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Background and Objective: Matrix metalloproteinase-8 (MMP-8) is a central

mediator in chronic periodontitis. Recently developed MMP-8-deficient mice show

an impaired polymorphonuclear neutrophil response and more severe alveolar

bone loss in Porphyromonas gingivalis-induced experimental periodontitis. The

main mediators involved in neutrophil and monocyte/macrophage recruitment

and in bone loss include lipopolysaccharide-induced CXC chemokine (LIX/

CXCL5), stromal-derived factor-1/CXC chemokine ligand 12 (SDF1/CXCL12)

and RANKL. Therefore, the aim of this study was to characterize the

expression of LIX/CXCL5, SDF1/CXCL12 and RANKL in Porphyromonas

gingivalis-induced experimental periodontitis in MMP-8)/) (knockout) and

wild-type mice.

Material and methods: MMP-8 null and WT P. gingivalis-infected and uninfected

mice were included. Histopathological changes were assessed and LIX/CXCL5,

SDF1/CXCL12 and RANKL were immunodetected and quantified.

Results: Typical histopathological features of chronic periodontitis were seen in

P. gingivalis-infected groups. LIX/CXCL5 expression was restricted to the gingi-

val papilla in all four groups. Significantly lower expression of LIX/CXCL5 was

seen in the knockout group compared with the wild-type infected group

(p < 0.05). SDF1/CXCL12 and RANKL expression was mainly localized to the

alveolar crest, including inflammatory leukocytes, vascular endothelium, osteo-

blasts and osteoclasts. Significant increases of SDF1/CXCL12 and RANKL were
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Periodontitis develops from a hetero-

geneous etiologic interaction between

bacterial infection and the host response

(1). Periodontal disease is initiated by a

complex bacterial biofilm localized in

the subgingival environment, where

Porphyromonas gingivalis is regarded as

one of the major causative pathogens

(2). Infection triggers a host immune–

inflammatory response, resulting in

periodontal tissue destruction (1).

Release of inflammatory mediators,

such as chemokines, cytokines and

matrix metalloproteinases (MMPs),

may induce further vascular and cellular

changes, such as the formation of an

inflammatory infiltrate, destruction of

alveolar bone and apical migration of

the junctional epithelium (1,3).

MMP-8 is the major collagenolytic

MMP, and elevated levels of this

enzyme have been associated with

severe periodontal inflammation and

disease (1,4–8). MMP-8 degrades the

main extracellular matrix components

from the periodontium, and also regu-

lates the immune response through the

bioavailability and biological activity of

cytokines by the proteolytic processing

of nonmatrix bioactive molecules

(9–11). Furthermore, recent reports

have demonstrated changes in cytokine

protein levels that are associated with

the activity and levels ofMMPs (12,13).

To date, the biological functions of

MMP-8 are uncertain (13), although

an impaired inflammatory response

was found in MMP-8-deficient mice

models, characterized by reduced neu-

trophil infiltration and reduced levels

of the cytokine transforming growth

factor-b1 (TGF-b1) (10,13–15). The

recent development of a P. gingivalis-

induced model of periodontitis showed

severe disease with unexpectedly

extensive alveolar bone resorption in

MMP-8-deficient mice. Altogether

these data support a role for MMP-8

in inflammatory response and bone

resorption through cytokine regulation

(16).

Neutrophils play a pivotal role as a

first line of defense against pathogens

in periodontal homeostasis, whilst

alterations in neutrophil function are

associated with severe periodontal

disease (17). Neutrophil recruitment

follows the gradient of specific chemo-

kines secreted in response to micro-

bial products or proinflammatory

cytokines. Mouse lipopolysaccharide-

induced CXC chemokine (LIX/

CXCL5) is the most abundant and

potent chemoattractant for neutrophils

in vitro and in vivo, representing the sole

murine homolog of two closely related

human chemokines, CXCL5 and CXC

chemokine ligand 6 (CXCL6) (17–19).

MMP-8-deficient mice have shown

decreased levels of polymorphonuclear

neutrophil (PMN) infiltration resulting

from reduced LIX/CXCL5 mobiliza-

tion from the extracellular matrix (10).

Inflammation and bone resorption

during periodontitis have been widely

associated with high RANKL levels

and, recently, high stromal-derived

factor-1/CXC chemokine ligand 12

(SDF-1/CXCL12) levels (20–22). SDF-

1/CXCL12 induces monocyte/macro-

phage recruitment via activation of the

CXC chemokine 4 receptor (CXCR4)

and, together with RANKL, SDF-1/

CXCL12 promotes early and late stages

of osteoclastogenesis (21,23).

Based on the previous findings, we

hypothesize that increased disease

severity and alveolar bone loss in the

P. gingivalis-induced model of peri-

odontitis results from reduced levels

and/or bioavailability of the key

inflammatory mediators LIX/CXCL5,

SDF1/CXCL12 and RANKL. In the

current study, we aimed to characterize

the expression patterns and levels of

these inflammatory chemokines and

cytokines in Porphyromonas gingivalis-

induced experimental periodontitis in

MMP-8-deficient and wild-type (WT)

control mice.

Material and methods

Animals

Animals and tissue specimens included

and analyzed in the current study cor-

respond to those reported previously

by Kuula et al. (16). Briefly, experi-

mental groups comprised 14-wk-old

male mice bred and maintained in the

experimental animal facilities of the

University of Oulu, Oulu, Finland.

MMP-8)/) [knockout (KO)] mice of a

mixed C57BL/6J/129 background (15)

and WT littermates, resulting from

intercrossing of heterozygous mice,

were included as controls (14,15,24).

The MMP-8 KO mice were kindly

provided by Carlos López-Otı́n

(Department of Biochemistry and

Molecular Biology, University Institute

of Oncology, Universidad de Oviedo,

Oviedo, Spain). All mice were main-

tained in a barrier facility (24), and

the experiments were conducted in

accordance with the guidelines of the

Animal Experimentation Committee

of University of Oulu, Oulu Finland.

Induction of experimental
periodontitis

The experimental groups were assigned

as follows: WT-infected (experimental,

n = 10); WT uninfected (control,

n = 8); MMP-8 KO infected (experi-

mental, n = 12); and MMP-8 KO

uninfected (control, n = 10) (total

n = 40). Statistical power analysis,

based on apilot study,was performed to

determine an appropriate sample size.

Experimental periodontitis induc-

tion is described in Kuula et al. (16).

seen in both knockout and wild-type P. gingivalis-infected groups compared with

uninfected groups (p < 0.05).

Conclusion: RANKL and SDF1/CXCL12 are up-regulated in P. gingivalis-in-

duced periodontitis and they appear to be associated with the pathogenesis of the

disease. MMP-8 is associated with a reduced expression of LIX/CXCL5 in the

P. gingivalis-induced experimental periodontitis model.
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Briefly, the mice received 20 mg of

kanamycin and 20 mg of ampicillin in

1 mL of sterile water, twice daily for

3 d, to eliminate the native flora from

the oral cavity. The antibiotics were

allowed to clear from the system for

4 d and then the mice were inocu-

lated orally with P. gingivalis (strain

ATCC33277; American Type Culture

Collection, Manassas, VA, USA). The

bacteria used for oral inoculation were

prepared as follows: After expansion

culture, the bacteria were suspended in

sterile carboxymethyl cellulose (3%) at

a concentration of � 2 · 109 CFU/mL

(25,26). Then, 0.1–0.2 mL of the carb-

oxymethyl cellulose suspension, con-

taining viable P. gingivalis, was

swabbed intra-orally, twice a day, for

3 d. The control mice receiving saline

served as negative controls. Thirty days

after the last inoculation the mice were

killed by cervical dislocation. The

skulls were dissected, hemisected, fixed

in 10% formalin, decalcified in 12.5%

EDTA, embedded in paraffin and

processed for routine histopathology

(using hematoxylin and eosin staining)

and immunohistochemical analyses.

Immunohistochemistry

Paraffin-embedded specimens were cut,

deparaffinized, pretreated with 0.4%

pepsin, and the endogenous peroxidase

activity was quenched by incubation in

H2O2/methanol. Samples were blocked

with normal serum containing 2%

bovine serum albumin and incubated

overnight with rabbit anti-LIX/CXCL5

(Peprotech, EC, London, UK), mouse

anti-SDF-1/CXCL12 (R&D Systems,

Minneapolis, MN, USA) or goat anti-

RANKL (R&D Systems) immuno-

globulins (IgG). The immunostainings

were performed with the Vectastatin

Elite ABC kit, using the respective

biotinylated secondary antibodies

(Vector Laboratories, Burlingame, CA,

USA) and 3-amino-9-ethylcarbazole as

a chromogen, counterstained with

Mayer�s hematoxylin (Merck KGaA,

Darmstadt, Germany) and mounted in

Dako Glycergel (Dako Corp., Carpin-

teria, CA, USA). Randomly selected

images were acquired using anOlympus

BX61 microscope fitted with an

Olympus DP50 camera and UPlanFl

40·/0.75 NA and 20·/0.50 NA objec-

tives. The number of immunoreactive

cells and total stromal and inflamma-

tory cells, and the size of the areas con-

taining positively staining gingival

epithelial cells and all gingival epithelial

cells were analyzed using a macro writ-

ten for the public domain IMAGEJ soft-

ware. Image preprocessing included

median and watershed filtering for total

cells and maximum entropy threshold-

ing for immunoreactive cells ( http://

rsbweb.nih.gov/ij). Histopathological

analysis was performed blindly by a

single evaluator. The results were ex-

pressed as the mean ratio of positive/

total cells, or the area of immunoreac-

tive gingival epithelium at measurable

periodontal sites.

Statistical analysis

Statistical significances were calculated

using the one-way analysis of variance

with Bonferroni�s post hoc test for

intergroup analyses with parametric

data distribution; the Mann–Whitney

test for two-group comparisons with a

nonparametric distribution and the

chi-square test for dichotomic data

analyses. Spearman�s correlation was

used to identify associations among

chemokine and cytokine levels. A

p–value of < 0.05 was considered to

be statistically significant. Statistical

analyses were performed using STATA

V10 software (StataCorp, College

Station, TX, USA).

Results

Typical histopathological changes

associated with chronic periodontitis

were observed in hematoxylin and

eosin-stained sections of periodontal

tissues from both WT and MMP-8 KO

P. gingivalis-infected groups, but not

in noninfected mice. Histopathology

analyses showed extensive epithelial

proliferation and apical migration,

reduced alveolar crest bone height and

infiltration of inflammatory cells

(Fig. 1A). Expression of the chemo-

kines LIX/CXCL5 and SDF1/CXCL12,

and of the cytokine RANKL, was

quantified in all periodontal sites and

expressed as the ratio of immunoreac-

tive/total cells, or the area of immu-

noreactive gingival epithelium/total

epithelium at the periodontal sites.

Expression of LIX/CXCL5 in peri-

odontal tissues was detected in all four

study groups: P. gingivalis-infected

WT; P. gingivalis-infected MMP-8

KO; uninfected WT; and uninfected

MMP-8 KO (Table 1, Fig. 1B). The

expression of LIX/CXCL5 was

restricted to gingival papilla, and it was

extensively immunolocalized to the

gingival epithelium and subepithelial

inflammatory cells in P. gingivalis-in-

fected groups (Fig. 2A). Quantification

of LIX/CXCL5 expression in the gin-

gival papilla resulted in significantly

higher levels of LIX/CXCL5 in the

P. gingivalis-infected WT group, com-

pared with both infected and unin-

fected MMP-8 KO groups (Fig. 2B).

SDF1/CXCL12 and RANKL

expression patterns (Fig. 1B) were

more diffuse and both were mainly

expressed in both P. gingivalis-infected

groups, in bone marrow stromal cells

(Figs 3A and 4A), periodontal tissues

(Figs 3B and 4B) and also in dental

pulp cells (Fig. 1B), and their patterns

of tissue distribution were similar

between KO-infected group and WT-

infected group. The levels of SDF1/

CXCL12 and RANKL in periodontal

tissues from uninfected mice were

undetectable in most of the cases

(Figs 3B and 4B).

In infected mice, SDF1/CXCL12

was expressed weakly in the gingival

epithelium and strongly in the peri-

odontal ligament and inflammatory

leukocytes close to areas of alveolar

bone resorption, and expressed vari-

ably in osteoblasts (Fig. 3A). The

strongest expression of SDF1/CXCL12

in periodontal tissues was localized to

vascular channels surrounding the

alveolar crest (Fig. 3B). RANKL was

weakly expressed in the gingival epi-

thelium and strongly expressed in

osteoclasts and epithelial rests of

Malassez (Fig. 4A); however, RANKL

was expressed most strongly in the

periodontal ligament and inflamma-

tory cells surrounding the alveolar

crest (Fig. 4B).

As shown in Table 1, the detection

frequencies of SDF1/CXCL12 and

RANKL were higher in P. gingivalis-

infected mice than in uninfected mice

60 Hernández et al.



(p < 0.001). No significant differences

were found in the expression levels of

SDF1/CXCL12 and RANKL between

infected WT and MMP-8 KO groups

(Figs 3C and 4C, respectively). More-

over, a significant, positive correlation

was found between SDF1/CXCL12

and RANKL (r = 0.40, p = 0.01).

Analysis of LIX/CXCL5, SDF1/

CXCL12 and RANKL by localization

among different maxillary and man-

dibular sites did not show differences in

their distribution among sites in the

study groups (p > 0.05).

Discussion

Periodontal diseases are characterized

by elicitation of chronic inflammatory

process by pathogenic bacteria from

subgingival plaque, resulting in char-

acteristic soft-tissue destruction and

alveolar bone resorption. A wide vari-

ety of cytokines, chemokines and their

receptors are synthesized by resident

and inflammatory cells, either potenti-

ating or regulating the immune response

in periodontal tissues (27). MMP-8 is

not only the major collagenolytic

MMP associated with severity of peri-

odontal disease (1,5,9,28–31), but is

also a central mediator in chronic

infection-induced inflammatory condi-

tions and can exert immune-regulatory

properties, in addition to the classical

surrogate tissue-destructive properties

(16).

We investigated the role of MMP-8

on chemokine and cytokine expression

in P. gingivalis-induced periodontitis in

a mouse model deficient in MMP-8.

Our current results indicate a potential

inflammatory role of MMP-8 during

periodontitis through the regulation of

LIX/CXCL5. Additionally, P. gingi-

valis infection resulted in increased

expression of RANKL and SDF1/

CXCL12, irrespective of the MMP-8

genotype, suggesting important roles in

disease initiation and/or progression.

Expression of the chemokine LIX/

CXCL5 was detected in periodontal

tissues from all study groups (P. gin-

givalis-infected and uninfected MMP-8

KO and WT mice) and showed a par-

ticularly restricted pattern, being

localized to the epithelium of gingival

papilla and some subepithelial inflam-

matory leukocytes. The expression of

LIX/CXCL5 in the gingival epithelium

could be involved in regulating neu-

trophil influx to periodontal tissues at

the oral interface where they represent

the first line of defense against peri-

odontal pathogens (16). Consequently,

the epithelial cells may represent

important regulators of inflammation

in both healthy and diseased gingival

tissue. Recently, differential expression

of the LIX/CXCL5 human homolog

A

1 2

B

Fig. 1. Histological changes and cytokine expression patterns in Porphyromonas gingivalis-

infected and control groups. (A). Histopathological changes associated with P. gingivalis

infection in hematoxylin and eosin stain sections. 1. Uninfected wild-type (WT) mice. 2.

P. gingivalis-infected WT mice. (B). Cytokine expression patterns in periodontal tissues.

WT + Pg, WT mice infected with P. gingivalis; Knock out (KO) + Pg, KO mice infected

with P. gingivalis; WT + Pg, WT uninfected mice; KO + Pg, KO uninfected mice. Panels

1–4, lipopolysaccharide-induced CXC chemokine (LIX/CXCL5); panels 5–8, stromal-de-

rived factor-1/CXC chemokine ligand 12 (SDF1/CXCL12); panels 9–12, RANKL. Arrow-

heads indicate the gingival papilla showing LIX/CXCL5 expression. AC, alveolar crest; DP,

dental pulp; PDL, periodontal ligament.

Table 1. Frequency of detection of lipopolysaccharide-induced CXC chemokine (LIX/

CXCL5), stromal-derived factor-1/CXC chemokine ligand 12 (SDF1/CXCL12) and

RANKL in matrix metalloproteinase-8 (MMP-8) knockout (KO) and wild-type (WT) mice

infected or not infected with Porphyromonas gingivalis

Chemokine/cytokine WT + Pg KO + Pg WT ) Pg KO ) Pg P (v2)

LIX/CXCL5 (%) 100 91.7 100 100 > 0.05

SDF1/CXCL12 (%) 54.5 41.1 16.3 7.3 < 0.001

RANKL (% ) 80.0 65.0 12.8 6.4 < 0.001

Results are expressed as the percentage of positive sites relative to the total periodontal

sites. WT + Pg, WT mice infected with P. gingivalis; KO + Pg, KO mice infected with

P. gingivalis; WT ) Pg, WT uninfected mice; KO ) Pg, KO uninfected mice. p<0.001 are

given in bold.
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granulocyte chemotactic protein-2

(GCP-2)/CXCL6 was reported in dis-

eased vs. healthy gingival tissues.

Furthermore, GCP-2/CXCL6 was the

most strongly up-regulated cytokine

among all known chemokines in peri-

odontal disease, correlating positively

with clinical parameters and peri-

odontal pathogens (17).

In our current study we found LIX/

CXCL5 expression to be significantly

reduced in P. gingivalis-infected MMP-

8 KOmice, compared with WT groups.

MMP-8 is the most important collage-

nase described in periodontitis and it is

believed to be produced primarily by

PMNs (11,13). Several studies demon-

strate a role for MMP-8 in the regula-

tion of PMN trafficking in different

models of inflammation, through (i)

hydrolysis of the collagen matrix to

allow cell migration, (ii) the cleavage of

chemokine-binding proteins and the

release of LIX/CXCL5 from the

extracellular matrix reservoir and (iii)

the processing of LIX/CXCL5, poten-

tiating its biological activity. These

potential regulatory mechanisms, to-

gether or alone, may lead to impaired

influx of PMNs to the sites of inflam-

mation in MMP-8-deficient mice

(10,11,13,14,32,33). In line with these

findings, our group previously reported

a trend of reduced expression of PMN

markers – myeloperoxidase and neu-

trophil elastase – that was associated

with more severe alveolar bone loss

(1,8) in MMP-8 KO mice compared

with WT mice in the same P. gingivalis-

infected groups of mice (16).

Neutrophils are generally considered

as protective against periodontitis as a

result of their ability to phagocytose and

kill oral bacteria (34). Induction of LIX/

CXCL5 expression by oral microbes

in periodontal disease may serve to ini-

tiate the innate immune response and

thereby promote the infiltration of

bone-protective neutrophils (19). Based

on our preliminary results, MMP-8/

LIX/CXCL5 interactions could include

a regulatory mechanism resulting in

increased LIX/CXCL5 expression, ei-

ther through increasing protein levels in

a feed-forward manner or by mediating

LIX/CXCL5 release from the extracel-

lular matrix (11–13). Accordingly,

changes in cytokine levels in association

A

B

Fig. 2. Lipopolysaccharide-induced CXC chemokine (LIX/CXCL5) expression in gingival

papilla from matrix metalloproteinase-8 (MMP-8) knockout (KO) and wild-type (WT) mice

infected or not infected with Porphyromonas gingivalis. (A) LIX/CXCL5 immunostaining.

CT, connective tissue; GE, gingival epithelium. The arrowhead shows immunostaining of

subepithelial inflammatory cells. 1. WT mice infected with P. gingivalis; 2. KO mice infected

with P. gingivalis; 3. WT uninfected mice; 4. KO uninfected mice. (B) LIX/CXCL5 levels in

MMP-8 KO andWTmice infected with P. gingivalis and controls. WT + Pg, wild-type mice

infected with P. gingivalis (n = 20); KO + Pg, knockout mice infected with P. gingivalis

(n = 24); WT ) Pg, wild-type uninfected mice (n = 24); KO ) Pg, knockout uninfected

mice (n = 24). Results are expressed as the mean ratio ± SD of immunoreactive/total area

of gingival epithelium. *p < 0.05.
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with MMP levels and activity have

been recently reported (12,13). Low-to-

undetectable LIX/CXCL5 levels were

found in liver tissue from MMP-8 KO

mice compared with wild-type mice in a

tumor necrosis factor-induced lethal

hepatitis model. As a possible explana-

tion, the authors suggested that LIX

remained associated with the extracel-

lular matrix in the absence of MMP-8,

but the possibility that the expression

of LIX was increased as a result of

the heightened inflammatory response

in MMP-8 WT mice could not be

excluded (10). Although a semiquanti-

tative approach was used in the present

study, the results are in agreement with

previous findings. MMP-9 activity was

shown to down-regulate TGF-b1 pro-

tein levels in breast cancer cells exposed

to tamoxifen (12), and reduced levels of

TGF-b1 inMMP-8)/)mice vs.WTmice

were associated with impaired PMN

infiltration and wound healing (13).

Consequently, in addition to a more

destructive periodontitis phenotype,

MMP-8)/) animals could also present a

reduced reparative response. In a

wound-healing model, the levels of

several cytokines, including TGF-b1,
tumor necrosis factor-a, interleukin-1b,
keratinocyte-derived chemokine (KC)

and MIP-2 were determined but only a

reduction in the amount of TGF-b1 was
found. In mouse, KC, LIX and MIP-2

are principally involved in the chemo-

taxis of PMN cells, but among them,

only LIX seems to be associated with

MMP-8 (15). Because cytokines are

pleiotropic and redundant, further

studies will be required to determine if

a reduced amount of LIX results in

functional changes.

Although we cannot exclude the

possibility that the mixed background

of MMP-8)/) mice could contribute

to the differences observed in LIX

expression, it is highly improbable

because WT control mice had a similar

genetic background, and all mice were

produced from the intercrossing of

MMP-8+/) mice.

The previous finding, that P. gingi-

valis inoculation resulted in more

severe alveolar bone loss in MMP-8

KO mice (16), led us to investigate

whether this finding was mediated

through regulation of the expression of

the osteoclastogenic chemokine SDF1/

CXCL12 and the cytokine RANKL.

Our results showed significantly in-

creased expression of both mediators

in infected mice, which was not related

to the MMP-8 genotype, suggesting

A

B

C

Fig. 3. Stromal-derived factor-1/CXC chemokine ligand 12 (SDF1/CXCL12) expression in

matrix metalloproteinase-8 (MMP-8) knockout (KO) and wild-type (WT)mice infected or not

infected with Porphyromonas gingivalis. (A) SDF1/CXCL12 immunostaining 1. Bone marrow

stromal cells; 2. Osteoblasts and the inflammatory infiltrate from a P. gingivalis-infected WT

mouse. AC, alveolar crest; BM, bone marrow stromal cells; IC, inflammatory cells; OB,

osteoblasts. (B) SDF1/CXCL12 immunostaining in periodontal tissues from 1. WT mice

infectedwithP. gingivalis; 2.KOmice infectedwithP. gingivalis; 3.WTuninfectedmice; 4.KO

uninfected mice. AC, alveolar crest; VC, vascular channels. (C) SDF1/CXCL12 levels in

periodontal tissues from P. gingivalis-infected mice. WT + Pg, WT mice infected with

P. gingivalis (n = 44); KO + Pg, KO mice infected with P. gingivalis (n = 51). Results

are expressed as medians (interquartile range) of the ratio of positive/total cells; p = 0.12.
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that SDF1/CXCL12 and RANKL

may be overexpressed in response to

P. gingivalis infection and contribute

to the pathogenesis of periodontitis.

Whereas RANKL is the crucial medi-

ator required, along with the permis-

sive factor, colony-stimulating factor 1,

for the full development of osteoclast

precursors into mature, multinucleated

bone-resorbing cells, it can also stim-

ulate osteoclast function and survival

(21,35). Our results are in agreement

with, and further extend, several

reports demonstrating increased RANKL

levels and an increased RANKL/

osteoprotegerin ratio in periodontitis

or in association with P. gingivalis

infection (36–44). SDF1/CXCL12 is

essential for hematopoietic cell homing

to the bone marrow and participates in

the promotion of chemotaxis and in

the early development, cell function,

bone resorption and survival of human

osteoclasts and their monocytic pre-

cursors in a manner similar to the

early effects of the monocyte–colony-

stimulating factor + RANKL system

(21). Accordingly, the expression of

RANKL and SDF-1/CXCL12 in P.

gingivalis-infected groups was confined

to the area surrounding alveolar bone

and to osteoclasts, and a positive cor-

relation was found, suggesting a

cooperative effect between them. The

strongest expression of SDF1/CXCL12

was localized to vascular channels

surrounding the alveolar crest and

bone marrow stromal cells. Therefore,

SDF1/CXCL12 may direct circulating

osteoclast precursors and mononuclear

A

B

C

Fig. 4. RANKL expression in matrix

metalloproteinase-8 (MMP-8) knockout

(KO) and wild-type (WT) mice infected or

not infected with Porphyromonas gingivalis.

(A) RANKL immunostaining, in P. gingi-

valis-infected WT mouse. 1. Bone marrow

stromal cells; 2. Epithelial rests of Malassez;

3. Osteoclasts; 4. TRAP staining demon-

strating osteoclasts presence in alveolar

bone. AC, alveolar crest; BM, bone marrow;

IC, inflammatory cells. Arrowheads indicate

osteoclasts. (B) RANKL immunostaining in

MMP-8 KO and WT mice infected or

not infected with P. gingivalis. 1. WT mice

infected with P. gingivalis; 2. KO mice

infected with P. gingivalis; 3.WT uninfected

mice; 4. KO uninfected mice. AC, alveolar

crest; ERM, epithelial rests of Malassez; IC,

inflammatory cells; PDL, periodontal liga-

ment. (C) RANKL levels in periodontal

tissues from P. gingivalis-infected mice.

WT + Pg, WT mice infected with P. gingi-

valis (n = 20); KO + Pg, KO mice infected

with P. gingivalis (n = 53). Results are

expressed as medians (interquartile range) of

the ratio of positive/total cells; p = 0.18.

64 Hernández et al.



leukocytes to the alveolar crest, and

stimulate the migration of mononu-

clear cells within the bone marrow to

perivascular periodontal tissue to

complete their differentiation to oste-

oclasts via RANKL and cause alveolar

bone loss (20,21). In accordance with

this, induction of SDF1/CXCL12 has

previously been demonstrated in

both a lipopolysaccharide-mediated

mouse model of periodontitis (27) and

in human periodontal inflammation

(20).

Overall, we analyzed cytokine expres-

sion in a P. gingivalis-induced peri-

odontitis mouse model deficient in

MMP-8 and present initial evidence of

increased expression of SDF1/CXCL12

and RANKL in infected mice, suggest-

ing that the development and progres-

sionof chronic periodontitis observed in

ourmodel might bemediated, at least in

part, by SDF1/CXCL12 and RANKL.

Reduction of LIX/CXCL5 levels in

MMP-8 KO P. gingivalis-infected mice

compared with WT mice suggests

that MMP-8 regulates LIX/CXCL5.

Further studies are required to elucidate

whether decreased levels of LIX/

CXCL5 influence PMNchemotaxis and

function and the periodontal disease

phenotype.
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Otı́n for providing MMP-8 KO mice.

References

1. Sorsa T, Tjaderhane L, Konttinen YT

et al. Matrix metalloproteinases: contri-

bution to pathogenesis, diagnosis and

treatment of periodontal inflammation.

Ann Med 2006;38:306–321.

2. van Winkelhoff AJ, Loos BG, van der

Reijden WA, van der Velden U.

Porphyromonas gingivalis, Bacteroides

forsythus and other putative periodontal

pathogens in subjects with and without

periodontal destruction. J Clin Periodontol

2002;29:1023–1028.

3. Birkedal-Hansen H. Role of matrix

metalloproteinases in human periodontal

diseases. J Periodontol 1993;64:474–484.

4. Emingil G, Atilla G, Sorsa T, Luoto H,

Kirilmaz L, Baylas H. The effect of

adjunctive low-dose doxycycline therapy

on clinical parameters and gingival cre-

vicular fluid matrix metalloproteinase-8

levels in chronic periodontitis. J Period-

ontol 2004;75:106–115.

5. Kiili M, Cox SW, Chen HY et al. Colla-

genase-2 (MMP-8) and collagenase-3

(MMP-13) in adult periodontitis: molecu-

lar forms and levels in gingival crevicular

fluid and immunolocalisation in gingival

tissue. J Clin Periodontol 2002;29:224–232.

6. Kinane DF, Darby IB, Said S et al.

Changes in gingival crevicular fluid matrix

metalloproteinase-8 levels during peri-

odontal treatment and maintenance.

J Periodontal Res 2003;38:400–404.

7. Mantyla P, Stenman M, Kinane DF et al.

Gingival crevicular fluid collagenase-2

(MMP-8) test stick for chair-side moni-

toring of periodontitis. J Periodontal Res

2003;38:436–439.

8. Sorsa T, Hernandez M, Leppilahti J,

Munjal S, Netuschil L, Mantyla P.

Detection of gingival crevicular fluid

MMP-8 levels with different laboratory

and chair-side methods. Oral Dis

2009;16:39–45.

9. Sorsa T, Tjaderhane L, Salo T. Matrix

metalloproteinases (MMPs) in oral dis-

eases. Oral Dis 2004;10:311–318.

10. Van Lint P, Wielockx B, Puimege L, Noel

A, Lopez-Otin C, Libert C. Resistance of

collagenase-2 (matrix metalloproteinase-

8)-deficient mice to TNF-induced lethal

hepatitis. J Immunol 2005;175:7642–7649.

11. Tester AM, Cox JH, Connor AR et al.

LPS responsiveness and neutrophil che-

motaxis in vivo require PMN MMP-8

activity. PLoS ONE 2007;2:e312.

12. Nilsson UW, Jonsson JA, Dabrosin C.

Tamoxifen decreases extracellular TGF-

beta1 secreted from breast cancer cells–a

post-translational regulation involving

matrix metalloproteinase activity. Exp

Cell Res 2009;315:1–9.

13. Gutierrez-Fernandez A, Inada M, Balbin

M et al. Increased inflammation delays

wound healing in mice deficient in colla-

genase-2 (MMP-8). FASEB J 2007;21:

2580–2591.

14. Korpi JT, Astrom P, Lehtonen N et al.

Healing of extraction sockets in collage-

nase-2 (matrix metalloproteinase-8)-defi-

cient mice. Eur J Oral Sci 2009;117:248–

254.

15. Balbin M, Fueyo A, Tester AM et al. Loss

of collagenase-2 confers increased skin

tumor susceptibility to male mice. Nat

Genet 2003;35:252–257.

16. Kuula H, Salo T, Pirila E et al. Local and

systemic responses in matrix metallopro-

teinase 8-deficient mice during Porphyro-

monas gingivalis-induced periodontitis.

Infect Immun 2009;77:850–859.

17. Kebschull M, Demmer R, Behle JH et al.

Granulocyte chemotactic protein 2 (gcp-2/

cxcl6) complements interleukin-8 in peri-

odontal disease. J Periodontal Res

2009;44:465–471.

18. Kornman KS, Page RC, Tonetti MS. The

host response to the microbial challenge in

periodontitis: assembling the players.

Periodontol 2000 1997;14:33–53.

19. Ruddy MJ, Shen F, Smith JB, Sharma A,

Gaffen SL. Interleukin-17 regulates

expression of the CXC chemokine LIX/

CXCL5 in osteoblasts: implications for

inflammation and neutrophil recruitment.

J Leukoc Biol 2004;76:135–144.

20. Havens AM, Chiu E, Taba M et al.

Stromal-derived factor-1alpha (CXCL12)

levels increase in periodontal disease.

J Periodontol 2008;79:845–853.

21. Wright LM, Maloney W, Yu X, Kindle L,

Collin-Osdoby P, Osdoby P. Stromal cell-

derived factor-1 binding to its chemokine

receptor CXCR4 on precursor cells pro-

motes the chemotactic recruitment, devel-

opment and survival of human

osteoclasts. Bone 2005;36:840–853.

22. Yu X, Collin-Osdoby P, Osdoby P. SDF-1

increases recruitment of osteoclast pre-

cursors by upregulation of matrix metal-

loproteinase-9 activity. Connect Tissue Res

2003;44(Suppl 1):79–84.

23. Ohshiba T, Miyaura C, Inada M, Ito A.

Role of RANKL-induced osteoclast for-

mation and MMP-dependent matrix deg-

radation in bone destruction by breast

cancer metastasis. Br J Cancer

2003;88:1318–1326.

24. Korpi JT, Kervinen V, Maklin H et al.

Collagenase-2 (matrix metalloproteinase-

8) plays a protective role in tongue cancer.

Br J Cancer 2008;98:766–775.

25. O�Brien-Simpson NM, Pathirana RD,

Paolini RA et al. An immune response

directed to proteinase and adhesin func-

tional epitopes protects against Porphyro-

monas gingivalis-induced periodontal bone

loss. J Immunol 2005;175:3980–3989.

26. Zubery Y, Dunstan CR, Story BM et al.

Bone resorption caused by three peri-

odontal pathogens in vivo in mice is med-

iated in part by prostaglandin. Infect

Immun 1998;66:4158–4162.

27. Hosokawa Y, Hosokawa I, Ozaki K et al.

CXCL12andCXCR4expressionbyhuman

gingival fibroblasts in periodontal disease.

Clin Exp Immunol 2005;141:467–474.

28. Makela M, Salo T, Uitto VJ, Larjava H.

Matrix metalloproteinases (MMP-2 and

MMP-9) of the oral cavity: cellular origin

and relationship to periodontal status.

J Dent Res 1994;73:1397–1406.

29. Tervahartiala T, Pirila E, Ceponis A

et al. The in vivo expression of the col-

LIX/CXCL5 in periodontitis MMP-8)/) mice model 65



lagenolytic matrix metalloproteinases

(MMP-2, -8, -13, and -14) and matrilysin

(MMP-7) in adult and localized juvenile

periodontitis. J Dent Res 2000;79:1969–

1977.

30. Uitto VJ, Overall CM, McCulloch C.

Proteolytic host cell enzymes in gingival

crevice fluid. Periodontol 2000 2003;31:

77–104.

31. Sorsa T, Uitto VJ, Suomalainen K, Vau-

hkonen M, Lindy S. Comparison of

interstitial collagenases from human gin-

giva, sulcular fluid and polymorphonu-

clear leukocytes. J Periodontal Res

1988;23:386–393.

32. LinM, Jackson P, Tester AM et al.Matrix

metalloproteinase-8 facilitates neutrophil

migration through the corneal stromal

matrix by collagen degradation and

production of the chemotactic peptide

Pro-Gly-Pro. Am J Pathol 2008;173:

144–153.

33. Van Den Steen PE, Wuyts A, Husson SJ,

Proost P, Van Damme J, Opdenakker G.

Gelatinase B/MMP-9 and neutrophil col-

lagenase/MMP-8 process the chemokines

human GCP-2/CXCL6, ENA-78/CXCL5

and mouse GCP-2/LIX and modulate

their physiological activities. Eur J Bio-

chem 2003;270:3739–3749.

34. Baker PJ. The role of immune responses in

bone loss during periodontal disease.

Microbes Infect 2000;2:1181–1192.

35. Fuller K, Kirstein B, Chambers TJ. Reg-

ulation and enzymatic basis of bone

resorption by human osteoclasts. Clin Sci

(Lond) 2007;112:567–575.

36. Wara-aswapati N, Surarit R, Chayasa-

dom A, Boch JA, Pitiphat W. RANKL

upregulation associated with periodontitis

and Porphyromonas gingivalis. J Period-

ontol 2007;78:1062–1069.

37. Dutzan N, Gamonal J, Silva A, Sanz M,

Vernal R. Over-expression of forkhead

box P3 and its association with receptor

activator of nuclear factor-kappa B

ligand, interleukin (IL) -17, IL-10 and

transforming growth factor-beta during

the progression of chronic periodontitis.

J Clin Periodontol 2009;36:396–403.

38. Vernal R, Chaparro A, Graumann R,

Puente J, Valenzuela MA, Gamonal J.

Levels of cytokine receptor activator of

nuclear factor kappaB ligand in gingival

crevicular fluid in untreated chronic peri-

odontitis patients. J Periodontol 2004;75:

1586–1591.

39. Vernal R, Dutzan N, Hernandez M et al.

High expression levels of receptor activa-

tor of nuclear factor-kappa B ligand

associated with human chronic periodon-

titis are mainly secreted by CD4 + T

lymphocytes. J Periodontol 2006;77:1772–

1780.

40. Sakellari D, Menti S, Konstantinidis A.

Free soluble receptor activator of nuclear

factor-kappab ligand in gingival crevicular

fluid correlates with distinct pathogens in

periodontitis patients. J Clin Periodontol

2008;35:938–943.

41. Mogi M, Otogoto J, Ota N, Togari A.

Differential expression of RANKL and

osteoprotegerin in gingival crevicular fluid

of patients with periodontitis. J Dent Res

2004;83:166–169.

42. Reddi D, Bostanci N, Hashim A et al.

Porphyromonas gingivalis regulates the

RANKL-OPG system in bone marrow

stromal cells. Microbes Infect 2008;10:

1459–1468.

43. Bostanci N, Ilgenli T, Emingil G et al.

Gingival crevicular fluid levels of RANKL

and OPG in periodontal diseases: impli-

cations of their relative ratio. J Clin Peri-

odontol 2007;34:370–376.

44. Jiang Y, Mehta CK, Hsu TY, Alsulaimani

FF. Bacteria induce osteoclastogenesis via

an osteoblast-independent pathway. Infect

Immun 2002;70:3143–3148.

66 Hernández et al.



This document is a scanned copy of a printed document. No warranty is given about the accuracy of the copy.

Users should refer to the original published version of the material.


