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OBJECTIVE: The aim of this study was to characterize
the effects of dentin extracts on cytokine, chemokine and
nitric oxide (NO) production by primary rat bone cells.
STUDY DESIGN: Osteoblastic bone marrow cultures
were exposed to particulate (D-part), non-particulate (D-
n-part) and demineralized dentin extracts and evaluated
for proliferative activity, cell morphology, alkaline phos-
phatase activity and bone-like nodule formation. Cytokine
production was assessed by enzyme-linked immuno-
sorbent assay and NO release by the Griess method.
RESULTS: The dentin extracts did not affect osteoblast
numbering. Conversely, they up regulated in a dose-
dependent manner the production by the osteoblasts of
the pro-inflammatory interleukin-1f (IL-1p), tumor nec-
rosis factor-a, IL-6, cytokine-induced neutrophil chemo-
attractant-1, and of the anti-inflammatory cytokine, IL-10.
The NO production was stimulated only by D-n-part.
CONCLUSION: These results demonstrate that dentin
induces the production of inflammatory cytokines by
osteoblasts and suggest that pro-resorptive pathways
might be stimulated when dentin molecules come into
contact with bone cells during pathological processes
associated with dentin and bone matrix dissolution.
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Introduction

The bulk of the tooth consists of dentin, a mineralized
tissue that has a similar biochemical composition to
bone. After mineralization the dentin molecules remain
trapped in a mineralized phase bound to matrix com-
ponents or to hydroxyapatite crystals, being exposed or
released as a consequence of injuries to the periodontal
ligament and dental pulp by, for example, trauma,
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periodontal disease and orthodontic tooth movement
(Ne et al, 1999). The exposure of dentin is generally
accompanied by resorption of the root surface, which
can be promptly repaired, or maintained if the inflam-
matory stimulus persists. A complex interaction of
inflammatory and resorbing cells within the tooth/
periodontal ligament microenvironment determines the
course of tooth resorption.

Although dentin has been considered to have the
potential to alter cell function within the tooth/perio-
dontal microenvironment, including that of osteoblasts
(Ogata et al, 1997, Takata et al, 1998) periodontal
ligament cells and human gingival fibroblasts
(Ogata et al, 1997) and macrophages (Lara et al,
2003), the nature of the underlying mechanism is still
poorly understood, especially regarding how these cells
interact with dental hard tissues and if the release of
dentin molecules contributes towards maintaining the
resorption or to inducing repair during pathological
exposure. Consistent with this, the traumatic root
resorption was significantly inhibited in mice immunized
with dentin (Wheeler and Stroup, 1993).

Root resorption occurs as a result of osteoclastic
activity, which is chiefly governed by osteoblasts (Man-
olagas, 1995). Cytokines, chemokines and free radicals
are of major importance in the process of resorption as
local mediators of osteoclast recruitment and activation.
In the inflammatory sites, pro-inflammatory cytokines,
such as interleukin-14 (IL-1p), tumor necrosis factor-o
(TNF-o) and cytokine-induced neutrophil chemoat-
tractant-1 (CINC-1), may coexist with anti-inflamma-
tory cytokines such as IL-10, as well as those with a dual
effect such as IL-6 (Manolagas, 1995; Kawashima and
Stashenko, 1999).

Interleukin-1 (Fox et al, 2000; Tokukoda et al, 2001),
TNF-a (Azuma et al, 2000) and IL-6 (Léwik et al, 1989)
are potent inducers of bone resorption, regulating
osteoclast recruitment and activity either by paracrine
or autocrine mechanisms. In opposition to the effects of
pro-inflammatory cytokines, IL-10 strongly suppresses
periapical bone resorption (Xu et al, 1995; Owens et al,
1996; Sasaki et al, 2000).

The CINC-1, a member of the CXC chemokine
family, induces leukocyte chemotaxis at the site of



inflammation (Nakagawa et al, 1994). The effects of
CINC-1 on root resorption have not been determined,
although human IL-8, a CINC-1 counterpart, has
been shown to be expressed in primary osteoblasts
(Bilbe et al, 1996) and to stimulate the motility of
osteoclasts (Fuller et al, 1995).

Nitric oxide (NO), a free radical that mediates a
variety of pathological phenomena associated with
inflammatory processes, also has important effects on
bone cell activity (Van’t Hof and Ralston, 2001). It has
been suggested that NO may be a modulator in the
cytokine-induced bone resorption process. Moreover,
NO could either stimulate or inhibit the osteoclastic
activity in a concentration-dependent pattern (Van’t
Hof et al, 2000).

Despite the recognized role of inflammatory media-
tors in bone cell activity, the influence on these cells of
molecules released from dentin remains undetermined.
Thus, the purpose of this study was to examine the
effects of dentin extracts on osteoblastic phenotype and
cytokine release from dentin-stimulated cells.

Materials and methods

Preparation of dentin extracts

Dentin was obtained from the crowns of impacted teeth
recently extracted by the Surgical Service, Department of
Oral and Maxillofacial Surgery, Faculty of Dentistry of
Ribeirdo Preto, University of Sdo Paulo. Informed
consent was obtained from all patients. The Institutional
Human subjects Committee approved the use of human
extracted teeth. Dentin extracts were prepared as previ-
ously reported (Lara et al, 2003). Adherent soft tissue
was removed and the dentin was ground by high-speed
diamond rotation under constant irrigation with distilled
water. After desiccation at 37 °C, to recover the water-
soluble substances potentially eluted during the grinding
process, the dentin powder was diluted in phosphate-
buffered saline (PBS), and referred to as particulate
extract (D-part). Dentin particles were 2-10 ym in
diameter, as determined by scanning electron microsco-
py (SEM). Next, this preparation was centrifuged at
2000 x g for 30 min to obtain the supernatant, referred
to as non-particulate extract (D-n-part). Alternatively,
dentin powder was demineralized (Smith et a/, 1990)
using 10% (w/v) ethylenediaminetetraacetic acid
(EDTA) in the presence of the protease inhibitor
phenylmethylsulphonyl fluoride at 5 mM (Gibco, Grand
Island, NY, USA). After 14 days, the EDTA-soluble
fractions were concentrated by ultrafiltration (Amicon,
YM10: WR Grace & Co., Danvers, MA, USA), dialysed
against water, diluted in PBS and filtered (0.22 ym), and
referred to as demineralized extract (d-Ext). The protein
content of fractions was determined by the method of
Bradford, using bovine serum albumin as the standard.
The protein concentration of the D-part and D-n-part at
5.0 mg ml™" (w/v) was below the detection level of the
method (1-2000 ug ml™"). However, each milligram (w/
v) of dentin powder resulted in 0.18 ug ml™" of protein
after demineralization. Endotoxin contamination
was tested by incubation of D-n-part with different
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concentrations of polymyxin B, as previously described
(Morrison and Jacobs, 1976), at 500 ng ml™", 1 ug ml™!
and 2 ug ml™!, for 15 min at 37 °C, and then evaluated
for its ability to induce NO production in macrophage
cultures. The incubation with polymyxin B did not affect
the NO production induced by D-n-part, but signifi-
cantly reduced the NO levels induced by lipopolysac-
charide (control) (Escherichia coli 026:B6; Sigma
Chemical, St Louis, MO, USA) (500 ng ml™").

Cell isolation and culture

Cells were obtained from bone marrow of young male
Wistar rats using the modified protocol from Maniatop-
oulos et al (1988). The animals were treated in accord-
ance with procedures approved by the Institutional
Animal Ethics Committee. Bone marrow cells were
seeded in plastic culture flasks and cultured in o-minimal
essential medium (cx—MEM) supplemented with 15% fetal
bovine serum (Gibco), 1077 M dexamethasone, 2.16 g 17!
B-glycerophosphate (Sigma), 5 ug 17! ascorbic acid (Gib-
o), 50 ug ml™! Gentamicin (Gibco) and 0.3 ug ml™!
fungizone (Gibco). Cells were incubated at 37 °C in a
humidified atmosphere of 95% air and 5% CO,. Culture
medium was changed three times a week. After 15 days,
the cells were removed using 0.25% trypsin gGibco) and
1 mM EDTA, plated at 4 x 10* cells well™' in 24-well
plates and maintained for 4 and 14 days. Cells were
stimulated with different concentrations of dentin
extracts (0.3-2.0 mg ml™") for 48 h. Confluent cultures
were subjected to serum starvation 48 h prior to treat-
ment. After stimulation, the cells were recovered for cell
counting and evaluation of osteoblast parameters. The
supernatants were stored at —20 °C until analysis.

Cell proliferation, viability and morphology

Cells were cultured for 2 and 14 days for proliferation
evaluation. The culture medium was removed and the
wells were washed three times with PBS at 37 °C. Cells
were then enzymatically (1 mM EDTA; 0.25% trypsin,
Gibco) released and counted using a hemacytometer.
The cell viability after dentin treatment was assessed by
Trypan Blue (Sigma) (1 mg ml™") dye exclusion. Cells
were evaluated using phase contrast inverted microsco-
py and by SEM. For SEM analysis, cell cultures were
fixed with 3% glutaraldehyde in 0.1 M sodium cacody-
late buffer pH 7.0, postfixed for 2 h in 1% osmium
tetroxide (Sigma), dehydrated in graded alcohols, crit-
ical point dried, sputter-coated and analyzed in a JEOL
JSM 5410 scanning electron microscope (Noran Instru-
ments Inc., Middleton, W1, USA).

Alkaline phosphatase (ALP) activity

The ALP activity was measured colorimetrically (ALP kit
104; Sigma) in cell lysates obtained by treatment of
cultures for 30 min with 0.1% lauryl sulfate (Sigma), and
assayed by the hydrolysis of p-nitrophenol phosphate in
alkaline buffer solution at 37 °C for 30 min. Absorbance
of product, p-nitrophenol, was determined at 410 nm and
the ALP concentration was quantified using a standard
curve. Results were expressed as umol p-nitrophenol
produced per hour (Units ml™") per cell number.
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Mineralized nodule formation

After 14 days of culture and 48 h of stimulation, the cells
were washed three times with PBS and attached cells
were fixed in 10% formalin for 2 h at room temperature.
The specimens were then dehydrated in a graded series of
alcohol and stained with 2% Alizarin red S (Sigma) pH
4.3. The percentage of mineralized nodules was calcula-
ted as a percentage of total well area using software for
image analysis (Image Tool, University of Texas, Health
Science Center, San Antonio, TX, USA).

Cytokine production

The concentrations of IL-1f, TNF-a, IL-6, CINC-1 and
IL-10 in conditioned medium were determined using a
sandwich enzyme-linked immunosorbent assay as pre-
viously described (Taktak et al, 1991). Briefly, microtiter
plates were coated overnight at 4 °C with immunoaffin-
ity-purified polyclonal sheep antibodies against each
cytokine (2 ug ml™"). After blocking, samples and
standards were incubated at room temperature for 2 h.
Rabbit biotinylated immunoaffinity-purified polyclonal
antibodies to each cytokine at 1:1000 dilution were
added, followed by incubation at room temperature for
1 h. Finally, 50 ul of avidin-HRP (1:5000) was added to
each well; after 30 min the plates were washed and the
color reagent o-phenylenediamine (OPD) (40 ug well™")
was added. After 15 min, the reaction was stopped by
adding 75 pl of 1 M sulfuric acid and absorbance was
measured at 490 nm using a microplate reader (Spectra
Max 250: Molecular Devices Corporation, Sunnyvale,
CA, USA). The concentration of each cytokine was
calculated from a standard curve (4-4000 pg ml™")
prepared for this purpose. Antibodies were kindly
supplied by Dr Steve Poole (National Institute for
Biological Standards and Control, NIBSC, London,
UK).

Nitrite measurement

The secretion of NO was evaluated by measuring NO;
accumulation in culture supernatants by the Griess
reaction (Green et al, 1982). Briefly, 50 ul of sample was
mixed with an equal amount of Griess reagent contain-
ing 1% sulphanilamide (Sigma) and 0.1% naphthyle-
thylenediamine dihydrochloride (Sigma) in 2%
phosphoric acid. Absorbance was measured at 540 nm
and nitrite concentration was determined using a
standard curve of sodium nitrite (Merck & Co. Inc.,
Whitehouse Station, NJ, USA).

Statistical analysis

Numerical values are means + standard error of mean
(s.e.m.). The data were analyzed by one-way ANOVA
with Bonferroni’s post-test. Statistical significance was
considered to be achieved at P < 0.05.

Results

Effects of dentin extracts on cell viability and proliferation
The particulate, non-particulate and demineralized
dentin extracts had no cytotoxic effect on primary
osteoblasts which retained a viability >95%. In the
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same way, osteoblast proliferation was not affected by
either D-part or D-n-part treatment at concentrations of
0.3-2.0 mg ml~" (Figure 1a).
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Figure 1 Effect of dentin extracts on bone cell growth and differen-
tiation. Confluent cultures at 12 days were incubated for 48 h with
D-part and D-n-part at different concentrations. Number of cells (a)
and ALP activity (b) were measured as described in Material and
methods. Formation of mineralized deposits (¢) was estimated by
histochemical assay. These results represent the mean of five inde-
pendent experiments + s.e.m.



Effects of dentin extracts on osteoblast markers

In order to investigate whether dentin could affect
osteoblast differentiation, we evaluated the effect of
extracts on osteoblastic markers. We observed that
neither D-part nor D-n-part at 0.3-2.0 mg ml™" affected
the ALP activity or formation of calcium deposits
(Figure 1b,c). Observation of cultures by phase contrast
microscopy and SEM showed that osteoblast morphol-
ogy changed from spindle-shaped, in the first days of
culture, to a polygonal appearance. No morphologic
changes were observed after dentin treatment for 48 h at
early and later stages of cell differentiation. The treat-
ment with d-Ext did not affect the osteoblast markers of
differentiation (data not shown).

Cytokine release by dentin extracts-stimulated bone cells
An increase in IL-1f, TNF-a, IL-6, CINC-1 and IL-10
secretion was observed in fully-differentiated (at
14 days) osteoblasts (Figure 2a—e). Larger amounts of
TNF-a were produced in response to dentin extracts,
followed by CINC-1, IL-10, IL1-f and IL-6. Non-
particulate extracts showed a more potent stimulatory
effect for IL-1f5, TNF-a and CINC-1 production than
D-part. On the contrary, the IL-6 production was
greater for the D-part-treated group, at a concentration
of 1.0mgml™', than for the D-n-part-group
(Figure 2c). Similar levels of IL-10 were detected for
both groups (Figure 2e). A significant production of IL-
18 (control:  4.32 + 2.31; d-Ext: 214.21* £
35.89 pgml™; n =3, *P < 0.01) and TNF-a (control:
211 + 32.15; d-Ext: 1141.0% £ 116.12 pgml™; n = 3,
*P < 0.01) was also stimulated by demineralized
extract treatment (d-Ext; 9 ug ml™'). IL-6, CINC-1
and IL-10, but not IL-1§ and TNF-a secretion were
also detected in dentin-treated early-differentiated (at
4 days) osteoblasts (data not shown).

Effect of dentin on nitric oxide production
Only D-n-part at 0.7 and 1.0 mg ml™" induced signifi-
cant levels of NO; at 14 days (Figure 2f). In these same
groups, we observed that most of the cells (70%) showed
positive expression for the inducible nitric oxide syn-
thase (NOS II) enzyme (data not shown).

Discussion

The primary approach of studies that evaluated the
interaction of dentin and bone cells has been to
understand the mechanisms of the periodontal regener-
ation and osteoinduction (Ogata et al, 1997, Takata
et al, 1998). However, the signaling mechanisms that
affect the cell function in these sites were not fully
elucidated. Dentin molecules become available in tooth-
surrounding milieu when dentin matrix is broken down
by osteoclasts during the resorption process (Nesbitt
and Horton, 1997). We previously reported that dentin
extracts triggered an intense cell migration in a time-
and dose-dependent manner, as well as macrophage
expression of IL-15, TNF-o, NO and hydrogen peroxide
(Lara et al, 2003). In the present work, we observed that
dentin extracts were able to dose-dependently stimulate

Response of bone cells to dentin challenge
TA Silva et al

bone cells to release the inflammatory mediators IL-1f,
TNF-a, IL-6, CINC-1, IL-10, and NO, which are
implicated in the regulation of resorption (Azuma et al,
2000; Fox et al, 2000; Sasaki et al, 2000; Tokukoda
et al, 2001). Of these, IL-1f, TNF-a, IL-6 and IL-10
have been shown to be produced in inflamed pulp and
periapical tissues and may be involved in the pathogen-
esis of bone and root resorption associated with these
diseases (Kawashima and Stashenko, 1999). Consis-
tently, significant inhibition of root resorption and a
decrease in the number of resorbing cells have been
observed after immunoneutralization of IL-1 and TNF-
o in rats (Zhang et al, 2003). In opposition to pro-
inflammatory actions, IL-10 suppresses the recruitment
and differentiation of osteoclasts (Xu et al, 1995; Owens
et al, 1996) and also inhibits the infection-stimulated
periapical bone resorption (Sasaki et al, 2000). Further-
more, IL-6 and NO have dual actions on the resorp-
tion processes (Lowik ez al, 1989; Al-Humidan et al,
1991; Van’t Hof ef al, 2000; Van’t Hof and Ralston,
2001).

Additionally, a significant production was also
observed of CINC-1, a member of the CXC chemokine
and IL-8 family, which is a potent chemotactic factor for
neutrophils in vitro and in vivo (Nakagawa et al, 1994).
Considering that leukocyte chemotaxis is a key event in
inflammation, this result suggests that released dentin
may play a role in the initial events of the inflammatory
response, which is in accord with our previous demon-
stration that neutrophil migration is induced by dentin
sialoprotein (DSP) and dentin phosphoprotein (DPP)
(Silva et al, 2004). Furthermore, IL-1f3, TNF-o, macr-
ophage inflammatory protein-2 and cytokine-induced
neutrophil chemoattractant (KC) have key roles in
neutrophil recruitment induced by DSP and DPP (Silva
et al, 2004). Consistent with the hypothesis that dentin
may have a role in its own resorption through pro-
inflammatory properties, the dentin immunoneutraliza-
tion procedure protects mice from traumatic root
resorption (Wheeler and Stroup, 1993).

Despite the effect of dentin on cytokine production,
dentin extracts did not affect the bone cell behavior as
determined by cell proliferation and morphology, alka-
line phosphatase activity and bone-like nodule
formation in primary bone marrow cultures, a well-
characterized model to study the functions and regula-
tory mechanisms of primary osteoblasts. On the
contrary, the exposure of an osteoprogenitor cell line
to guanidine/EDTA dentin extracts suppressed the cell
proliferation and differentiation (Takata et al, 1998), a
result which could be due to the different cell types and
experimental conditions.

The particulate extract used in this work can be
phagocytosed by osteoblasts and there is evidence that
this phenomenon activates the cells (Vermes ez a/, 2001).
However, it seems that it was not the case in this study,
as non-particulate extract was more effective in inducing
the production of the majority of inflammatory medi-
ators analyzed. The fact that demineralized extract also
induced significant production of IL-1f and TNF-a
reinforces the notion that the observed effects were
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Figure 2 Dose-dependent effects of dentin extracts on production of interleukin (IL)-18 (a), tumor necrosis factor (TNF)-a (b), IL-6 (c), cytokine-
induced neutrophil chemoattractant-1 (CINC-1) (d), IL-10 (e) and nitric oxide (f) by bone cells. Confluent cultures at 12 days were stimulated with
the indicated concentrations of D-part and D-n-part extracts for 48 h and compared with cells incubated with media alone (control). Conditioned
media were collected and 1L-18, TNF-a, IL-6, CINC-1 and IL-10 levels were measured by enzyme-linked immunosorbent assay. Nitrite secretion
was determined by the Griess method. Each column represents the mean + s.e.m. *P < 0.05 vs control, #P < 0.05 when comparing two dentin

extracts

mediated by dentin molecules, not being due to the  D-part and D-n-part extracts, the mechanism involved
micro-particles present in the D-part extract. We should  in the secretion of cytokines may differ. The fact that
consider that, despite the analogous effects induced by D-part is insoluble could suggest that it may act as
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matrix for osteoblasts. However, the observation that
D-part did not affect the osteoblast differentiation
parameters suggests that this is not the case.

The observation that regulatory factors are incorpor-
ated into the dentin matrix (Finkelman ef al, 1991;
Roberts-Clark and Smith, 2000) points to the likely
importance of these factors as regulators of hard tissue
resorption acting on the recruitment and activation of
tooth-surrounding cells including bone and periodontal
ligament cells (Ogata et al, 1997; Takata et al, 1998) and
inflammatory cells (Lara et al, 2003). In fact, similar to
bone, dentin represents a significant storage site for
growth factors such as epidermal growth factor, fibro-
blast growth factor and transforming growth factor
(TGF)-p super family members such as TGF-f, bone
morphogenetic proteins and others (Finkelman et al,
1991; Roberts-Clark and Smith, 2000) which can act on
dental and periodontal cells through interaction with
their cognate cell surface receptors (Parkar ez al, 2001).
Besides, it has been shown that osteopontin, a protein
found in bone and dentin, is involved in the inflamma-
tory cell recruitment during the inflammatory response,
bone remodeling, and cell-mediated immunity (O’Regan
and Berman, 2000). Further studies should focus on
which specific constituents in dentin have the effects on
bone cells.

Our results support the idea that there is a balance
between cytokines released from osteoblasts to regulate
the possible involvement of dentin proteins in inflamma-
tory events coupled with their release at root resorption
sites. A better understanding of factors that lead to the
production of inflammatory mediators and their in vivo
effects on bone cells might facilitate the development of
new therapies for inflammatory hard tissue resorption.
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