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Abstract
Individuals with periodontal disease have increased risk 
of tooth loss, particularly in cases with associated loss of 
alveolar bone and periodontal ligament (PDL). Current 
treatments do not predictably regenerate damaged PDL. 
Collagen I is the primary component of bone and PDL 
extracellular matrix. SPARC/Osteonectin (SP/ON) is 
implicated in the regulation of collagen content in 
healthy PDL. In this study, periodontal disease was 
induced by injections of lipopolysaccharide (LPS) from 
Aggregatibacter actinomycetemcomitans in wild-type 
(WT) and SP/ON-null C57/Bl6 mice. A 20-µg quantity 
of LPS was injected between the first and second molars 
3 times a week for 4 weeks, whereas PBS control was 
injected into the contralateral maxilla. LPS injection 
resulted in a significant decrease in bone volume fraction 
in both genotypes; however, significantly greater bone 
loss was detected in SP/ON-null maxilla. SP/ON-null 
PDL exhibited more extensive degradation of connective 
tissue in the gingival tissues. Although total cell numbers 
in the PDL of SP/ON-null were not different from those 
in WT, the inflammatory infiltrate was reduced in SP/
ON-null PDL. Histology of collagen fibers revealed 
marked reductions in collagen volume fraction and in 
thick collagen volume fraction in the PDL of SP/ON-null 
mice. SP/ON protects collagen content in PDL and in 
alveolar bone in experimental periodontal disease.

KEY WORDS: SPARC, periodontal ligament, colla-
gen, BM-40, osteonectin, extracellular matrix, matricel-
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Introduction

Periodontal diseases are characterized by a bacterial biofilm-initiated 
inflammatory reaction which gives rise to gingival inflammation, bleed-

ing, extracellular matrix (ECM) degradation, bone resorption, and tooth loss 
(Savage et al., 2009).

Collagen fibers are the structural elements of periodontal ligament (PDL) 
and span the width of the periodontal space, from alveolar bone to cementum. 
The collagen fibers that originate in PDL that weave into the bone and cemen-
tum are referred to as Sharpey’s fibers (SF). SF participate in the transmission 
of forces from tooth to bone. A reduction in SF is associated with increased 
bone resorption (Johnson, 2005). Therefore, SF are considered essential for 
the establishment of a functional PDL.

The collagen within PDL is primarily collagen type I. Collagen type I 
is produced by resident fibroblasts, and is secreted as a procollagen mol-
ecule with propeptides at the N and C termini that are cleaved prior to 
incorporation into the ECM. PDL has a high turnover of the collagenous 
ECM as compared with other collagen-rich matrices, such as skin (Sodek, 
1977). Thus, proteins that participate in collagen extracellular processing, 
deposition, and assembly are also highly represented in the PDL. 
Specifically, expression of SP/ON, a matricellular collagen-binding pro-
tein, is found in PDL, cementum, and bone (Zeichner-David, 2006; 
Delany and Hankenson, 2009; Trombetta and Bradshaw, 2010). In addi-
tion, in patients with periodontal disease, an increase in saliva levels of 
SP/ON is associated with decreased alveolar bone loss (Ng et al., 2007; 
Scannapieco et al., 2007). SP/ON restricts proliferation and adhesion, 
promotes cell-cycle arrest, promotes angiogenesis, and alters collagen 
deposition within the ECM (Bradshaw and Sage, 2001). Based on previ-
ous results, a role of SP/ON in facilitating maturation of procollagen type 
I and thus promoting collagen deposition and fiber formation has been 
proposed (for review, see Bradshaw, 2009; McCurdy et al., 2010). We 
recently reported that SP/ON-null mice had collagen deficiencies in the 
PDL, most pronounced in young and aged mice. Because of the reduced 
collagen content within the PDL in SP/ON-null mice, we predicted that 
these mice would exhibit greater PDL loss with chronic exposure to LPS.

LPS Induces Greater Bone 
and PDL Loss in SPARC- 
null Mice
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Materials & Methods

Animals

C57Bl6 SP/ON-null mice with global abrogation of SP/ON 
expression have been described previously (Norose et al., 
1998). Mice were housed in the Medical University of South 
Carolina (MUSC) animal facility and fed a standard diet. The 
MUSC Institutional Animal Care and Use Committee approved 
all procedures in this study.

Murine Model of LPS-induced Periodontitis

LPS-induced periodontitis was generated as previously described 
(Sartori et al., 2009). Briefly, 9 SP/ON-Null and 8 WT 4-month-
old male mice were individually anesthetized with 1000 cc/min of 
O2 and 5% isofluorane. LPS was isolated from Aggregatibacter 
actinomycetemcomitans (Aa), a micro-organism associated with 
aggressive and chronic periodontal disease in humans (Kolenbrander 

and London, 1993). To induce periodontal 
inflammation and bone loss, we micro-
injected 2 µL of LPS (10 µg/µL) into the 
palatal gingiva between the right maxillary 
first and second molars of each mouse. A 
2-µL quantity of endotoxin-free PBS vehi-
cle (Invitrogen, Carlsbad, CA, USA) was 
injected into the palatal gingiva between 
the left maxillary first and second molars 
as control (Rogers et al., 2007). Mice 
received injections thrice weekly over a 
4-week time period.

Micro-computed Tomography and 
Bone Volume Fraction (BVF) Analysis

Upon completion of treatment, maxillae 
were removed, tumbled in 10% formalin at 
4°C overnight, transferred to a 70% etha-
nol solution, and stored at 4°C. Specimens 
were scanned by micro-computed tomog-
raphy (µCT), and results were analyzed 
with GE microview software for quantifi-
cation of bone volume fraction (BVF). In 
each scan, a standardized tridimensional 
region of interest (ROI) was defined by the 
following landmarks: the apex of the pala-
tal root of the 1st molar (inferior limit), 
mesial aspect of the palatal root of the 1st 
molar (posterior limit), distal aspect of the 
2nd molar distal root (anterior limit), the 
most cervical portion of the furcation of 
the 1st molar (upper limit), palatal aspect 
of the 1st molar palatal root (medial limit), 
and buccal aspect of the 1st molar distal 
root (lateral limit). The analysis of BVF 
was calculated with a threshold of 1621 
within the ROI.

Histology and Cell Counts

Following µCT analysis, maxillae were decalcified in 0.5M 
EDTA at 4°C for 2 wks. Samples were hemisected and embed-
ded in paraffin, and 7-µm sections were generated. Sections 
were stained with hematoxylin and eosin (H&E), and total cell 
numbers were determined as described (Trombetta and 
Bradshaw, 2010). To determine the percentage of inflammatory 
cells, we established cells morphologically identified as inflam-
matory cells within PDL, characterized by a larger and granu-
lated nucleus, per total nuclei in each section.

Analysis of Collagen Morphology 
and Collagen Volume Fraction

Sections were prepared and analyzed as described (Trombetta 
and Bradshaw, 2010). Values presented for “No injection” were 
taken from previously published results for 4-month WT and 
SP/ON-null PDL (Trombetta and Bradshaw, 2010).

Figure 1.  SP/ON-null maxillae injected with LPS demonstrated significantly decreased 
alveolar bone volume fraction (BVF) in comparison with WT maxillae. (A) Representative µCT 
reconstructions for WT and SP/ON-null maxillae injected with PBS and LPS. LPS injections 
caused significant bone resorption in both WT and SP/ON-null mice. In (A), * indicates the 
injection sites, circles indicate areas of bone loss with increased root structure visible above 
the alveolar bone crest, and arrow indicates extensive bone loss in the interproximal aspects 
of SP/ON-null LPS-injected mice. (B) Quantification of BVF reveals statistically significant 
decreases in bone volume associated with LPS injections in both WT (white bars) and SP/
ON-null (black bars) mice in comparison with their respective PBS controls. * indicates p < 
0.05 from PBS control. $ indicates p < 0.05 statistical significance of WT LPS vs. SP/
ON-null LPS-injected mice. Error bars = standard deviation. (C) Comparison of relative bone 
loss indicates that bone loss caused by LPS injections in SP/ON-null mice was significantly 
greater than that in WT mice. P-value determined by Student’s t test. Error bars = SEM.
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Statistical Analysis

For comparisons within genotypes, we 
used a paired Student’s t test to calculate 
p values. Comparisons between geno-
types with one condition were analyzed 
with a Student’s t test. For comparisons 
between genotypes with more than one 
condition, we used ANOVA followed by 
the Tukey test to calculate p values. For 
all analyses, p < 0.05 was considered 
statistically significant.

Results

Sequential microinjections of Aa LPS 
induced alveolar bone loss typical of 
periodontitis (Fig. 1). µCT scans of WT 
maxillae revealed significant bone loss in 
mice injected with LPS in comparison 
with PBS, as indicated by an increase in 
root structure visible outside of the bone 
socket (Fig. 1A, circles). Maxillae from 
SP/ON-null mice also demonstrated sig-
nificant bone loss in LPS-injected sites 
vs. PBS control. Furthermore, the 
increase in LPS-mediated bone loss in 
SP/ON-null was more pronounced than 
that in WT mice (Fig. 1A, arrows).

Quantification of images generated by 
µCT demonstrated similar levels of bone 
in PBS-injected sites of WT and SP/
ON-null (Fig. 1B). However, signifi-
cantly less BVF was detected in SP/
ON-null LPS in comparison with WT 
(p = 0.015, Fig. 1B). To accommodate 
natural variation of BVF between ani-
mals, we calculated the relative bone 
loss. LPS-induced bone loss was signifi-
cantly more severe in SP/ON-null than in 
WT (Fig. 1C).

Morphological differences in PDL between WT and SP/
ON-null injected maxillae were assessed in H&E-stained tissue 
sections (Fig. 2). WT PBS PDL was grossly intact, with the 
majority of fibroblasts tightly surrounded by collagen fibers 
(Fig. 2, arrows). SP/ON-null PBS PDL was less organized than 
WT, with a greater number of fibroblasts inadequately sur-
rounded by dense collagen fibers (Fig. 2A, arrows). Similar 
differences in PDL structure were observed previously in 
homeostatic PDL of SP/ON-null and WT mice at 4 mos of age 
(Trombetta and Bradshaw, 2010). In response to LPS, the PDL 
of SP/ON-null mice showed greater disorganization of collagen 
fibrils in comparison with the PDL of WT mice (Fig. 2A).

To determine whether increases in bone loss might be attrib-
uted to modulation of the inflammatory response, we quantified 
the total cell number and number of inflammatory cells within 
the WT and SP/ON-null PDL. No statistically significant differ-
ences in total nuclei between LPS and PBS or genotypes were 

detected (Fig. 2B). However, WT LPS PDL had significantly 
more inflammatory cells than WT PBS, as would be expected in 
this model. SP/ON-null LPS PDL had significantly fewer 
inflammatory cells than PBS-injected sites (Fig. 2B). Because 
there were no differences in the percentage of inflammatory 
cells in WT PBS PDL vs. SP/ON-null PBS mice at the end-point 
(Fig. 2B), these results suggest that the severity of LPS-induced 
inflammation was attenuated in SP/ON-null mice.

Effects of LPS injections on the organization of collagen 
fibers in PDL were further assessed in WT and SP/ON-null sec-
tions stained with PicroSirius Red (PSR) (Fig. 3). As predicted 
from initial characterizations of SP/ON-null PDL (Trombetta 
and Bradshaw, 2010), control sites injected with PBS contained 
fewer collagen fibers in SP/ON-null vs. WT PDL. In LPS-
injected sites, there was a reduction in PDL collagen content. In 
WT LPS, fibers continued to span the width of PDL, with SF 
insertions into bone and cementum. In contrast, SP/ON-null 

Figure 2.  SP/ON-null exhibit disorganized collagen in the PDL and decreased inflammation. 
(A) Representative images of H&E-stained sections. The PDL in WT mice was highly organized, 
with fibroblasts tightly surrounded by interstitium (arrows), while the PDL in SP/ON-null mice 
exhibited less organized collagen ECM, with gaps (arrows). In LPS-injected sites, the PDL of 
SP/ON-null mice showed substantial disorganization compared with the PDL of WT mice. (B) 
Arrows indicate examples of cells that were morphologically identified as inflammatory cells 
in (D). (C) Quantification of nuclei revealed no statistically significant differences in the total 
number of cells in the PDL of WT and SP/ON-null mice, regardless of injection of PBS or LPS. 
Error bars = SEM. (D) Quantification of inflammatory cells revealed a significant decrease in 
inflammatory infiltrate in the LPS-injected PDL of SP/ON-null mice. * indicates p < 0.001 
statistical significance of WT LPS vs. SP/ON-null LPS and PBS controls, and SP/ON-null LPS 
vs. WT LPS and PBS controls, as determined by one-way ANOVA analysis followed by the 
Tukey test. Error bars = SEM.
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LPS exhibited substantially fewer collagen fibers that spanned 
the width of the PDL, with some areas lacking portions of bone 
and containing no detectable collagen (Fig. 3A, box).

To obtain further insight into the influence of SP/ON on col-
lagen content in experimental periodontitis, we assessed total 

collagen volume fraction in injected PDL. 
Interestingly, a statistically significant 
decrease in total collagen in SP/ON-null 
PBS PDL was detected in comparison 
with previously reported values in aged-
matched SP/ON-null mice with no injec-
tions. In contrast, there were no differences 
in the collagen content in WT PBS and 
non-injected WT PDL (Fig. 3B). SP/
ON-null PBS PDL also demonstrated a 
significant reduction in collagen volume 
fraction compared with WT PBS PDL. 
These results suggest that the lack of SP/
ON aggravates decreases in collagenous 
ECM, due to relatively minor stress/
inflammatory changes such as those asso-
ciated with PBS injections. LPS injec-
tions caused a significant decrease in 
collagen content in both WT and SP/
ON-null mice, but this decrease was more 
severe in SP/ON-null (Fig. 3B). Values of 
thick collagen fiber volume fraction fol-
lowed similar trends, with the exception 
that WT mice had reduced levels of thick 
fibers in PBS and LPS maxillae vs. non-
injected WT mice (Fig. 3C).

SF, the collagen fibers that exit PDL 
and weave into bone and cementum, are 
identifiable in PSR sections viewed with 
high magnification at the junction of PDL 
and bone (Fig. 4A, arrows). Quantification 
of the number of SF in PBS control 
showed a greater number of SF in SP/
ON-null mice in comparison with WT 
mice. However, SF in SP/ON were thin-
ner than those of WT (Fig. 4C). Moreover, 
LPS injections decreased the number of 
SF in SP/ON-null mice, whereas, in WT, 
LPS injections were associated with a 
slightly higher, although not significant, 
number of SF vs. PBS control (Fig. 4B).

Discussion

Previous characterization of SP/ON-null 
PDL revealed deficiencies in collagen 
volume fraction and collagen fiber thick-
ness that varied with age (Trombetta and 
Bradshaw, 2010). Since SP/ON was 
shown to be relevant for collagen homeo-
stasis in periodontal tissues, we assessed 
the role of SP/ON on collagen catabolism 
associated with periodontitis. Alveolar 

bone loss associated with LPS-induced periodontitis increased 
2.2-fold in SP/ON-null mice in comparison with WT mice. The 
increased loss of bone in SP/ON-null mice was not surprising, since 
these mice are reported to have osteopenia and decreased bone 
mineral density in long bones. Defects in bone are predicted to 

Figure 3.  Collagen loss induced by LPS was more extensive in SP/ON-null mice. (A) 
Representative images of PicroSirius Red-stained sections demonstrate that fibrillar collagen 
morphology in LPS-injected maxilla caused loss of collagen in PDL of both WT and SP/
ON-null mice. (B) Quantification of total collagen volume fraction. In WT mice injected with 
LPS, a statistically significant decrease in total collagen in PDL was apparent, whereas no 
differences in PBS injected PDL were detected. In contrast, PDL of SP/ON-null mice showed 
a statistically significant decrease in collagen content with PBS injections in comparison with 
the PDL of non-injected mice. LPS injections caused a further reduction in total collagen volume 
fraction in the PDL of SP/ON-null mice. * indicate p < 0.05, for LPS- vs. PBS-injected PDL in 
WT mice, as well as for PBS-injected vs. non-injected PDL in SP/ON-null mice. p values were 
determined by a Student’s t test. $ indicates p < 0.05 for LPS vs. PBS-injected and un-injected 
PDL sites in SP/ON-null mice as determined by ANOVA analysis. Error bars = SEM. (C) 
Quantification of thick collagen volume fraction. In WT mice, PDL of PBS- and LPS-injected 
sites presented similar levels of thick collagen; however, both sites had significantly less thick 
collagen than non-injected PDL sites. In SP/ON-null mice, PBS-injected sites had significantly 
less thick collagen than non-injected sites, and LPS injections caused a further decrease in 
thick collagen in comparison with PBS-injected sites. * indicates p < 0.05 for differences in 
thick collagen in WT PDL of non-injected sites vs. sites injected with either PBS or LPS in WT 
mice. * also indicates a significant difference in thick collagen content between non-injected 
and either PBS- or LPS-injected PDL in SP/ON-null mice. p values determined by Student’s t 
test. ** indicates p < 0.05 for SP/ON-null PBS-injected thick collagen vs. LPS-injected PDL and 
un-injected PDL in SP/ON-null mice as determined by ANOVA analysis. Error bars = SEM.
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predispose these mice to accelerated bone 
loss in this model (Delany et al., 2000).

Interestingly, PDL of SP/ON-null LPS 
had significantly fewer inflammatory 
cells than the PDL of LPS-injected WT 
mice. The reduction in inflammatory cell 
number in SP/ON-null LPS was some-
what unexpected, given the increases in 
bone loss in these animals. However, 
previous reports have indicated a damp-
ened immune response to LPS in SP/
ON-null mice. For example, SP/ON-null 
animals were unable to mount an immune 
response to an LPS footpad challenge 
(Rempel et al., 2007). In addition, altered 
inflammatory cell recruitment in tumors 
grown in SP/ON-null mice has been 
reported (Arnold et al., 2010). SP/ON- 
dependent mechanisms for controlling 
bone and PDL collagen turnover are more 
likely to arise from deficiencies in cellu-
lar deposition of fibrillar collagen. In skin 
fibroblasts, the absence of SPARC resulted 
in aberrant procollagen processing and 
decreased collagen deposition to insolu-
ble ECM (Rentz et al., 2007). In vitro 
studies of human dermal fibroblasts have 
also demonstrated that collagen produc-
tion is diminished in cells with reduced 
SP/ON expression (Zhou et al., 2005).

Hence, the decrease in collagen vol-
ume in SP/ON-null PDL might result 
from deficient collagen deposition in response to the ECM 
remodeling that occurs in response to injury. Effects on collag-
enous ECM deposition are not necessarily dependent upon 
inflammatory mediators. For example, increased deposition of 
collagen has been found to occur in the presence of increased 
mechanical tension (Levental et al., 2009). These results suggest 
that cellular factors and parameters such as tissue integrity/
tension contribute to ECM deposition independent of inflamma-
tory response.

Alternatively, PDL fibroblasts lacking SP/ON might pro-
duce collagen with altered fibrillar structure, rendering it more 
sensitive to degradation in response to mechanical or inflam-
matory insult, e.g., a higher amount of thin collagen fibers 
(Bradshaw et al., 2003b). PDL fibroblasts expressing SP/ON 
would then be predicted to produce collagen that is more resis-
tant to collagenase digestion, hence maintaining PDL integrity. 
Increased sensitivity to collagenase digestion associated with 
inefficient collagen incorporation into insoluble ECM might 
account for the greater loss of tissue (alveolar bone and PDL 
collagen) in the absence of a robust inflammatory response in 
SP/ON-null mice.

In health, PDL and SF contribute to homeostasis of bone by 
regulating occlusal forces transmitted to the bone (McCulloch 
et al., 2000). An increase in SF is indicative of bone remodeling 

(Cochran et al., 2003; Diedrich et al., 2003; Johnson, 2005). SP/
ON-null mice have decreased trabecular bone formation (Boskey 
et al., 2003) and diminished deposition of collagen (Bradshaw 
et al., 2003a,b, 2009; Trombetta and Bradshaw, 2010). The 
increase in the number of SF in the PDL of SP/ON-null vs. that 
of WT might reflect a compensation for the inherently weaker 
ECM associated with SP/ON-null PDL and alveolar bone. 
Despite substantially reduced PDL collagen content, SP/ON-null 
mice injected with PBS maintained alveolar BVF, possibly due 
to higher numbers of SF vs. WT. However, LPS injections 
caused significant decreases in bone, collagenous PDL, and SF 
in SP/ON-null mice.

In humans, bone loss associated with periodontal disease is 
thought to occur from the persistence of inflammatory cells in 
gingival tissues that subject alveolar bone and PDL to injury and 
degradation (Jain et al., 2008). The host inflammatory response 
is thus one essential determinant in the progression and severity 
of periodontal disease (Seymour, 1991; Hart et al., 2004). Our 
results suggest that differences in ECM assembly and composi-
tion are also critical factors in determining the severity of peri-
odontal disease. Of future interest is investigation into the 
function of SP/ON in mediating periodontal repair, since SP/ON 
might be closely associated with variations in clinical response 
to nonsurgical and regenerative periodontal treatments.

Figure 4.  SP/ON-null PDL exhibited thinner Sharpey’s fibers (SF) in greater numbers. (A) High 
magnification of the PDL-bone interface allowed for visualization of SF. In PBS-injected sites, 
SF were thicker in WT than in SP/ON-null mice; however, greater numbers of SF were present 
in SP/ON-null mice. (B) Quantification showed that PBS-injected sites of SP/ON-null mice 
have the greatest number of SF. * indicates p < 0.05 SP/ON-null PBS vs. WT PBS; ** 
indicates a significant difference, p < 0.05, in LPS- vs. PBS-injected sites in SP/ON-null mice, 
as determined by Student’s t test. Error bars = SEM. (C) Quantification of SF widths showed 
that SP/ON-null mice had thinner SF in comparison with the SF in WT mice. * indicates a 
significant difference, p < 0.05, between SF thickness in SP/ON-null vs. SF in WT mice, as 
determined by Student’s t test. Error bars = SEM.
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