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Abstract. Dentin is a reservoir of several potentially
active molecules, and dentin sialoprotein (DSP) and
dentin phosphoprotein (DPP) are the two major non-
collagenous proteins. It has been established that dentin
molecules are released as a consequence of osteoclast
action during the resorption process. Along with oste-
oclasts, inflammatory cells seem to play an important
role at sites of root resorption. Although the role of
dentin molecules in dentinogenesis is well known, their
role in pathological processes associated with dentin
matrix dissolution is unclear. Recent studies have sug-
gested that dentin components may function as chem-
otactic and activator signals for inflammatory cells at
these sites. Herein we present evidence that demineral-
ized dentin crude extract, DSP, and DPP induced dose-
and time-dependent neutrophil migration into the peri-
toneal cavity of mice and that this activity was inhibited
by dexamethasone, but not by indomethacin or MK886.
The blockade of tumor necrosis factor-a (TNF-a) and
interleukin-1 (IL-1) receptors inhibited neutrophil ac-
cumulation. The neutrophil migration was also dimin-
ished in the absence of the chemokines cytokine-induced
neutrophil chemoattractant (KC) and macrophage in-
flammatory protein-2 (MIP-2), but not in the absence of
macrophage inflammatory protein-1a (MIP-1a). These
results demonstrate that dentin induces neutrophil mi-
gration via the synthesis of IL-1b, TNF-a, and chem-
okines and they suggest that dentin matrix proteins may
have an active role in inflammatory cell recruitment
during pathological processes associated with dentin
and bone matrix dissolution.
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Dentin phosphoprotein (DPP) and dentin sialoprotein
(DSP) are the two major noncollagenous proteins

(NCPs) of the extracellular matrix (ECM) of dentin
comprising 50% and 5% to 8% of NCPs respectively [1,
2]. Although originally thought to be found only in
dentin, these two ECM proteins are now known to be
expressed at low levels by bone and other tissues [3].
These two proteins, encoded by the same gene, are ini-
tially produced as one large, precursor protein called
dentin sialophosphoprotein DSPP). Thus, proteolytic
processing is necessary to convert DSPP to DSP and
DPP ([4], review).

Similar to bone, dentin represents a significant stor-
age site for growth factors including transforming
growth factor (TGF)-b super family members, such as
TGF-b, bone morphogenetic proteins (BMPs), and
others [5, 6]. Cells of the dentin–pulp complex are ca-
pable of synthesizing these growth factors, which are
subsequently sequestered into the dentin matrix and
released following tissue injury, potentially stimulating
repair mechanisms [6, 7]. The presence of these growth
factors has been described, as have their receptors and,
more recently, their gene expression profile in health and
disease [8, 9]. Furthermore, dentin has also been found
to contain metalloproteinases (MMPs) [10]. These en-
zymes are capable of cleaning components of the
extracellular matrix and may regulate the availability of
signaling molecules from dentin. MMPs activities may
be controlled by tissue inhibitors of metalloproteinases
(TimPs) since these enzymes are generally found to be
concomitantly expressed [11]. In contrast to the con-
siderable number of studies on dentin proteins and
growth factors in dentinogenesis, the role of these enti-
ties in pathological processes affecting the developed
tooth has received less attention. However, there is ev-
idence that during the resorption process, dentin mole-
cules are released as a consequence of osteoclast action
on the root surface [12].

Along with osteoclasts, neutrophils are important
cells involved in bone periapical resorption [13], acting
as a source of cytokines at these sites [14]. On the
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other hand, the involvement of this leukocyte in the
root resorption process has not yet been thoroughly
investigated. There are a few studies suggesting
that neutrophils could also participate in this event,
since they are present in the active phase of patho-
physiologic conditions associated with tooth resorp-
tion [14, 15]. Moreover, these cells are a source of
cytotoxic mediators (e.g., oxygen and nitrogen free
radicals, and proteolytic enzymes) and of cytokines
[16], which activate surrounding cells, including oste-
oclasts [17].

The recruitment of neutrophils to periodontal in-
flammatory sites and their activation is regulated by
chemotactic factors derived from dental hard tissue
breakdown, such as TGF-b [18] and osteopontin [19], by
bacteria and their products and by inflammatory
chemotactic mediators released by resident cells [20–25].
The principal chemotactic mediators are eicosanoids,
multifunctional inflammatory cytokines, chemokines
and nitric oxide (NO) [20–25]. TNF-a and interleukin
(IL)-1b, potent stimulators of neutrophil infiltration,
may act as final mediators or through the induction and
secretion of eicosanoids and chemokines [20, 22–25].
The chemokine family includes small peptides known to
mediate the recruitment of leukocytes, and these can be
distinguished depending on whether the first two cyste-
ines are separated (CXC) or not (CC) by an intervening
amino acid [20]. Macrophage inflammatory protein-2
(MIP-2) and cytokine-induced neutrophil chemoat-
tractant (KC), members of the CXC chemokine sub-
family and macrophage inflammatory protein (MIP-1a)
and RANTES (regulated upon activation, normal T
expressed and secreted), members of the CC group,
possess recognized chemotactic activity for neutrophils
[22, 23, 25].

Despite the evidence that, during the resorption
process, dentin molecules are released, it is not yet
accepted that these substances contribute to tooth
resorption. Consistent with this, it was observed that
traumatic root resorption was significantly inhibited in
mice immunized with dentin [26]. Furthermore, ex-
perimental studies have highlighted the fact that
dentin induces the migration of periodontal ligament
cells [27], macrophages and neutrophils [28]. In this
study, we investigated if dentin proteins, DSP and
DPP, induce neutrophil migration into the peritoneal
cavity, which is a model of acute inflammation that
allows the simple and accurate quantification of mi-
grating cells. In addition, we addressed the pathways
involved in the DSP and DPP-induced neutrophil re-
cruitment. We found that DSP and DPP-induced
neutrophil migration occurs via induction of IL-1b,
TNF-a, KC, and MIP-2 release. The possible in-
volvement of these proteins in pro-inflammatory
pathways at sites of pathological exposure of dentin is
hypothesized.

Materials and Methods

Animals and Reagents

All the experimental procedures involving the use of animals
were reviewed and approved by the institutional animal wel-
fare committee. Male BALB/c, C57BL/6, p55)/), and MIP-1a-
deficient mice 6 to 8 weeks old, weighing 20 to 25 g, were
housed in the animal facility of the Department of Pharma-
cology and Immunology, Faculty of Medicine of Ribeirão
Preto, University of São Paulo. Breeding pairs of mice with
targeted disruption of the TNF-a receptor p55)/) gene and
MIP-1a-deficient mice were obtained from Jackson Labora-
tory (Bar Harbor, ME, USA). Because dentin proteins were
obtained from rats, some experiments were performed in male
Wistar rats 6 to 8 weeks old, weighing 200 to 250 g. All ex-
periments were performed twice using 5 animals per group;
except for experiments with MIP-1a-deficient mice, in which 3
animals per group were used.

Dentin Proteins and Extracts

The extraction and separation of DSP (53 KDa) and DPP (38
KDa) from rat incisor dentin were performed by using
standard procedures as described [1, 2]. Demineralized hu-
man dentin crude extracts (cExt) were obtained as described
[29]. Approval was obtained from the institutional ethics
committee for the use of human teeth. Keyhole limpet hemo-
cyanin (KLH) (8–9 MDa) and ovalbumin (OVA) (45 KDa),
both from Sigma, tested at 10 lg/mL, were used as control
proteins.

Leukocyte Migration

cExt, DSP, and DPP (0.1, 0.3, and 1 lg/cavity) were injected
into the peritoneal cavity, and leukocyte migration was eval-
uated at intervals from 3 to 48 h Protein controls, KLH, and
OVA at 10 lg/mL, were similarly injected intraperitoneally
and neutrophil migration was assessed 6 hours, later. At the
indicated times, the peritoneal cavities were washed twice with
a total of 3 and 10 mL of phosphate-buffered saline (PBS),
respectively for mice and rats. Approximately 95% to 98% of
the injected volume was recovered. The pooled exudates were
counted in a Coulter� ACT cell counter (Coulter Corpora-
tion, Miami, Florida, USA) and centrifuged onto microscope
slides using a cytospin centrifuge (Shandon Lipshaw Inc.,
Pittsburgh, Pennsylvania). The slides were air-dried and
stained by using the May-Grünwald-Giemsa method for dif-
ferential counting. In some experiments recombinant murine
IL-1b (1 ng per cavity; R & D Systems, Minneapolis, MN,
USA) and leukotriene B4 (LTB4; 25 ng per cavity) were used
as controls.

In Vitro Neutrophil Chemotaxis

For in vitro neutrophil chemotaxis experiments, neutrophils
were purified from human venous blood by density gradient
centrifugation on Percoll. Neutrophil chemotaxis was assayed
using a 5-lm pore size polycarbonate membrane (Millipore,
Bedford, MA, USA) in micro-Boyden chambers (Neuro
Probe, Cabin John, MD, USA). The chamber was incubated in
a humidity-controlled unit at 37�C for 1 hour. Cells on the
upper surface were removed by scraping, and cells adherent to
the lower side of the membrane were fixed in methanol and
stained by using May-Grünwald-Giemsa for counting. The
number of cells in 6 high-power fields was counted, and the
result was expressed as the mean number of neutrophils per
field. N-formylmethionyl-leucyl-phenylalanine (fMLP) (10)6

M) (Sigma, St. Louis, MO, USA), LTB4 (10
)8 M) (Sigma), and

recombinant human IL-8 (10 ng) (NIBSC 89/520; National
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Institute for Biological Standards and Control, London, UK)
were positive controls and RPMI medium (Gibco, Grand Is-
land, NY, USA) alone was the negative control. DPP was
tested at 10 lg/mL, 100 lg/mL, and 1 mg/mL. DSP and cExt
were tested at 1 mg/mL.

Anti-Inflammatory Drugs and Antibodies

The protocols for anti-inflammatory drug treatments were
performed as described previously [30, 31]. The animals were
treated 1 hour before stimuli with subcutaneous (s.c.) dexa-
methasone phosphate (1 mg/kg; Sigma), or with leukotriene
synthesis inhibitor (MK886; 1 mg/kg, orally; Merck Sharp &

Dohme B.V., Haarlem, The Netherlands), or 30 minutes be-
fore with a cyclooxygenase inhibitor (indomethacin, 5 mg/kg,
s.c.; USP lot HLD-006), or 15 minutes before with a human
IL-1 receptor antagonist (IL-1ra; 20 mg/kg, i.v., NIBSC 92/
644). The control mice received an equivalent volume of PBS
at the same time that the test mice received the anti-inflam-
matory drugs.

The sheep antiserum anti-mouse TNF-a (35 lL per cav-
ity; NIBSC H92/B8), anti-KC, anti-MIP-2 antibodies (Pep-
rotech Inc., Rocky Hill, NJ, USA) and control rabbit
nonimmune serum (DAKO, Glostrup, Denmark), both at
800 ng/cavity, were co-administered i.p. with DSP and DPP
(1 lg/cavity) and neutrophil migration was assessed 6 hours
later.

Fig. 1. Dose-dependence (panel A) and time-course (panel B)
of neutrophil migration induced by dentin proteins. Mice were
injected intraperitoneally with PBS (control) DSP, DPP, and
cExt at the indicated doses, and neutrophil migration was
determined 6 hours later. The time-course of neutrophil mi-
gration was determined by injection of PBS (control), DSP,
DPP, and cExt (1 lg/cavity). Leukocyte differential counts
were performed at 12, 24, and 48 hours after DSP, DPP, and

cExt challenge (panel C). The cells were defined as mononu-
clear leukocytes (MNLs) and eosinophils (Eos). For all ex-
periments results are representative means ± SEM. *P < 0.05
compared to control. In vitro neutrophil chemotaxis induced
by DSP and DPP was performed as described in ‘‘Materials
and Methods,’’ fMLP (10)6 M), LTB4 (10

)8 M), IL-8 (10 ng),
and RPMI were used as controls. *P < 0.05 compared to
RPMI (panel D).
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Cell Culture

Macrophages were harvested by washing the peritoneal cavities
with PBS. Cells were cultured in RPMI with 5% fetal bovine
serum (Hy-Clone, Logan, Utah, USA), penicillin (100 U/mL)
and streptomycin (1 mg/mL) (Sigma), plated at 107 cells/mL/
well and allowed to adhere. After 24 hours, unadhered cells
were removed by washing with 3 mL of sterile PBS and adhered
macrophages (>97%) were stimulated with DSP, DPP, and
cExt at 100 ng/mL for 24 hours at 37�C in an atmosphere of 5%
CO2. All experiments were performed twice in triplicate.

Enzyme Linked Immunosorbent Assay (ELISA)

The concentrations of cytokines in supernatants from DSP-,
DPP-, and cExt-stimulated macrophages and in peritoneal
exudates were determined using sandwich ELISA following
the manufacturer’s instructions. The mouse antibodies anti-
IL-1b, TNF-a, MIP-1a, MIP-2, and RANTES were from R &
D Systems and anti-KC was from Peprotech. The concentra-
tion of each cytokine was calculated from a standard curve.

Nitrite Levels

The secretion of NO was evaluated by measuring NO2
) accu-

mulation in culture supernatants by the Griess reaction [32].
Briefly, 50 lL of sample was mixed with an equal amount of
Griess reagent containing 1% sulfanilamide (Sigma) and 0.1%
naphthylethylenediamine 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).

Statistical Analysis

Numerical values are means ± standard error of mean
(SEM). The data were analyzed by one-way analysis of vari-
ance (ANOVA) with Bonferroni’s post test. Statistical signifi-
cance was considered to be achieved at P < 0.05.

Results

Leukocyte Recruitment

DSP, DPP, and cExt induced a dose- (Fig. 1a) and time-
dependent (Fig. 1b) neutrophil migration that peaked at
6 hours for DPP and at 8 hours for DSP and cExt, both at
1 lg per cavity. From this point, the neutrophil migra-
tion declined and returned to control levels 48 hours later
(Fig. 1b). cExt induced significantly lower neutrophil
extravasation than did dentin proteins (Fig. 1a, b). The
proteins used as controls (ovalbumin, with a molecular
weight similar to that of dentin proteins, and KLH with
higher molecular weight), tested at 10 lg per cavity, did
not induce significant neutrophil migration after 6 hours
(control, 0.048 ± 0.041; KLH, 1.10 ± 0.64; and oval-
bumin, 0.89 ± 0.51 · 106 cells/cavity) compared to DSP
(2.18 ± 0.28 · 106 cells/cavity) and DPP (3.62 ± 0.58 ·
106 cells/cavity). A similar pattern of DSP- and DPP-
induced neutrophil accumulation was observed in rats
(control, 6.87 ± 1.83; DSP, 16.34* ± 8.73; and DPP,
19.67* ± 5.99 · 106 cells/cavity; n = 5, *P < 0.01) ex-
cluding the possibility that the phenomenon reported
here results from a species cross-reactivity.

Differential analysis revealed that the leukocyte in-
filtration in response to cExt, DSP, and DPP challenge
comprised >80% polymorphonuclear leukocytes 6
hours after injections, whereas <20% of cells were
monocytes and eosinophils, suggesting that neutrophils
constituted the majority of leukocytes at this time (data
not shown). However, the numbers of monocytes and
eosinophils increased from 12 hours and persisted to the
final time-point analyzed at 48 hours (Fig. 1c).

In vitro, DPP at 10 and 100 lg/mL exhibited neu-
trophil chemotaxis similar to that of control medium
(data not shown). At 1 mg/mL, DPP, but not DSP or
cExt, induced significant neutrophil chemotaxis com-
pared with control medium. DPP-induced neutrophil
chemotaxis was significantly lower compared with the
positive controls fMLP, IL-8, and LTB4 (Fig. 1d).

Effect of Anti-Inflammatory Drugs

The neutrophil migration triggered by dentin proteins
and crude extract was significantly inhibited by dexa-
methasone. However, the treatment with MK886 or
indomethacin, described as effective agents at the doses
used [30, 31], was ineffective in modifying neutrophil
migration (Fig. 2).

Production of Cytokines, Chemokines, and NO by DSP-, DPP-,
and cExt-Stimulated Macrophages

DSP- and DPP-treated macrophages displayed a sim-
ilar production of cytokines, except for TNF-a, the

Fig. 2. Effect of anti-inflammatory drugs on DSP-, DPP-, and
cExt-induced neutrophil migration. BALB/c mice were pre-
treated 1 hour before with PBS (s.c.); Indo (indomethacin,
5 mg/kg; s.c.); dexa (dexamethasone, 1 mg/kg; s.c.) or MK886
(1 mg/Kg; orally) and neutrophil migration was assessed 6
hours after injections of PBS (C), DSP, DPP, and cExt (1 lg/
cavity). Results are representative means ± SEM. *P < 0.05
compared to mice pretreated with PBS.
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levels of which were greater for DPP (Fig. 3a). cExt
was less effective than DSP and DPP in the induction
of all tested mediators. Larger amounts of KC were
produced, followed by MIP-2, MIP-1a, TNF-a, and

IL1-b (Fig. 3b through e). RANTES and nitrite pro-
duction was not affected by dentin (Fig. 3f, g). Con-
sequently, the participation of RANTES and NO in
neutrophil recruitment was ruled out and the role of

Fig. 3. Production of TNF-a, IL-1b, KC,
MIP-2, MIP-1a, RANTES, and NO2

)by
DSP, DPP, and cExt-challenged
macrophages. Peritoneal macrophages (107

cells/well) were incubated for 24 hours with
PBS (C), DSP, DPP, and cExt (100 ng/
mL), and, supernatants were assayed for
cytokine and nitrite production as
described in ‘‘Materials and Methods.’’
Data are the mean ± SEM of triplicates.
*P < 0.05 versus control values; #P < 0.05
comparing two proteins.
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IL1-b, TNF-a, KC, MIP-2, and MIP-1a was investi-
gated.

Role of TNF-a and IL-1b in DSP-, DPP-, and cExt-Induced
Neutrophil Migration

The TNF-a-antiserum, but not normal serum, signifi-
cantly reduced the DSP-, DPP-, and cExt-stimulated
neutrophil recruitment (Fig. 4). The confirmation of
TNF-a involvement was achieved by a significant re-
duction of neutrophil migration in p55)/) mice chal-
lenged with DSP (Fig. 5b) and DPP (Fig. 5c), but not
with LTB4 (Fig. 5a). The similar neutrophil migration in
p55)/) and wild-type mice challenged with LTB4 indi-
cates that the reduction in DSP- and DPP-induced
neutrophil migration was not caused by hyporespon-
siveness of knockout mice.

The prior treatment of mice with IL-1ra significantly
inhibited the neutrophil recruitment induced by DSP,
DPP, and cExt. The specificity of the method was con-
firmed by a marked reduction in neutrophil numbers in
the IL-1b-treated group (Fig. 6). Consistent with these
results, we detected significant levels of IL-1b (control,
35.28 ± 6.69; DSP, 134.56* ± 18.38; and DPP,
141.66* ± 23.57 pg/cavity; *P < 0.05) and TNF-a
(control, 42.4 ± 3.9; DSP, 186.99* ± 31.49; DPP,
370.97* ± 56.34 pg/cavity, *P < 0.05) in the peritoneal
exudates 6 hours after intraperitoneal administration of
dentin proteins.

Role of CC and CXC Chemokines in DSP- and DPP-Induced
Neutrophil Recruitment

Anti-MIP-2 and anti-KC antibodies, but not normal
serum, significantly reduced the neutrophil migration
induced by DSP (Fig. 7a) and DPP (Fig. 7b). Compared
to wild-type mice, no differences were detected in neu-
trophil numbers in MIP-1a-deficient mice injected with
DPP and cExt. In contrast, in DSP-stimulatedMIP-1a)/)

mice, a significant increase in neutrophil migration was
observed (Fig. 7c).

Discussion

After mineralization, the dentin molecules remain trap-
ped in the mineralized phase, being exposed or released
as a consequence of injury to the periodontal ligament,
which may result from luxation, orthodontic movement,
or infections of tooth and periodontal structures [17].
The exposure of dentin allows osteoclasts to colonize the
root surface and start the resorption process. These cells
dissolve the mineralized matrix and then endocytose,
transport, and continually release the matrix compo-
nents during resorption [12]. Once released, these mol-
ecules may be able to act at resorption sites and function
as chemotactic and activator signals for inflammatory
cells [28], bone, and periodontal ligament cells [27], and
could, theoretically, influence the course of resorption.
Consistent with this, the dentin immunoneutralization

Fig. 4. Effect of TNF-a antibodies on neutrophil migration
induced by DSP (panel A), DPP (panel B), and cExt (panel C).
Mice were treated with DSP, DPP, and cExt (1 lg/cavity) co-
administrated with rabbit normal serum (S) (800 ng/cavity) or
anti-TNF-a antibody (35 lL/cavity), and neutrophil migration
was assessed 6 hours later. *P < 0.05 compared to control.

T. A. Silva et al.: Dentin Proteins Induce Neutrophil Chemotaxis 537



procedure protects mice from traumatic root resorption
[26].

Cellular recruitment during root resorption probably
relies on the establishment of chemotactic or haptotactic
gradients within this microenvironment. However, the
identity of the chemoattractants responsible remains to
be established. We recently showed that dentin extracts
triggered an intense cell migration in a time- and dose-
dependent manner, as well as macrophage expression of
IL-1b, TNF-a, NO, and hydrogen peroxide (H2O2) [28].
In this study, we investigated the ability of dentin pro-
teins and crude extract to attract inflammatory cells into
the peritoneal cavity, as a model of acute inflammation.

The model of acute peritonitis was chosen to address the
pathways involved in dentin-induced neutrophil chem-
otaxis because of the simplicity in quantifying cell re-
cruitment and in performing pharmacological and
immune manipulation. It was observed that dentin
proteins, DSP and DPP, as well as crude extracts in-
duced neutrophil recruitment. We focused our efforts on
DSP and DPP because they are the major noncolla-
genous proteins of dentin [1, 2].

The polymorphonuclear leukocyte infiltration was
four times higher than that of other leukocyte types 6
hours after DSP, DPP, and cExt injection. Demineral-
ized crude extract was less effective in inducing neutro-
phil migration when compared with purified proteins.
These data indicate that despite the possibility of the
presence of other potentially active molecules in the
crude extract it is likely that low levels of DSP and DPP
mediate the cExt-induced neutrophil migration. The
actual amount of DSP and DPP in cExt remains to be
determined.

Although the role of neutrophils in dental resorption
remains unexplored, these cells have been shown to be
present during the active phase of physiologic resorption
of deciduous teeth [15], and are key cells involved in
tissue destructive events in several inflammatory bone
diseases, such as arthritis [33] and periodontal diseases
[34]. Moreover, these cells are an important source of
cytokines at periapical resorption sites [14]. Further-
more, good evidence for the role of neutrophils in pe-
riapical resorption is given by the inhibition of the
development of lesions in neutropenic rats [13].

Next, we investigated the mechanism by which DSP,
DPP, and cExt induced the neutrophil recruitment. We
found that dexamethasone, a glucocorticoid, markedly
reduced neutrophil recruitment, suggesting the partici-
pation of cytokines and eicosanoids in this process, since
this class of drugs inhibits these mediators [30, 31]. The

Fig. 5. TNF-a dependence of neutrophil migration induced by DSP and DPP. C57BL/6 and p55)/) mice were injected with LTB4

(25 ng/cavity) (panel A), DSP (1 lg/cavity) (panel B), and DPP (1 lg/cavity) (panel C). Results are representative means ± SEM.
*P < 0.05 compared to wild-type mice.

Fig. 6. Effect of IL-1 receptor antagonist on DSP-, DPP-, and
cExt-induced neutrophil migration. BALB/c mice were pre-
treated with PBS or IL-1ra (20 mg/kg, i.v., 30 minutes before)
and injected intraperitoneally with recombinant murine IL-1b
(1 ng/cavity), DSP, DPP, and cExt (1 lg/cavity). Neutrophil
migration was evaluated after 6 hours. Results are represent-
ative means ± SEM. *Significantly different from mice pre-
treated with PBS at P < 0.05.
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involvement of LTB4 or prostaglandins can be ruled out
because MK886, an LTB4 synthesis inhibitor, and in-
domethacin, a cyclooxygenase inhibitor, were ineffective
in inhibiting DSP-, DPP-, and cExt-induced neutrophil
accumulation. Taken together, these results suggest that
dentin-induced leukocyte accumulation occurs pre-
dominantly via cytokine production. The absence of
cExt- and DSP-induced neutrophil chemotaxis in vitro
and the fact that DPP did not induce a significant neu-
trophil migration compared with classical chemotactic
factors, such as FMLP, LTB4, and IL-8, reinforces the
conclusion that the mechanisms of neutrophil recruit-
ment induced by both proteins are indirect and result
mainly from the endogenous release of inflammatory
mediators. This suggestion is reinforced by the obser-
vation that cExt, DSP, and DPP are able to induce the
release of cytokines, which seem to be the endogenous
mediators of dentin-induced neutrophil recruitment.

Interestingly, osteopontin, a protein structurally related
to DSP, activates osteoclasts [35] and macrophages [19]
interacting with the CD44 receptor and the avb3 inte-
grin. The possible involvement of these receptors in the
interaction of DSP and DPP with macrophages needs to
be further investigated.

IL-1b and TNF-a appear to be critical mediators in
dentin-induced neutrophil influx because the blockade
of TNF-a levels by neutralizing antibodies or the use of
TNF-receptor-deficient mice significantly impaired
neutrophil accumulation. Likewise, the treatment with
IL-1ra reduced neutrophil recruitment. Consistent with
the role of IL-1b and TNF-a in dentin-induced neutro-
phil migration, the concentrations of these cytokines
increased markedly in the peritoneum following intra-
peritoneal injections or in vitro after treatment of
macrophages with these proteins. In addition to the
participation of IL-1b and TNF-a in DSP- and DPP-

Fig. 7. Effects of CXC and CC
chemokines on DSP- and DPP-induced
neutrophil migration. Mice were treated
i.p with DSP (panel A) and DPP (panel
B) (1 lg/cavity) co-administrated with
rabbit normal serum (S) (800 ng/cavity)
or antibodies directed against KC and
MIP-2 (800 ng/cavity). C57BL/6 and
MlP-1a-deficient mice (MIP-1a)/)) were
i.p injected with PBS (C), DSP, DPP, and
cExt (1 lg/cavity) (panel C). In all
experiments, neutrophil migration was
evaluated after 6 hours. Results are
representative means ± SEM of two
independent experiments with 3 to 5 mice
per group. *Significantly different from
respective control values at P < 0.05.
#P < 0.05 compared to wild-type mice.
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induced leukocyte recruitment, it was observed that
immunoneutralization with either KC or MIP-2, CXC
chemokines that selectively attract neutrophils [20, 25],
markedly reduced the neutrophil accumulation, sug-
gesting an additive effect of these chemokines in this
phenomenon. On the other hand, it has been shown
previously that the combined injection of these anti-
bodies is necessary to attenuate TNF-a-induced neu-
trophil migration, attributable to the action of different
mediators [25].

Despite the high levels of MIP-1a in macrophage
supernatants, the DSP-, DPP-, and cExt-induced neu-
trophil accumulation seems not to be dependent on
MIP-1a. DSP-challenged MIP-1a-deficient mice exhib-
ited a significant increase in neutrophil migration, sug-
gesting that additional pathways might be activated by
DSP in the absence of this chemokine.

Although we have focused our attention on chemo-
tactic activity for neutrophils, it is important to note
that it is possible that dentin may have additional bio-
logical activities within the root resorption milieu by
regulating macrophage infiltration and function. More-
over, upregulation of cytokine and chemokine produc-
tion has been implicated in the neutrophil accumulation,
and these mediators also participate in the recruitment
of other cell types such as monocytes, lymphocytes [20,
22, 23] and osteoclast precursors [36–38]. It is note-
worthy that IL-1b, TNF-a, and MIP-1a are important
proresorptive factors [36, 38] and their additional supply
by dentin-stimulated cells may attract and increase the
activity of osteoclasts. Consistent with this suggestion,
significant inhibition of root resorption and a decrease
in the number of resorbing cells has been observed after
neutralization with IL-1 and TNF-a in rats [39].

The biological significance of the pro-inflammatory
properties of dentin has not been fully investigated;
however, our results support the notion that neutrophils
will be recruited in situations where dentin release oc-
curs and, as discussed previously, this may aggravate the
dentin resorption. Furthermore, some dentin proteins,
such as osteopontin, are able to attract and activate
osteoclasts [35], which could also contribute to the
maintenance of root resorption. On the other hand, it is
important to note that DSPP and also other dentin
proteins such as osteopontin, bone sialoprotein, and
dentin matrix protein-1 could also downmodulate the
inflammatory process owing to their ability to inhibit
complement-mediated cell lysis [40].

The mechanisms of dentin resorption involving ma-
trix-released molecules display similarity with those of
bone resorption [41]. DSP and DPP are not restricted to
dentin, since they also are expressed in bone, although at
lower concentrations [3]. Thus at periapical resorption
sites, DPP and DSP delivered from bone might exhibit
effects similar to those of DSP and DPP from dentin.
The participation of metalloproteinases and tissue in-

hibitors of metalloproteinases in the mechanisms of root
resorption has been described in the literature [42, 43].
These enzymes are capable of cleaning components of
the extracellular matrix and may regulate the availability
of signaling molecules from dentin. The possible in-
volvement of these enzymes in the release or inactivation
of DSP and DPP needs to be further investigated.

In summary, this work demonstrates that dentin
proteins induce leukocyte chemotaxis via the release of
inflammatory mediators, a finding that has not been
reported previously. It is plausible that the interaction
between dentin and inflammatory cells may function as
an additional source of TNF-a, IL-1b, MIP-1a, MIP-2,
and KC in the root resorption milieu. These activities
might be important in further delineating the possible
involvement of DSP and DPP in inflammatory events
coupled with their release at root resorption sites. Fur-
thermore, this knowledge will contribute to our under-
standing of the cellular events important in dental tissue
injury and repair.

Acknowledgments. This work was supported by grants from
FAPESP (01/01964-6), CAPES, and CNPq. The authors are
indebted to Giuliana Bertozi, Ana Kátia Santos, and Fabı́ola
Mestriner for their technical assistance.

References

1. Butler WT (1987) Dentin specific proteins. Methods Enz-
ymol 145:290–303

2. Butler WT, Bhown M, Brunn JC, D’Souza RN, Farach-
Carson MC, et al. (1992) Isolation, characterization and
immunolocalization of a 53-kDal dentin sialoprotein
(DSP). Matrix 12:343–351

3. Qin C, Brunn JC, Cadena E, Ridall A, Tsujigiwa H, et al.
(2002) The expression of dentin sialophosphoprotein gene
in bone. J Dent Res 81:392–394

4. Butler WT, Brunn JC, Qin C (2003) Dynamics of the
formation of dentin. Connect Tissue Res (in press)

5. Finkelman RD, Mohan S, Jennings JC, Taylor AK, Jep-
sen S, et al. (1991) Quantification of growth factors IGF-I,
SGF/IGFII and TGF-beta in human dentin. J Bone Miner
Res 5:717–723

6. Roberts-Clark DJ, Smith AJ (2000) Angiogenic growth
factors in human dentine matrix. Arch Oral Biol 45:1013–
1016

7. Smith AJ, Lesot H (2001) Induction and regulation of
crown dentinogenesis: embryonic events as a template
for dental tissue repair. Crit Rev Oral Biol Med 12:425–
437

8. Gu K, Smoke RH, Rutherford RB (1996) Expression of
genes for bone morphogenetic proteins and receptors in
human dental pulp. Arch Oral Biol 41:919–923

9. McLachlan JL, Smith AJ, Sloan AJ, Cooper PR (2003)
Gene expression analysis in cells of the dentine-pulp
complex in healthy and carious teeth. Arch Oral Biol
48:273–283

10. Heras Sm-D, Valenzuela A, Overall CM (2000) The matrix
metalloproteinase gelatinase A in human dentine. Arch
Oral Biol 45:757–765

11. Lin SK, Kok SH, Kuo MY, et al. (2002) Sequential ex-
pressions of MMP-1, TIMP-1, IL-6, and COX-2 genes in
induced periapical lesions in rats. Eur J Oral Sci 110:246–
253

540 T. A. Silva et al.: Dentin Proteins Induce Neutrophil Chemotaxis



12. Nesbitt SA, Norton MA (1997) Trafficking of matrix
collagens through bone-resorbing osteoclasts. Science
276:266–269

13. Yamasaki M, Kumazawa M, Kohsaka T, Nakamura H
(1994) Effect of methotrexate-induced neutropenia on rat
periapical lesion. Oral Surg Oral Med Oral Pathol 77:655–
661

14. Takeichi O, Saito I, Tsurumachi T, Moro I, Moro I, et al.
(1996) Expression of inflammatory cytokine genes in vivo
by human alveolar one-derived polymorphonuclear leu-
kocytes isolated from chronically inflamed sites of bone
resorption. Calcif Tissue Int 58:244–248

15. Sasaki T, Shimizu T, Watanabe C, Hiyoshi Y (1990)
Cellular roles in physiological root resorption of decidu-
ous teeth in the cat. J Dent Res 69:67–74

16. Weiss SJ (1989) Tissue destruction by neutrophils. N Engl
J Med 320:365–376

17. Ne RF, Whiterspoon DE, Gutmann JL (1999) Tooth re-
sorption. Quintessence Intl 30:9–25

18. Wahl SM, Costa GL, Mizel DE, Allen JB, Skaleric U,
et al. (1993) Role of transforming growth beta in patho-
physiology of chronic inflammation. J Periodontol 64:450–
455

19. O’Regan A, Berman JS (2000) Osteopontin: a key cyto-
kine in cell-mediated and granulomatous inflammation.
Int J Exp Pathol 81:373–390

20. Baggiolini M (1998) Chemokines and leukocytes traffic.
Nature 392:565–568

21. Kubes P, Suzuki M, Granger DN (1991) Nitric oxide: an
endogenous modulator of leukocyte adhesion. Proc Natl
Acad Sci U S A 88:4651–4655

22. Lee SC, Brummet ME, Shahabuddin S, Woodworth TG,
Georas SN, et al. (2000) Cutaneous injection of human
subjects with macrophage inflammatory protein-1 alpha
induces significant recruitment of neutrophils and mono-
cytes. J Immunol 164:3392–3401

23. Pan ZZ, Parkyn L, Ray A, Ray P (2000) Inducible lung-
specific expression of RANTES: preferential recruitment
of neutrophils. Am J Physiol Lung Cell Mol Physiol
279:658–666

24. Pruimboom WM, van Dijk JA, Tak CJ, Garrelds I, Bonta
IL, et al. (1994) Interactions between cytokines and ei-
cosanoids: a study using human peritoneal macrophages.
Immunol Lett 41:255–260

25. Zhang XW, Wang Y, Liu Q, Thorlacius H (2001) Re-
dundant function of macrophage inflammatory protein-2
and KC in tumor necrosis factor-a-induced extravasa-
tion of neutrophils in vivo. Eur J Pharmacol 427:277–
283

26. Wheeler TT, Stroup SE (1993) Traumatic root resorption
in dentine-immunized mice. Am J Orthod Dentofacial
Orthop 103:352–357

27. Ogata Y, Niisato N, Moriwaki K, Yokota Y, Furuyama
S, et al. (1997) Cementum, root dentin and bone extracts
stimulate chemotactic behavior in cells from periodontal
tissue. Comp Biochem Physiol 116:359–365

28. Lara VS, Figueiredo F, Silva TA, Cunha FQ (2003)
Dentin induced in vivo inflammatory response and in vitro
activation of murine macrophages. J Dent Res 82:460–465

29. Smith AJ, Tobias RS, Plant CG, Browne RM, Lesot H,
et al. (1990) In vivo morphogenetic activity of dentine
matrix proteins. J Biol Buccale 18:123–129

30. Almeida AP, Bayer BM, Horakova Z, Beaven MA (1980)
Influence of indomethacin and other anti-inflammatory
drugs on mobilization and production of neutrophils:
studies with carrageenan-induced inflammation in rats.
J Pharmacol Exp Ther 214:74–79

31. Canetti CA, Silva JS, Ferreira SH, Cunha FQ (2001)
Tumour necrosis factor-alpha and leukotriene B(4) medi-
ate the neutrophil migration in immune inflammation. Br J
Pharmacol 134:1619–1628

32. Green LC, Wagner DA, Glogowski J, Skipper PL, Wish-
nok JS, et al. (1982) Analysis of nitrate, nitrite, and [15N]
nitrate in biological fluids. Anal Biochem 126:131–138

33. Brown CR, Blaho VA, Loiacono CM (2003) Susceptibility
to experimental Lyme arthritis correlates with KC and
monocyte chemoattractant protein-1 production in joints
and requires neutrophil recruitment via CXCR2. J Im-
munol 171:893–901

34. Kantarci A, Oyaizu K, Van Dyke TE (2003) Neutrophil-
mediated tissue injury in periodontal disease pathogenesis:
findings from localized aggressive periodontitis. J Period-
ontol 74:66–75

35. Chellaiah MA, Hruska KA (2003) The integrin al-
pha(v)beta(3) and CD44 regulate the actions of osteo-
pontin on osteoclast motility. Calcif Tissue Int 72:197–205

36. Kukita T, Nomiyama H, Ohmoto Y, Kukita A, Shuto T,
et al. (1997) Macrophage inflammatory protein-1 alpha
(LD78) expressed in human bone marrow: its role in reg-
ulation of hematopoiesis and osteoclast recruitment. Lab
Invest 76:399–406

37. Votta BJ, White JR, Dodds RA, James IE, Connor JR,
et al. (2000) CKbeta-8 [CCL23], a novel CC chemokine, is
chemotactic for human osteoclast precursors and is ex-
pressed in bone tissues. J Cell Physiol 183:196–207

38. Manolagas SC (1995) Role of cytokines in bone resorp-
tion. Bone 17:63–67

39. Zhang D, Goetz W, Braumann B, Bourauel C, Jaeger A
(2003) Effect of soluble receptors to interleukin-1 and tu-
mor necrosis factor alpha on experimentally induced root
resorption in rats. J Periodontal Res 38:324–332

40. Jain A, Karadag A, Fohr B, Fisher LW, Fedarko NS
(2002) Three SIBLINGS (small integrin-binding ligand,
N-linked glycoproteins) enhance factor H’s cofactor ac-
tivity enabling MCP-like cellular evasion of complement-
mediated attack. J Biol Chem 277:13700–13708

41. Denhardt DT, Noda M (1998) Osteopontin expression
and function: role in bone remodeling. J Cell Biochem 30-
31:92–102

42. Domon S, Shimokawa H, Matsumoto Y, Yamaguchi S,
Soma K (1999) In situ hybridization for matrix metal-
loproteinase-1 and calhepsin K in rat root-resorbing
tissue induced by tooth movement. Arch Oral Biol
44:907–915

43. Linsuwanont B, Takagi Y, Ohya K, Shimokawa H (2002)
Expression of matrix metalloproteinase-9 mRNA and
protein during deciduous tooth resorption in bovine
odontoclasts. Bone 31:472–478

T. A. Silva et al.: Dentin Proteins Induce Neutrophil Chemotaxis 541


