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MMP-9 deficiency accelerates the progress

of periodontitis

Periodontitis is a chronic inflammatory disease caused by
periodontopathic bacteria that affects periodontal support
tissues.” If left untreated, it results in loss of periodontal
attachment and alveolar bone resorption. Approximately
one-half of adults in the United States older than 30 years
have periodontal disease.? Though the disease is initiated
by bacterial infection, it activates host defense systems
that eventually lead to the degradation of the perio-
dontium. During periodontitis, the disease progress involves
further production of pro-inflammatory mediators such as
cytokines, proteolytic enzymes like matrix metal-
loproteinases (MMPs), and their inhibitors.

MMP-9 is one of the MMPs' capable of processing
collagen and non-collagen proteins and plays diverse roles
in physiological and pathological development. It promotes
inflammation in tissues and diseases such as periodontitis.
High MMP-9 expression was observed in periodontal dis-
eases. However, several reports demonstrated that MMP-9
is not related to periodontitis.> In contrast, MMP-9 muta-
tions in humans are associated with metaphyseal anadys-
plasia (OMIM 613073) and skeletal defects.* MMP-9
overexpression attenuates osteoclast (OC) formation and
inhibits pro-inflammatory cytokines secretion. MMP-9
knockout (KO) mice develop severe periapical lesions with
inflammation.” This indicates that MMP-9 has dual effects
on physiological and pathological development. How MMP-9
regulates alveolar bone metabolism and periodontium
during aging has not been described. This study aimed to
investigate the effect of MMP-9 on the balance of osteo-
genesis and osteoclastogenesis in periodontium with aging.

We found that MMP-9 KO mice gradually develop dete-
riorated periodontic tissues with aging. X-ray radiography
and micro-computed tomography (uCT) revealed a striking
alveolar bone loss in molar mandibular furcation and
interdental region of MMP-9 KO mice at 6, 12, and 29
months old compared with controls (Fig. 1A—C). Notice-
ably, the destruction of alveolar bone in MMP-9 KO mice
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was more evident with aging. Obvious space in the apical
region on the alveolar bone was observed in 12- and 29-
month-old MMP-9 KO mice. Hyper-mineralized deposits
were observed in the alveolar bone of 29-month-old MMP-9
KO mice. Bone mineral density of alveolar bone of 2-, 6-,
12-, and 29-month-old MMP-9 KO mice was also reduced
(Fig. 1C). With aging, loss of alveolar bone was gradually
prominent in MMP-9 KO. Additionally, molar cusps in MMP-9
KO groups at 6, 12, and 29 months old were worn (Fig. S2).
Scanning electron microscopy (SEM) using backscattered
electrons also displayed more alveolar bone loss and bone
resorption in interdental, furcation, and periapical regions
in MMP-9 null mice, especially apical regions of alveolar
bone with aging (Fig. S3).

To further evaluate the morphological changes in oste-
ocytes and the lacunae-canalicular structures within the
alveolar bone, we employed acid-etched SEM. Our exami-
nation encompassed 2-, 6-, 12-, and 29-month-old MMP-9
KO mice. SEM images captured at low and middle magnifi-
cations (500 pm and 200 pum) revealed evident trabecular
bone resorption, with pronounced large lacunae-canalic-
ular structures prominently present in the apical regions of
the alveolar bones, particularly in the 6-, 12-, and 29-
month-old MMP-9 KO mice. Upon closer inspection at high
magnification (50 pm), we observed a diminished number of
unevenly distributed and irregularly spaced osteocytes in
the mutant mice, especially among the aged MMP-9 KO
mice. In contrast, osteocytes in the alveolar bones of wild-
type mice exhibited a highly organized and evenly
dispersed pattern, with distinct outlines. Furthermore, in
the 29-month-old MMP-9 KO mice, SEM imaging revealed
the deposition of calcium within the trabecular bones
(Fig. 1D). These findings suggest that MMP-9 may play a
multifaceted role encompassing the regulation of mineral-
ization and the formation and/or maintenance of osteo-
genesis. The region of interest was evaluated by two- and
three-dimensional reconstructions using pCT analysis.
Quantitative data analyses revealed bone volume, bone
volume/tissue volume, and trabecular thickness in the first
molar alveolar bone were significantly low at 6-, 12- and 29-
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Figure 1  MMP-9 deficiency impairs bone metabolism and cell proliferation as well as causes inflammation in the periodontium.
(A) Representative radiographs show an overall reduction of the mineralization of the alveolar bone and loss of the alveolar bone in
the root furcation regions (arrows) of the MMP-9 KO mice at 6, 12, and 29 months old, and the alveolar bone was porous in the
apical space in the furcation regions. Molar cusps (arrowheads) were severely attrited in MMP-9 KO mice at these ages. (B) nCT
shows that BMD of the alveolar bone of MMP-9 KO mice was decreased compared with the control groups. With aging, the alveolar
bone resorption in the alveolar bone of MMP-9 KO mice was more severe. A porous region (arrows) in the apical areas was seen.
Hyper-mineralized spots were deposited on the alveolar bones in 29-month-old MMP-9 KO mice. (C) Graph representation of BMD in
the wild-type and MMP-9 KO mice acts as mean =+ standard error of the mean. (D) Resin infiltration and acid etching SEM analysis
revealed noteworthy findings in the alveolar bone of 2-, 6-, 12-, and 29-month-old MMP-9 knockout (KO) mice. Within the apical
regions of the alveolar bone, trabecular bones displayed clear evidence of bone resorption, leading to porous spaces in the mutant
mice. Additionally, calcium deposition was observed in the trabecular bones of 29-month-old MMP-9 KO mice. In 2-month-old wild-
type mice, osteocytes within the trabecular bones exhibited an even distribution, whereas osteocytes in the alveolar bone of the
same age MMP-9 KO mice displayed less organization. As aging progressed, the number of osteocytes in the trabecular bones of
MMP-9 KO mice decreased, accompanied by an increase in matrix presence. Conversely, osteocytes and lacunae structures in the
alveolar bones of age-matched control groups remained highly organized and uniformly distributed. (E) uCT analyzed alveolar bone
microstructure parameters in the wild-type and MMP-9 KO mice. TV and BV on the alveolar bone were from the wild-type and MMP-
9 KO mice at 2-, 6-, 12-, and 29-month-old. Quantitative trabecular bone significantly reduced BV, BV/TV, and Tb. Th. in MMP-9 KO
mice at 6-, 12- and 29-month-old. BV, bone volume; TV, tissue volume; BV/TV, bone volume/tissue volume; Tb. Th., trabecular
thickness. NS, no significance. (F) Alveolar bone loss by the linear CEJ-ABC distance was measured by a stereomicroscope. The
samples were stained with methylene blue to reveal the CEJ. Teeth were worn in the MMP-9 KO mice (arrows). CEJ, cemental-
enamel junction; ABC, alveolar bone crest. (G) Distance from the CEJ to the ABC in the wild-type and MMP-9 KO mice was measured
by uCT. (H) Graphical representations of CEJ to ABC were measured as mean =+ standard error of the mean (n = 4). (I) Apoptotic
cells in the primary BMSCs. A fluorescent terminal deoxynucleotidyl transferase (TdT) assay was used for detection of apoptotic
cells (green) in cultured BMSCs from 1- and 3-month-old wild-type and MMP-9 KO mice was performed. Hoechst was used for
nucleus staining (Blue). Bar = 20 um. Relative apoptotic cells in the BMSCs from the wild-type and null mice were shown. The
expression of apoptotic cells from the wild-type mice acted as a 1.0. (J) Cell proliferation of the BMSCs from the 1- and 3-month-old
wild-type and MMP-9 KO mice was observed. Cell proliferation was identified by BrdU incorporation. Cells were transferred into
four-well glass slides and incubated with 30 mM BrdU in a culture medium for 6 h. The cells were treated with an anti-BrdU
antibody, followed by the secondary antibody with Alexa Fluo® 488 green. For nucleus staining, the cells were incubated with a
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month-old in MMP-9 KO mice (Fig. 1E). In addition to bone
mineral density, bone volume, bone volume/tissue volume,
and trabecular thickness, bone surface density, bone sur-
face/volume ratio, closed porosity, number of closed
pores, open porosity percent, surface closed pores, total
apparent mineral density, total pores, total surface,
trabecular number, volume of closed pores, and volume of
open pore space were measured and calculated by uCT
analysis (Fig. S4). Bone surface density, total apparent
mineral density, trabecular number, and volume of open
pore space in 29-month-old MMP-9 KO mice were remark-
ably reduced (Fig. S4A—D). The quantitative uCT data dis-
played a significant increase in open porosity percent and
total pores in 6-, 12-, and 29-month-old MMP-9 KO mice
(Fig. S4E, F). Furthermore, the bone surface/volume ratio
on the alveolar bone of the 6-, and 12-month-old MMP-9 KO
mice was higher than the wild-type mice (Fig. S4G). Total
surface on the alveolar bone in 12-, and 29-month-old MMP-
9 KO mice was lower than that of age-matched wild-type
mice (Fig. S4H). Closed porosity, number of closed pores,
surface closed pores, and volume of closed pores on the
alveolar bone exhibited a reduction in all ages of MMP-9 KO
mice (Fig. S41—L). This result demonstrated that MMP-9 KO
causes osseous destruction of alveolar bones.

Stereomicroscopic and uCT analyses revealed that MMP-
9 KO groups at 6, 12, and 29 months old exhibited a more
dramatic increase in distance from the cemental-enamel
junction to the alveolar bone crest compared with wild-
type mice (Fig. 1F—H). Noticeably, the distance from the
cemental-enamel junction to the alveolar bone crest
gradually increased with aging in MMP-9 KO groups.

To assess the effect of MMP-9 on cell apoptosis, prolif-
eration, migration, and extracellular matrix remodeling,
primary bone marrow stromal cells (BMSCs) isolated from 1-
and 3-month-old wild-type and MMP-9 KO mice were chosen
for this study. Compared with the wild-type groups, the
rate of cell apoptosis was higher in MMP-9 KO groups
(Fig. 11), whereas cell proliferation was reduced in MMP-9
KO groups (Fig. 1J). Next, cell migration was measured by
BioCoatTM Matrigel Invasion Chamber assay. This result
showed that BMSCs from MMP-9 KO mice displayed reduced
cell migration compared with the wild-type cells (Fig. 1K).

As MMP-9 is capable of remodeling extracellular matrix,
we examined whether MMP-9 processes gelatin and
collagen type 4 (Col4). This result showed that the bands
catalyzed by MMP-9 from the wild-type tissues were intense
with high molecular weight bands ranging from approxi-
mately 200 to 86 kDa of pro-MMP-9 and MMP-9 proteins

1:5000 dilution of Hoechst. Images were obtained with a Nikon inverted microscope. Proliferative cells were expressed as a
percentage of the number of BrdU-positive cells relative to the total number of Hoechst-positive nuclei. (K) Analysis of cell
migration from wild-type and MMP-9 null mice. Migration of the BMSCs from wild-type and MMP-9 KO mice was measured using BD
BiocoatTM Matrigel invasion chambers. Cell migration was quantified by counting the number of cell migrants passing through the
membranes after 12 h. The wild-type cell migration was set as 100 %. (L) Functional role of the wild-type and MMP-9 mutant cells
by gelatin zymography. Increases in MMP-9 levels from the wild-type cells catalyze gelatin with increasing MMP-9 concentrations
whereas in MMP-9 KO cells failed to process gelatin. (M) In situ zymography of MMP-9 activity on its substrate in vivo. The BMSCs
isolated from the wild-type and MMP-9 KO mice were grown on DQ-fluorescent Col4-coated slides for 12 h. The cells were fixed and
images were observed under an immunofluorescent inverted microscope. Data showed that the number and intensity of Col4
degradation in the wild-type cells were higher than those of the MMP-9 null cells. The percentage of positive fluorescent spots in
the BMSCs from the wild-type and MMP-9 KO mice was obtained. “n” indicates the number of animals used in each group. (N)
Quantitative reverse transcription PCR analysis revealed that mRNA expression levels of ALP, BSP, Col1a1, DMP1, OPN, and OSN in
BMSCs from 3-month-old MMP-9 null mice were significantly reduced when compared with age-matched wild-type mice. However,
there was no significant difference in the expression of Col4« 1 in BMSCs between the wild-type and MMP-9 KO mice. The data were
presented as the mean + standard deviation (n = 4). *P < 0.05 and **P < 0.01. Details of the primers used in this study are shown in
Table S1. (O) Hematoxylin and eosin staining of periodontal tissues in the wild-type and MMP-9 KO mice. MMP-9 KO mice had
progressive periodontal diseases with aging. (c, d) Higher magnification views from the boxed area in 2-month-old MMP-9 KO mice.
Gingival epithelium and PDL had torn away from the cementum. There was no remarkable difference in the alveolar bone of the
wild-type versus MMP-9 KO mice. (a, b) Higher magnification views from the boxed area in 2-month-old wild-type mice. (h—j, n—p)
Higher magnification from the boxed areas in 6-, and 12-month-old MMP-9 null mice. The gingival membrane and PDL were severely
detached from the cementum (arrows). Inflammation was seen in the periodontal tissue and alveolar bone resorption was present
in MMP-9 KO mice (arrowheads). (e—g, k—m) Higher magnification views of the alveolar bone were from the boxed areas in 6- and
12-month-old wild-type mice. (t—v) Higher magnification views of the boxed area in 29-month-old MMP-9 KO mice showed peri-
odontal tissue destruction and detachment of gingival epithelium and PDL from the cementum. Inflammation was noted in the
periodontal tissue. Cement structure was abnormal, and bone resorption was observed in the alveolar bones in MMP-9 KO mice.
(q—s) Higher magnification views from the boxed area in 29-month-old wild-type samples. AB, alveolar bone; C, cementum; G,
gingival membrane; If, inflammatory cells; PDL, periodontal ligament. Bars, 50 pm. Bars in boxes, 200 um. (P) Immunohisto-
chemistry analysis of caspase 3, IL-1B, Ki67, osteoclast (OC), osteoprotegerin (OPG), and RANKL in the periodontal tissues of the
wild-type and MMP-9 KO mice. A higher magnification image of the boxed areas shows the expression of caspase-3, IL-1B, Ki67, OC,
OPG, and RANKL proteins in the wild-type and MMP-9 KO teeth. (Q) Graph representation demonstrated protein density as
mean =+ standard error of the mean in the alveolar bone of the wild-type and MMP-9 KO mice. The quantitative analysis of caspase-
3, IL-1B, Ki67, OC, OPG, and RANKL protein detection in the periodontal tissues of the wild-type and MMP-9 KO mice was shown. (R)
The RANKL/OPG ratio in the alveolar bone and PDL of the wild-type and MMP-9 KO mice was determined. BMD, bone mineral
density; BMSCs, bone marrow stromal cells; Cas3, caspase-3; uCT, micro-computed tomography; M, month; n, number; KO,
knockout; WT, wild type; *P < 0.05; **P < 0.01.
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analyzed by gelatin zymography, while MMP-9 deletion
failed to degrade gelatin (Fig. 1L). In vivo study showed
that the BMSCs from the wild-type mice highly processed
Col4 compared with that of MMP-9 mutant mice (Fig. 1M).
Expression levels of osteogenic genes were reduced in
BMSCs from 3-month-old MMP-9 null mice including ALP,
BSP, Col1a1, DMP1, OPN, and OSN compared with the age-
matched wild-type mice (Fig. 1N).

Tissue morphology revealed that gingival tissue and
periodontal ligament (PDL) in MMP-9 null mice had torn
away from the cementum, and tissue degradation around
the torn area was present in MMP-9 KO mice (Fig. 10). With
aging, extensive levels of alveolar bone loss, inflammation,
and periodontal defects were much worse. Additionally,
porous spaces near the cementum and several cracks
around the alveolar bone were seen (Fig. 1P).

The immunostaining assay showed a stronger IL-1p signal
in PDL and alveolar bone of MMP-9 KO mice than that of the
wild-type mice (Fig. 1P, Q). Expression of RANKL and cas-
pase-3 was higher in the alveolar bone and PDL regions in
the mutant mice (Fig. 1P, Q). In contrast, the expression of
0OC and osteoprotegerin (OPG) within PDL and alveolar bone
in MMP-9 KO mice was lower than that in the wild-type mice
(Fig. 1P, Q). RANKL/OPG ratio was up-regulated in MMP-9
KO mice compared with the wild-type mice (Fig. 1R). The
immunostaining analyses showed that the expression of
Ki6é7, a cell proliferation marker, was reduced in PDL of
MMP-9 KO mice compared with the control mice (Fig. 1P,
Q).
Conclusively, our study revealed that loss of MMP-9
resulted in enhanced periodontal inflammation and bone
destruction in the periodontium. Osteogenic gene expres-
sion was reduced in BMSCs from 3-month-old MMP-9 mutant
mice. Increased expression of IL-1B, caspase-3, and RANKL,
and decreased expression of Ki67, OC, and OPG in the
alveolar bone and PDL in MMP-9 KO mice caused an
imbalance between cell proliferation, apoptosis, and bone
metabolism. Also, the RANKL/OPG ratio and inflammatory
response were increased in MMP-9 null mice. The results
indicated that MMP-9 plays dual effects (gain- or loss-
function) on maintaining periodontium by regulating the
balance between bone formation, bone resorption, and
inflammation. However, the mechanisms of MMP-9 in peri-
odontitis are not clearly understood, further study is
needed to uncover the exact mechanisms of MMP-9 in
osteogenesis and osteoclastogenesis.
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