue breakdown by LL37. As a result, the
following findings were determined:

1. LL37 activates ERK to boost VEGF secretion from HP cells, and this may
induce angiogenesis through the VEGF released.

2. LL37 suppresses the increases in MMP-1, MMP-2 and MMP-3 mRNA levels
induced by PGN in HP cells through the p38 signaling pathway, suggesting
that LL.37 may be able inhibit or at least reduce pulp tissue destruction caused
by these MMPs.

Thus, based on the findings of the present study and those of previous ones
that LL37 is effective against cariogenic bacteria (18) and induces pulp cell migration
(19), it is reasonable to conclude that LL37 is a promising candidate for a pulp
capping material. However, many challenges remain to be overcome before the
actual transition of this peptide from the laboratory into the clinic, including its
effectiveness to stimulate pulp wound healing and reparative dentin formation in the
in vivo settings, the concern over its known cytotoxicity, its application methods, and
finally the costs of its production. Despite these challenges, further investigations on

its clinical application for this purpose are warranted.
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