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Abstract
Objectives—To investigate the expression of matrix metalloproteinases (MMPs) in apical
periodontitis and during the periapical healing phase following root canal treatment.

Methods—Apical periodontitis was induced in dog teeth and root canal treatment was performed
in a single visit or using an additional calcium hydroxide root canal dressing. One hundred and eighty
days following treatment the presence of inflammation was examined and tissues were stained to
detect bacteria. Bacterial status was correlated to the degree of tissue organization, and to further
investigate molecules involved in this process, tissues were stained for MMP-1, MMP-2, MMP-8,
and MMP-9. Data were analyzed using one-way ANOVA followed by Tukey test or Kruskal-Wallis
followed by Dunn.

Results—Teeth with apical periodontitis that had root canal therapy performed in a single visit
presented an intense inflammatory cell infiltrate. Periapical tissue was extremely disorganized, and
this was correlated with the presence of bacteria. Higher MMP expression was evident, similar to
teeth with untreated apical periodontitis. In contrast, teeth with apical periodontitis submitted to root
canal treatment using calcium hydroxide presented a lower inflammatory cell infiltrate. This group
had a moderately organized connective tissue, a lower prevalence of bacteria, and a lower number
of MMP-positive cells, similar to healthy teeth submitted to treatment.

Conclusion—Teeth treated with calcium hydroxide root canal dressing exhibited a lower
percentage of bacterial contamination, a lower MMP expression, and a more organized ECM, unlike
those treated in a single visit. This suggests that calcium hydroxide may be beneficial in tissue repair
processes.
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INTRODUCTION
Periapical disease represents a local immune response to the progression of microorganisms
from the dental pulp to the apical foramen that results in bone resorption (1–4). The periapical
reaction consists of a mixed inflammatory cell infiltrate, including large numbers of T cells, B
cells, neutrophils, macrophages and plasma cells (5–7).

The importance of bacteria in periradicular lesion development has been demonstrated
following mechanical pulp exposure in germ-free rats compared with conventional bacteria-
harboring rats. Germ-free animals do not develop periradicular lesions and they show evidence
of repair at pulpal exposure sites. However, in conventional rats, necrosis of pulpal tissue and
development of periradicular lesions occurs 15 days after exposure of dental pulp to the oral
environment. Bacterial components evoke an intense inflammatory response (8) and mediate
activation of destructive enzymes (9), which leads to severe tissue destruction.

Matrix metalloproteinases (MMPs) are an important family of metal-dependent
endopeptidases that represent the major class of enzymes responsible for degradation of
extracellular matrix (ECM) components. MMPs are classified into five main classes
(collagenases, gelatinases, stromelysins, membrane-type and others) on the basis of their
putative substrate specificity and internal homologies (10–12).

Several pieces of evidence support the fundamental role of MMPs during the development,
remodeling and destruction of oral tissues (13–15). MMPs are the major players in collagen
breakdown during periodontal tissue destruction (12,16–19). High levels of MMPs in
periodontal tissues promote an imbalance between production and degradation of collagen,
causing tooth attachment loss (20,21).

Interstitial collagenase (MMP-1) has been implicated as a key enzyme in the initiation of the
bone resorptive phase of periapical lesions (10,12,22,23). In addition, MMP-2, MMP-3,
MMP-8, MMP-9, and MMP-13 have been described in periapical lesions from humans (24–
28). Higher MMP-8 levels measured in the fluid inside the root canals of necrotic teeth were
markedly reduced following root canal therapy with a calcium hydroxide paste (26) suggesting
that MMP analysis from periapical exudate could be used to monitor inflammatory activity,
and potentially the success of treatment in teeth with apical periodontitis. Since no evaluation
of the involvement of other MMPs during and after root canal treatment has been performed,
we sought to investigate the expression of this group of proteases in periapical disease and
during the periapical healing phase following root canal treatment in teeth with apical
periodontitis.

MATERIAL & METHODS
All animal procedures performed in this study conformed to protocols reviewed and approved
by the Animal Care Committee of the University of São Paulo (Protocol #2007.1.191.53.0).
The third and fourth mandibular premolars of 15 mongrel dogs (12 months-of-age, weighing
10 to 15 kg) were selected for various treatment protocols for a total of 60 treated teeth. Three
animals were randomly assigned to each experimental group. All endodontic procedures were
performed aseptically with sterile instruments under a rubber dam which was surface-
disinfected with 2% chlorhexidine.

Table 1 delineates the treatment protocols tested. In general, Group 1 had root canal treatment
performed on healthy teeth (HT-RCT). Group 2 had root canal treatment performed in a single
visit on teeth with apical periodontitis (SV-RCT). Group 3 had root canal treatment plus
application of a calcium hydroxide dressing (Calen; SS White Artigos Dentários Ltda, Rio de
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Janeiro, Brazil) for 15 days on teeth with apical periodontitis (CH-RCT). Group 4 had no root
canal treatment but teeth had apical periodontitis (AP). Group 5 had healthy teeth without any
treatment, which were used as controls (HT).

For the root canal treatment and apical periodontitis groups (HT-RCT, SV-RCT, CH-RCT,
AP), after coronal pulp exposure, the pulp tissue was extirpated and the apical cementum layer
was perforated with the sequential use of size #15 to #30 K-files, thus creating standardized
apical openings as previously described (29,30). Following this, all roots in HT-RCT were
instrumented to ISO K-file size 60 and root canal filling was performed with gutta-percha cones
and AH Plus Jet Mix (Dentsply De Trey, Konstanz, Germany) using a lateral condensation
technique. In SV-RCT, CH-RCT and AP, the root canals were left exposed to the oral cavity
for 7 days to allow microbial contamination, and then access openings were sealed with a quick-
setting zinc oxide-eugenol cement (IRM; Dentsply Indústria e Comércio Ltda, Petrópolis,
Brazil). After 45 days, development of apical periodontitis was radiographically confirmed.
Then, in groups SV-RCT and CH-RCT, root canal instrumentation and root canal filling were
performed as described above for the HT-RCT group, except the CH-RCT group received a
calcium hydroxide dressing. The crown openings were permanently restored with silver
amalgam (Velvalloy; SS White Artigos Dentários Ltda), which was condensed on a glass
ionomer cement base (Vitremer; 3M/ESPE, Saint Paul, MN).

The animals were euthanized by anesthetic overdose 180 days following root canal treatment.
The mandibles were removed, and the anatomic segments containing the teeth were sectioned
using water-cooled diamond disks.

Histological processing and analysis
Tissue blocks containing the roots were fixed in 10% buffered-formalin and demineralized in
a 20% ethylenediaminetetraacetic acid (EDTA) solution in a microwave oven. Five-
micrometer-thick sections were obtained and stained by Hematoxilin and Eosin, Mallory
Trichrome and according to the Brown & Brenn technique. Serial sections were analyzed under
conventional light microscopy for morphological evaluation of the apical third of each dental
root.

The intensity of the periapical inflammatory response was determined by counting the number
of inflammatory cells in the periapical region. The number of inflammatory cells was counted
in three representative microscopic fields-of-view around the root apex in three orientations,
including the longitudinal axis, through the center of the apical opening, and at 45 degrees to
this long axis on each side (100 × magnification). Data distribution was normal and were
analyzed using one-way ANOVA followed by Tukey test (α = 0.05).

The presence or absence of periodontal ligament fibers attached to the apical third was recorded
and the degree of collagen fiber breakdown and disorganization was classified as (1) absent,
(2) mild, (3) moderate, or (4) severe to indicate the level of apical periodontal ligament
destruction. These scores were based on a previous broad survey of the slides without
knowledge of group designation. The presence of microorganisms was evaluated by optical
microscopy under oil immersion (100 × magnification). The 2-mm apical region of the root
canal system was evaluated and tissues were classified according to the percentage of
specimens with bacterial contamination in following areas: (1) absence of bacteria, (2) presence
of bacteria in the main root canal, (3) presence of bacteria inside the dentinal tubules, (4)
presence of bacteria in areas of cementum resorption, (5) presence of bacteria in the apical
periodontitis area. Microscopic analyses were performed by an examiner in a blinded manner
on at least 15 sections per dental root. The prevalence of microorganisms at different sites on
the roots and apical periodontitis were analyzed statistically using the Fisher Exact Test (α =
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0.05). The groups were compared for extracellular matrix disorganization and distribution of
bacteria by means of Kruskal-Wallis followed by Dunn non-parametric tests (α = 0.05).

Immunohistochemistry
Tissue sections were quenched in 1.5 % H2O2 in methanol for 30 min, and antigen retrieval
performed by boiling sections in 10 mM sodium citrate (pH 6.0) at 93°C for 15 min.
Nonspecific binding was blocked by treating sections with 1% bovine serum albumin (Sigma)
for 60 min, then sections were incubated for 1 hr with primary antibodies for MMP-1 (5 µg /
ml; IM35; Calbiochem, San Diego, CA), MMP-2 (5 µg / ml; MAB3308, Chemicon, Temecula,
CA), MMP-8 (5 µg / ml; MAB3316, Chemicon, Temecula, CA), and MMP-9 (5 µg / ml;
MAB3309, Chemicon), specific MMPs known to be associated with apical periodontitis. Next,
sections were incubated with secondary antibody followed by Streptavidin HRP and 3,3’-
Diaminobenzidine as the enzyme substrate (DAB500 Chromogen System, Biocare Medical).
Tissues were counterstained with Mayer’s Hematoxylin and mounted using standard protocols.
Negative controls consisted of replacing the primary antibody with mouse IgG. The number
of positive cells was calculated for each antibody in three representative fields-of-view (100
× magnification) in the periapical region. Normal data were analyzed using one-way ANOVA
followed by Tukey test (α = 0.05).

RESULTS
Periapical inflammatory response is abrogated in teeth subjected to calcium hydroxide-
enhanced root canal therapy

The most prevalent cells found in teeth with apical periodontitis (AP) were mononuclear
inflammatory cells followed by fibroblastic and polymorphonuclear cells (PMNs) (Table 1).
Teeth submitted to root canal treatment using calcium hydroxide as a dressing presented a
diminished percentage of mononuclear and PMN cells, whereas teeth filled in a single visit
with gutta percha did not (p < 0.05). Also, in calcium hydroxide-treated teeth, the percentage
of fibroblastic cells was higher than that in teeth where root canal filling was performed in a
single visit or in teeth with apical periodontitis without treatment (p < 0.05). Vital teeth
submitted to root canal treatment presented a higher percentage of fibroblastic cells compared
to the inflammatory cell component. Healthy teeth, almost exclusively, exhibited fibroblasts
in the apical periodontal ligament with occasional mononuclear inflammatory cells.

Inflammatory activity, assessed as a ratio of inflammatory cellular components (PMNs plus
mononuclear inflammatory cells) to fibroblast-like cell count, was highest in teeth with apical
periodontitis without treatment and in teeth with apical periodontitis submitted to root canal
filling in a single visit. In contrast, inflammatory activity was lower in teeth with apical
periodontitis submitted to root canal treatment using calcium hydroxide as a root canal dressing,
vital teeth submitted to root canal treatment, and healthy teeth (p < 0.05) (Table 1).

Calcium hydroxide therapy minimizes bacterial presence following root canal therapy
Teeth with apical periodontitis that did not receive root canal treatment exhibited the highest
frequency of bacterially-infected roots (100%). Of all teeth with apical periodontitis, those
which were filled with a calcium hydroxide paste as a root canal dressing exhibited a lower
percentage of roots infected with bacteria compared to teeth subjected to root canal treatment
in a single visit (42.8% versus 83.3%, respectively; p < 0.05), but higher than that observed in
teeth submitted to root canal treatment that did not exhibit apical periodontitis (42.8% versus
18.75%, respectively; p < 0.05). However, teeth with apical periodontitis in which root canal
treatment was performed in a single visit exhibited similar bacterial contamination to teeth
with apical periodontitis not submitted to root canal therapy (p > 0.05). Bacteria were
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distributed in the main root canal, dentinal tubules and areas of cementum resorption (Figure
1 and Figure 2A).

Extracellular matrix destruction is mitigated under calcium hydroxide treatment
Teeth with apical periodontitis exhibited severe disorganization of the periodontal ligament
connective tissue in the apical third of the tooth, and no insertion of Sharpey’s fibers into the
root cementum. Teeth submitted to root canal treatment with a calcium hydroxide root canal
dressing exhibited mild to moderate tissue disorganization, unlike those filled with gutta percha
in a single visit, which exhibited a moderate to severe disorganization (p < 0.05). Likewise,
higher frequency of dental roots with Sharpey’s fibers inserted into the cementum was observed
in calcium hydroxide-treated teeth compared to those treated in a single visit (p < 0.05). Tissue
disorganization and insertion of fibers in the apical third of teeth treated with calcium hydroxide
were similar to teeth without apical periodontitis submitted to root canal treatment (p > 0.05).
Tissue destruction in teeth with apical periodontitis submitted to root canal treatment in a single
visit was similar to that observed in teeth with apical periodontitis without treatment (p > 0.05).
The presence of bacteria was associated with the severity of tissue disorganization (p < 0.05).

Matrix metalloproteinase expression is lower under calcium hydroxide treatment
Since tissue disorganization in apical periodontitis was associated with the presence of bacteria,
we hypothesized that bacterial contamination was mediating the concurrent ECM breakdown
by the induction of MMPs in these tissues.

Higher percentages of MMP-1, MMP-2, MMP-8, and MMP-9 positively stained cells were
observed in teeth with lesions that did not receive treatment. Root canal treatment using calcium
hydroxide as the intracanal dressing led to a lower number of MMP positive cells compared
to that in the single visit treatment group (p < 0.05). Root canal treatment in teeth without apical
periodontitis did not induce MMP expression similar to that observed in healthy teeth (p >
0.05), except that MMP-9 was detected at low levels in healthy teeth.

MMP-1, MMP-2, MMP-8, and MMP-9 were preferentially expressed in mononuclear and
fibroblastic cells with low expression noted in PMNs. More than 50% of fibroblasts expressed
MMP-1, MMP-2, and MMP-8 in healthy teeth, which was higher than that observed in all
treatment groups. In teeth with apical periodontitis submitted to root canal treatment in a single
visit or teeth with apical periodontitis that did not receive treatment, mononuclear cells were
predominantly responsible for MMP expression. In teeth submitted to root canal treatment
using calcium hydroxide as the root canal dressing, MMP-2, MMP-8 and MMP-9 expression
was similar in fibroblasts and mononuclear cells, and lower than that observed in teeth
submitted to root canal treatment in a single visit (p < 0.05).

DISCUSSION
Apical periodontitis pathogenesis involves degradation of several ECM components due to
bacterial infection within the root canal system. Collagen degradation is an important
characteristic of apical periodontitis, and MMPs are likely candidates in this process. We
demonstrated that the persistence of microorganisms following root canal therapy was
associated with the presence of severe tissue disorganization and increased levels of MMPs in
the periapical area.

Successful root canal treatment, indicated by absent or mild connective tissue disorganization
in the periapical area, was achieved in teeth with apical periodontitis submitted to root canal
treatment using calcium hydroxide as the root canal dressing. Lower percentages of roots
contaminated with bacteria were found in this group, similar to that found in vital teeth
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submitted to root canal treatment. The use of calcium hydroxide dressing as an intracanal
medication is widely accepted because it exhibits antimicrobial activity, neutralizes bacterial
toxins, is biocompatible with the periapical tissues, inhibits inflammatory root and bone
resorption and stimulates mineralization (31–33). Hydroxyl ions act directly and irreversibly
on essential molecules important for bacterial metabolism and reproduction, such as structural
proteins and enzymes, nucleic acids, phospholipids and unsaturated fatty acids. Additionally,
physical filling of the root canal inhibits the influx of nutrients and microbial recolonization
(34).

The persistence of bacteria and connective tissue degradation following root canal treatment
indicated reduced periapical healing in teeth with apical periodontitis submitted to root canal
therapy in a single visit. Persistent microbial contamination has been associated with
maintenance of a chronic inflammatory infiltrate in the periapical area (35). The higher
inflammatory activity index in the periapical area indicated delayed repair in an MMP
positively-stained area for this group. Although MMP expression had been immunolocalized
in human apical periodontitis previously (24–27,36–38), this is the first study to compare MMP
expression in teeth with apical periodontitis submitted to different clinical protocols of root
canal therapy.

MMPs play an important role in dental pulp tissue destruction (25,26) and it has been proposed
that MMP-1, MMP-8, MMP-9, and MMP-13 together are involved in jaw cyst expansion
(27,36–38). In teeth submitted to root canal treatment using calcium hydroxide as the root canal
dressing, a lower inflammatory index was observed, accompanied by an increased percentage
of fibroblasts. In addition, MMP-2, MMP-8, and MMP-9 expression levels were lower than in
teeth with apical periodontitis without treatment or in teeth submitted to root canal treatment
in a single visit. Together, these findings indicate a reduced MMP synthesis in a calcium-rich
environment. Although calcium hydroxide inhibition of MMP activity has not been addressed
in vivo, in vitro, when an osteoblastic cell line (MG63) was stimulated with Ca(OH)2-pretreated
Prevotella nigrescens LPS, MMP-1 gene expression was down-regulated. Tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1) expression was slightly up-regulated in the same
condition (39). Thus, calcium hydroxide may act to inhibit MMP activity in vivo.

MMP-2 and MMP-8 expression levels were reduced upon calcium hydroxide treatment
compared to the single visit treatment, yet in the HT or HT-RCT groups more than 50% of the
cells (primarily fibroblasts) expressed those MMPs, indicating that these enzymes might play
a role in periodontal ligament physiology. MMP-2 is expressed by PDL cells in physiological
conditions (17) and MMP-8, long thought to be exclusively expressed by PMNs, can be
expressed by a wide variety of cell types, including fibroblastic cells (40). Also, it has been
reported that a resin-based sealer AH26 or a zinc oxide–eugenol–based sealer induce MMP
expression in human osteoblastic cells (41), which could have influenced the MMP expression
observed in groups HT-RCT, SV-RCT and CH-RCT. Although, whether AH Plus Jet Mix
regulates MMP expression is not known.

The high levels of inflammation observed in this study following root canal treatment can be
due to short term follow up (42). Previous studies have demonstrated that in dogs it is necessary
to evaluate results 270–360 days following treatment to detect the absence of apical
periodontitis (31,43). In this study, we observed a reduction in the size and volume of the apical
periodontitis lesion using calcium hydroxide as the root canal dressing compared to teeth filled
in a single visit, although complete resolution of inflammatory response could not be achieved
(29,30).

Histological experimental studies have continuously demonstrated that the apical and
periapical healing process is more advanced in teeth with apical periodontitis submitted to root
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canal treatment using calcium hydroxide as the root canal dressing compared to single visit
treatment (31,33,42,44–46). On the other hand, clinical trials have failed to demonstrate this
difference (47–51), probably due to the small number of patients in those studies as well as the
limited clinical and radiographic methods used to detect apical periodontitis (30,52).

We demonstrated that bacterial persistence following root canal treatment was associated with
collagen fiber disorganization and expression of higher levels of MMPs in teeth submitted to
root canal treatment in a single visit. In contrast, teeth submitted to root canal treatment using
calcium hydroxide as a root canal dressing exhibited a lower percentage of bacterial
contamination, a lower MMP expression, and a more organized ECM, suggesting a beneficial
role for calcium hydroxide in tissue repair processes.
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Figure 1.
Collagen fibers stained with Mallory Trichrome to evaluate extracellular matrix organization
in apical periodontitis and in teeth submitted to root canal treatment using different clinical
protocols. Brown & Brenn Staining Technique indicates the presence or absence of bacteria.
HT-RCT- healthy teeth submitted to root canal treatment (A–D), SV-RCT- teeth with apical
periodontitis submitted to root canal treatment in a single visit (E–H), CH-RCT- teeth with
apical periodontitis submitted to root canal treatment using calcium hydroxide as root canal
dressing (I–L), AP- teeth with apical periodontitis not submitted to root canal treatment (M–
P), HT- healthy teeth (Q–T). Bar = 500 µm (A, E, I, M, Q), 100 µm (B, C, D, F, G, H, J, K, L,
N, O, P, R, S, T).
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Figure 2.
(A) Distribution of bacteria throughout the root canal system and (B) periapical tissue
disorganization in teeth submitted of not to root canal treatment. HT-RCT- healthy teeth
submitted to root canal treatment, SV-RCT- teeth with apical periodontitis submitted to root
canal treatment in a single visit, CH-RCT- teeth with apical periodontitis submitted to root
canal treatment using calcium hydroxide as root canal dressing, AP- teeth with apical
periodontitis not submitted to root canal treatment, HT- healthy teeth.
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Figure 3.
Immunostaining for MMP-1, MMP-2, MMP-8, and MMP-9 was performed to evaluate the
profile of MMPs in teeth with apical periodontitis submitted to different root canal treatment
protocols. HT-RCT- healthy teeth submitted to root canal treatment (A–E), SV-RCT- teeth
with apical periodontitis submitted to root canal treatment in a single visit (F–J), CH-RCT-
teeth with apical periodontitis submitted to root canal treatment using calcium hydroxide as
root canal dressing (K–O), AP- teeth with apical periodontitis not submitted to root canal
treatment (P–T), HT- healthy teeth (U–Y). Bar = 15 µm; (c) cementum.
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Figure 4.
MMPs are differentially expressed by several cellular components in apical periodontitis
lesions. Quantification of cell staining was performed by grouping cells into
polymorphonuclear leukocytes (PMN), mononuclear or fibroblast-like cells. The percentage
of cells expressing MMP-1, MMP-2, MMP-8, and MMP-9 was calculated in relation to the
total amount of cells per field-of-view in three representative areas. HT-RCT- healthy teeth
submitted to root canal treatment, SV-RCT- teeth with apical periodontitis submitted to root
canal treatment in a single visit, CH-RCT- teeth with apical periodontitis submitted to root
canal treatment using calcium hydroxide as root canal dressing, AP- teeth with apical
periodontitis not submitted to root canal treatment, HT- healthy teeth. &, #, * p < 0.05;
*compared to all groups, # compared to CH-RCT, & compared to HT-RCT or HT.
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