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Abstract
Objective: The aim of this study was to understand the cellular/molecular
mechanisms of periodontal breakdown in a collagen-induced arthritis (CIA) model in
mice to enhance the understanding of rheumatoid arthritis (RA)-associated alveolar
bone loss in humans.

Materials and Methods: All analyses were performed on paired samples from CIA
and control group mice. Mandibles were retrieved for micro-computed tomography
(micro-CT), histomorphometric analysis, and isolation of alveolar bone cells (ABCs).
In vitro osteoclastogenic/osteogenic/adipogenic potentials of ABCs were evaluated
and the mRNA expression of downstream effector genes was assessed. Bone formation
of ABCs was assessed using an ectopic transplantation model.

Results: Histomorphometric and micro-CT data showed that alveolar bone loss was
significantly increased in the CIA group (po0.05). Osteoclastogenesis was
significantly increased in the CIA group in vivo (po0.05), with upregulated mRNA
expressions of osteoclastogenesis-associated genes. Osteoblasts appeared to undergo
increased apoptosis, and the bone-forming activity of ABCs concomitantly decreased
with in vitro osteogenic differentiation and in vivo ectopic transplantation (po0.05).
Also, adipogenesis-associated mRNA expression was highly expressed in the CIA
group, resulting in significantly enhanced adipocyte differentiation in vitro (po0.05).

Conclusions: These data demonstrate that increased osteoclastic activity, decreased
bone-forming activity and enhanced adipogenesis promote alveolar bone loss in a CIA
model in mice, and they suggest that these mechanisms could account for the same
outcome in human RA.

Key words: bone resportion; experimental
arthritis; mice; periodontitis; rheumatoid
arthritis

Accepted for publication 9 October 2010

Periodontitis (PD) is one of the most
common chronic inflammatory diseases
(Williams, 1990, Bartold et al. 2005),

and it is initiated by a pathogenic
biofilm leading to loss of attachment,
including progressive destruction of the
alveolar bone and periodontal ligament,
and apical migration of the junctional
epithelium. Although pathogenic bio-
films are the primary aetiologic agents
for PD, the severity and progression of
tissue destruction depends on the com-
plex cellular and immunological inter-
actions within the host. In light of this
association between periodontal infec-
tion and host defence mechanisms,
recent studies have proposed a potential
correlation between periodontal disease

and rheumatoid arthritis (RA), and
explained it in part by induction of
autoimmunity or excessive production
of pro-inflammatory cytokines (Merca-
do et al. 2003).

RA is also a chronic inflammatory
disease that is characterized by the
accumulation and persistence of inflam-
matory infiltrates in the synovial mem-
brane, which often results in synovitis,
structural damage, deformity, and loss
of function. RA and PD have been
reported to share numerous common
pathogenic characteristics, and a num-
ber of studies have found a potential
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association between RA and PD
(Mercado et al. 2000, Mercado et al.
2001, de Pablo et al. 2008, Pischon et al.
2008). Interestingly, common genetic
variants are associated with both dis-
eases (Ogrendik et al. 2005), and other
studies have shown a remarkably similar
involvement of mediators, including
prostaglandins, cytokines, matrix metal-
loproteinases, and cell types (Bozkurt
et al. 2000, Mercado et al. 2003, Petro-
poulou et al. 2003), leading to the
stimulation of local osteoclastogenesis
(Cochran, 2008).

Normal bone is a dynamic tissue that
is continuously remodelled by bone-
resorbing osteoclasts and bone-forming

osteoblasts, a process that is referred to
as bone coupling (Parfitt, 1982). How-
ever, the imbalance of bone coupling
and sequential bone loss can also be
induced by systemic diseases (Salvi
et al. 1997, Liu et al. 2006, Graves,
2008). For instance, Graves (2008)
demonstrated that type 2 diabetes
may aggravate periodontal diseases by
both increasing bone loss and limiting
reparative bone formation, resulting
in a defect in bone coupling. An imbal-
ance in osteoclast/osteoblast activity in
RA may also cause impaired bone for-
mation and together may lead to a
coupling defect. However, the results
of recent studies question the additional

mechanism underlying the coupling
defect (Pei and Tontonoz, 2004), and it
is now suspected that the reciprocal
relationship between adipogenesis and
osteogenesis is also related to skeletal
homeostasis, especially in terms of per-
oxisome proliferator-activated receptor g
(PPARg), a key transcription factor
implicated in adipogenesis(Akune et al.
2004).

The objectives of this study were to
evaluate the association between the
development of RA and PD in a mouse
model of collagen-induced arthritis
(CIA) and to elucidate the mechanism
underlying periodontal breakdown,
focusing on alveolar bone resorption.

Fig. 1. Clinical and histological assessment of collagen-induced arthritis (CIA) development in DBA/1 mouse 8 weeks after CIA induction.
(a) Appearance of rear paws in mice from the control (CTL) and the CIA group. Note joint swelling and severe deformity in the CIA group
(arrow). (b) Histolopathological findings of the joint area from the toes of the hind feet. The CTL group shows normal histology of mouse
joint. Severe bone erosion and resorption of cartilage is observed in the CIA group, with high infiltration of inflammatory cells. Tissue sections
were stained with haematoxylin & eosin. Original magnification � 20. (B, bone, Ct, cartilage) (c) Severity of arthritis was measured twice a
week until sacrifice using the clinical arthritis score.
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Materials and Methods

Animals

Ten DBA/1 mice at 8 weeks of age
(SLC, Shizoka, Japan) were divided
into two groups. The CIA group
(n 5 5), in which mice were injected
with type II collagen (bovine type II

collagen, Sigma-Aldrich, St. Louis, MO,
USA), was compared with an age-
matched control (CTL) group (n 5 5).
CIA was induced by an intradermal
injection of 100mg of collagen type II
emulsified in complete Freund’s adju-
vant into the tail base (Lee et al. 2009).
After 3 weeks, mice received a booster

injection. The animals were observed
twice a week for 8 weeks after primary
immunization, then anaesthetized and
killed at 8 weeks after induction of
CIA. CIA development was confirmed
by clinical and histological inspection
(Fig. 1). The severity of arthritis was
evaluated by visual inspection. All four
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legs of the mice were evaluated and
scored from 0 to 4 according to the
following scale: 0, no signs of arthritis;
1, swelling and/or redness of the paw or
one digit; 2, two joints involved; 3, more
than two joints involved; and 4, severe
arthritis of the entire paw and all
digits (Cho et al. 2006). Arthritis scoring
was performed by two independent
observers in a blinded fashion.
All animal experiments were performed
under an animal study protocol
approved by the Institutional Animal
Care and Use Committee, Yonsei Uni-
versity, Seoul, Korea.

Alveolar bone destruction analyses by

micro-computed tomography (micro-CT)

and histomorphometric analysis

Left mandibles were analysed by
micro-CT (SkyScan, SCANCO USA,
Southeastern, PA, USA), with a minor
modification of a previously published
protocol (Park et al. 2007). Using three-
dimensional image reconstructions, the
cementoenamel junction (CEJ) and mar-
ginal bone crest were drawn manually.
Alveolar bone resorption was measured
as the exposed root surface area between
the CEJ and the alveolar bone crest.
Bone density was measured using two-
dimensional cross-sectional images and

determined as the average of Hounsfield
unit measurement at the apical area of
the molar tips.

For histology, samples were fixed in
4% paraformaldehyde and then decalci-
fied with 10% EDTA (pH 8.0) for
paraffin embedding. Paraffin sections
were deparaffinized, hydrated, and
step-serial sectioned in a bucco-lingual
vertical plane (5 mm thick). The sections
were stained with haematoxylin and
eosin (H&E). The most central sections
of two molars selected based on the
width of the root canal were used for
the histological and histometric analy-
sis. Two experienced examiners per-
formed the histopathologic evaluations
of the tissue specimens in a blinded
fashion using light microscopy (Olym-
pus multiview microscope BH2,
Tokyo, Japan) and a PC-based image-
analysis system (Image-Pro Plus,
Media Cybernetic, Silver Spring, MD,
USA). The following parameters mod-
ified from the previous report (Kim
et al. 2005) were analysed: (A) CEJ
junction to cementum: distance from
the CEJ to the top of the remaining
cementum on the root surface. (B) CEJ
junction to junctional epithelium: dis-
tance from the CEJ to the apical exten-
sion of the junctional epithelium. (C)
CEJ junction to bone crest: distance

from the CEJ to the top of the alveolar
bone crest.

Measurements were made in micro-
metres, and schematic diagrams were
drawn to compare the patterns of perio-
dontal breakdown of the CIA group with
that of the CTL group (Fig. 2). In
addition to H&E staining, the deoxynu-
cleotidyl transferase-mediated dUTP-
biotin nick-end labelling (TUNEL)
method (in situ apoptosis detection kit;
Trevigen, Gaithersburg, MD, USA) was
performed in accordance with the man-
ufacturer’s recommendations for the
detection of apoptotic cells, and osteo-
clasts were visualized by tartrate-resis-
tant acid phosphatase (TRAP) staining
using an appropriate detection kit (Sig-
ma-Aldrich) according to the manufac-
turer’s instructions.

Mouse alveolar bone cell (ABC) isolation

ABCs were isolated and cultured from
the right mandibular jaws of each group
as reported previously (Shi et al. 2002).
ABCs formed adherent colonies after
approximately 3–7 days of culture. Pri-
mary cultures were passed to disperse
the colony-forming cells – passage P1.
P3–P5 ABCs were used for the experi-
ments.

Table 1. Primers for RT-PCR

Gene Forward Reverse GeneBank
no.

Annealing
temperature (1C)

Product
size (bp)

RANKL AGCCGAGACTACGGCAAGTA GATGGTGAGGTGTGCAAATG NM011613 50 495
TRAP AAATCACTCTTCAAGACCAG TTATTGAACAGCAGTGACAG NM001102405 51.3 312
PPARg2 CATGGTTGACACAGAGATGCC TCACAAGCATGAACTCCATAG U09138 50 380
aP2 CCTCGA AGGTTTACAAAATGTGTGA AAACTCTTGTGGAAGTCACGCCTTT NM024406 60 401
b-actin AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA X03672 50 228

RANKL; receptor activator of nuclear factor k-light-chain-enhancer of activated B cells’ ligand; TRAP; tartrate-resistant acid phosphatase; PPARg2;

peroxisome proliferators-activated receptor g; aP2; adipocyte fatty acid-binding protein; RT-PCR, reverse transcription-polymerase chain reaction.

Fig. 2. Periodontal breakdown including alveolar bone loss in the mouse model of collagen-induced arthritis (CIA). (a) Intact periodontal
tissue in the control (CTL) group is shown on the left panel (haematoxylin & eosin). The periodontal attachment is well maintained at the level
of the cementoenamel (CEJ) junction (black arrowhead), and the top of the alveolar bone crest is close to the CEJ. In the CIA group, diseased
periodontium with reduced alveolar bone height and several root resorption pits along the root surface are observed (right panel). The
cementum is resorbed down the root surface (white arrowhead) and the junctional epithelium has migrated apically along the denuded root
surface. (b) Histometric measurements revealed the degree of destruction of the periodontium. The following parameters were analysed in the
most central section of molars [CEJ to cementum, CEJ to junctional epithelium, and CEJ to bone crest (vertical alveolar bone loss)].
Schematic diagrams of the state of the periodontium in CTL and CIA groups are shown on the right panels. (c) Significant alveolar bone
resorption was observed in three-dimensional reconstructions of micro-computed tomographic images. Alveolar bone is covering the
interproximal area (black arrowhead) in the CTL group, while active alveolar bone resorption is observed in the corresponding area in the CIA
group (white arrowhead). (d) Assessment of exposed root surface area. There was a statistically significant increase in the CIA group. (e)
Assessment of alveolar bone density. Bone density was determined as the average of Hounsfield unit measurement at the apical area of the
molars, and there was a significant decrease in the CIA group compared with the CTL condition. nStatistically significant difference from the
CTL group (po0.05).
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Induction of osteogenic and adipogenic

differentiation

ABCs from each group were cultured
and induced for osteogenic and adipo-
genic differentiation. Cells (P5) were
seeded into 35-mm culture dishes at
1 � 105 cells per well and cultured until
they reached a subconfluent stage. The
culture medium for osteogenic differen-
tiation comprised a-MEM (Gibco BRL,
Grand Island, NY, USA) containing
20% FBS (Gibco BRL), 2 mM L-gluta-
mine (Gibco BRL), 100mM L-ascorbic
acid 2-phosphate, 10 nM dexametha-
sone (Sigma-Aldrich), 2 mM b-glycero-
phosphate (Sigma-Aldrich), 55mM
2-mercaptoethanol (Amersco), 100 U/ml
penicillin (Gibco BRL), and 100mg/ml

streptomycin (Gibco BRL), and was
changed at 3-day intervals. The culture
medium for adipogenic differentiation
comprised a-MEM containing 15%
FBS, 2 mM L-glutamine, 100mM L-
ascorbic acid 2-phosphate, 0.5 mM iso-
butyl-methylxanthine (Sigma-Aldrich),
60mM indomethacin (Sigma-Aldrich),
0.5mM hydrocortisone (Sigma-Aldrich),
10mM insulin (Sigma-Aldrich), 100 U/
ml penicillin, and 100mg/ml streptomy-
cin. After 2 weeks (adipogenic differ-
entiation) or 4 weeks (osteogenic
differentiation) of induction, the cells
were stained with Oil Red O stain and
alizarin red, respectively. To evaluate
the induction of each differentiation
type, areas of adipocyte formation and
newly formed nodules were measured

using an automated image-analysis sys-
tem (Image-Pro Plus).

Induction of osteoclasts by coculture with

bone marrow cells

In vitro osteoclast differentiation was
conducted as described previously
(Yun et al. 2007). Briefly, bone marrow
cells were collected from the tibiae of
mice, washed with a-MEM, and added
to the ABCs with 1 a,25-dihydroxyvita-
min D3 (10–8 M, Enzo Life Sciences,
Farmingdale, NY, USA). After 7 days,
the cells were fixed and stained for
TRAP, which is an osteoclastogenesis
marker, using an acid phosphatase kit
(Sigma Chemical, St. Louis, MO, USA).
TRAP-positive multinucleated cells with

Fig. 3. Increased osteoclastic activity in alveolar bone cells (ABCs) from collagen-induced arthritis (CIA) mice. (a) Reverse transcription-
polymerase chain reaction analysis was performed to determine the mRNA expression associated with osteoclastogenic differentiation. ABCs
were harvested and cultured in an osteoclastogenic medium. mRNA expressions for the receptor activator of nuclear factor k-light-chain-
enhancer of activated B cells ligand (RANKL) and tartrate-resistant acid phosphatase (TRAP) were considerably increased in the CIA group.
(b) Increased number of osteoclasts in the CIA group in vivo. TRAP-positive multinucleated cell numbers (MNCs, arrows) were significantly
increased in the CIA group (po0.05). Original magnification � 100. (Dt, dentin, AB, alveolar bone) (c) Increased number of osteoclasts in
the CIA group in vitro. ABCs harvested from alveolar bone were cocultured with bone marrow cells to induce the production of osteoclasts.
Cells with more than three nuclei were considered as osteoclasts (arrow); MNCs were not detected in the control (CTL) group, whereas a large
number of MNCs were observed in the CIA group. Original magnification � 100. nStatistically significant difference from the control group
(po0.05).
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more than three nuclei were considered
as osteoclasts.

Total RNA extraction and reverse

transcription-polymerase chain reaction
(RT-PCR)

RT-PCR was performed using samples
from adipogenic and osteoclastogenic
differentiations. Total RNA was isolated
using TRIzol (Invitrogen, Carlsberg,
CA, USA). RT-PCR was performed
with 1 mg of RNA using a commercial
kit (Cat. No. 25081, Maxime RT Pre-
Mix, Oligo dT primer, iNtRon Biotech-
nology, Daejon, Korea). The cDNA
synthesized was amplified by PCR using
the gene-specific primers (Table 1).
PCR products were visualized by elec-
trophoresis on agarose gels stained with
ethidium bromide and analysed using a
gel-documentation system (Gel Doc
XR, BIO-RAD, Hercules, CA, USA).

Transplantation of ABCs into

immunocompromised mice and

histological examination

ABCs (6.0 � 106) were mixed with
80 mg of hydroxyapatite/tricalcium
phosphate (HA/TCP) ceramic powder
(Biomatlante, Vigneux, France) and
then transplanted into the dorsal surface
of 8-week-old immunocompromised
mice as described previously (Kuznet-
sov et al. 1997). Transplants were har-
vested after 8 weeks, fixed with 4%
formalin, decalcified with buffered 5%
EDTA (pH 7.2–7.4), and then embedded
in paraffin. Sections (5 mm) were
deparaffinized and stained with H&E.
Histometric analysis of new bone regen-
eration in vivo was performed using
Image-Pro software, as described pre-
viously (Shi et al. 2002).

Statistical analysis

Student’s t-test was used to analyse the
statistical significance of differences
between CIA and CTL groups. The level
of statistical significance was set at
po0.05.

Results

Alveolar bone destruction in CIA mice

Systemic development of arthritis was
confirmed by clinical and histologic
findings (Fig. 1). CIA-induced perio-
dontal tissue breakdown was determined
by histologic and radiographic analyses.

The histological appearance of alveolar
bone is shown in Fig. 2. A normal
periodontium was observed in the CTL
group, as evidenced by undamaged
periodontal attachments, including com-
plete coverage of the root surface by the
cementum, connective tissue insertion
into the cementum, and maintenance of
the junctional epithelium and the crest
of alveolar bone at the level of the CEJ.
In comparison, the CIA group exhibited
loss of attachments, including severe
bone resorption, apical migration of
junctional epithelium, and cementum
demineralization. Quantitative histo-
morphometric analysis revealed a sig-
nificant decrease in bone height in the
CIA group (po0.05). Specifically, the
junctional epithelium migrated twice the
distance away from the CEJ in the apical
direction in the CIA group compared
with the CTL group (po0.05), and the
connective tissue attachment with col-
lagen fibre insertion into the cementum
was partially destroyed. Several resorp-
tion pits were also observed on the
cementum surface. Three-dimensional
reconstruction from micro-CT images
revealed the alveolar bone loss, and
the amount of exposed root surface
was significantly higher in the CIA
group (po0.05). Also, the alveolar
bone density measured at the apical
area of molars by Hounsfield unit
demonstrated relevant change in bone
density. Finally, the alveolar bone of the
CIA group appeared to be compara-
tively porous and had a lower bone
density (po0.05).

Increased osteoclastic activity in ABCs

from the CIA group

We examined changes in osteoclast
activities in ABCs from the CIA group
in several different ways (Fig. 3). First,
the RT-PCR results showed that mRNA
expressions for receptor activator of
nuclear factor k-light-chain-enhancer
of activated B cells ligand (RANKL)
and TRAP, among others, were consid-
erably increased in the CIA group. Also,
we were able to observe actively resorb-
ing osteoclasts along the alveolar bone
surface in the CIA group. The number of
osteoclasts was also significantly
increased in the CIA group after the
induction of osteoclast differentiation
using coculture of ABCs with bone
marrow cells (po0.05). This specific
increase in osteoclast activity appeared
to be contributing considerably to the

resorption of alveolar bone and the
reduction in alveolar bone density.

Reduced osteoblastic activity in CIA mice

In addition to increased osteoclastic
activity, we also considered a defect in
osteoblastic bone formation as a poten-
tial mechanism of alveolar bone loss.
When tested, TUNEL staining revealed
a large number of apoptotic cells inside
the alveolar bones of CIA group mice,
which were assumed to be osteoblasts
(Fig. 4). Consequently, the reduced bone
formation could be, at least in part,
accounted for by increased cell death.
The bone-forming activity of ABCs
soaked in HA/TCP particles in the ecto-
pic model was studied by transplanting
ABCs into a subcutaneous pocket on the
dorsal surface of immunocompromised
mice. Histologic results from harvested
implants after 8 weeks showed that
ABCs had induced new bone formation
around the residual biomaterials in the
CTL group, while ABCs of the CIA
group failed to do so. Immunohisto-
chemical analysis also revealed
increased expression of the osteogenic
markers in the CTL group with
decreased expression in the CIA group
(data not shown). The results from the in
vitro cell-culture analysis were consis-
tent with those of the in vivo data. ABCs
were cultured in osteogenic medium and
bone-nodule formation, stained by ali-
zarin red, was examined. There was a
drastic reduction in bone-nodule forma-
tion in the CIA group, suggesting infer-
ior bone-forming ABC activity in that
group. In addition, the RT-PCR results
showed that the expression of osteo-
genic markers such as osteocalcin was
down-regulated in the CIA group (data
now shown).

Increased adipocyte production in the CIA

group

Bone remodelling is largely explained
by a crosstalk mechanism between
osteoblasts and osteoclasts. However,
adipocytes are also heavily involved in
bone-cell regulation by acting on osteo-
blasts, as is PPARg2, which is known
for its inhibitory action against osteo-
genesis. To evaluate the changes in
adipocytes or adipogenesis, we cultured
ABCs in an adipogenic medium. ABCs
from the CIA group up-regulated the
expression of adipogenic markers such
as PPARg2 and aP2 as determined by
RT-PCR (Fig. 5). In addition, the CIA
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group exhibited an increased number of
adipocytes (as revealed by Oil Red O
staining), with an increased tendency
towards adipogenic differentiation
(po0.05).

Discussion

Here, we report that experimentally
induced adjuvant arthritis causes severe
periodontal breakdown with substantial
resorption of alveolar bone and loss of
the periodontal attachments in DBA/1
mice. While adjuvant arthritis is a well-
established RA model in rats, there are

contradicting reports on the association
of alveolar bone loss with RA develop-
ment (Ramamurthy et al. 2005, Bartold
et al. 2010), making rats an unreliable
animal model for arthritis-associated
alveolar bone loss. In this study, we
used DBA/1 mice with arthritis induced
by an injection of type II collagen as
reported previously (Lee et al. 2009),
and we successfully observed significant
alveolar bone loss and periodontal tissue
destruction during the course of arthritis
development. Although it does not fully
duplicate the condition of human RA,
we consider this model as a powerful
tool to study a potential link between
RA and PD.

First, to assess the possibility that
CIA mice with increased alveolar bone
loss are impaired in their ability to
repair, we determined changes in the
factors associated with bone remodel-
ling or bone coupling (Parfitt, 1982).
Additionally, we also assessed changes
in adipogenesis as it has been reported
recently to be involved in maintaining
bone homeostasis. Recent reports
further point towards up-regulation of
the pro-inflammatory cytokines tumour
necrosis factor-a (TNF-a) and interleu-
kin (IL)-1b playing key roles in chronic
inflammatory lesions (Okada and Mur-
akami, 1998). These cytokines are
known to induce bone resorption by

Fig. 4. Reduced osteoblastic activity in collagen-induced arthritis (CIA) model. (a) Deoxynucleotidyl transferase-mediated dUTP-biotin nick-
end labelling staining revealed a few apoptotic cells in the normal periodontium while increased numbers of apoptotic cells were detected
inside the alveolar bone in the CIA group (arrows). Osteoblasts were assumed to undergo increased apoptosis in the CIA group. (Dt, dentin;
PDL, periodontal ligament; AB, alveolar bone). (b) ABCs were soaked in hydroxyapatite/tricalcium phosphate particles and then transplanted
subcutaneously into the dorsal surface of a mouse. New bone formation was observed in the control (CTL) group (arrow) after 8 weeks. In
contrast, no bone formation was observed and a large number of leucocytes were noted in the CIA group. (c) Osteogenic induction of ABCs.
Normal bone-nodule formation (arrow) was observed in the CTL group (alizarin red staining). Little, if any, bone-nodule tissue was observed
in the CIA group. Measurement of the area of bone-nodule tissue revealed a significant decrease in this parameter in the CIA group.
nStatistically significant difference from control group (po0.05).
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promoting the differentiation of osteo-
clast precursors and subsequently by
activating osteoclasts (Pfeilschifter et
al. 1989). Previously, we have shown
that the systemic levels of cytokines
such as TNF-a, IL-1b, IL-6, MMP-3,
iNOS, and COX-2 increased during the
course of the development of CIA (Lee
et al. 2009). We assumed that both
periodontal and arthritic bone losses
were potentially mediated by increased
levels of these cytokines, inducing
osteoclastic activity. In this line, such
up-regulation results in active resorption
of bone tissue and destroys the balance
of bone coupling. Our results show that
osteoclasts were induced in CIA and
that osteoclastogenesis was readily
derived in ABCs from the CIA group.
We conclude that this increased number
of osteoclasts largely accounts for
alveolar bone loss.

However, our results also documen-
ted increased apoptosis of osteoblasts
and reduced expression of related
mRNA in CIA mice, leading to dimin-
ished bone formation, which might
result from a reduced production of
osseous matrix or simply from a
decreased number of cells with active
matrix production. The bone formation
observed in the transplantation model
shows that reduced bone formation is

more affected by decreased bone-form-
ing activity of osteoblasts than by a
diminished number of osteoblasts.
Therefore, these data suggest that the
inappropriate biologic activity of osteo-
blasts accounts for, at least in part, the
imbalance in bone remodelling while
elevated osteoclast activity could be a
dominant factor.

CIA is a systemic disorder that is not
limited to articular structures, and sev-
eral mechanisms have been suggested to
induce periodontal destruction. We have
focused on the reciprocal relation-
ship between the development of bone
and adipose tissue and suspected that
this relationship could be a potential
mechanism underlying the alveolar
bone loss in CIA-induced PD. It is
well established that mesenchymal
stem cells can differentiate to osteo-
genic and adipogenic lineages. Our
hypothesis was that cell differentiation
in CIA tends to be redirected into the
adipogenic lineage, and that the accu-
mulation of adipocytes reduces bone
density and as such ultimately increases
the susceptibility to bone resorption.
Our RT-PCR results show that aP2
and PPARg2 mRNA expressions were
increased in the CIA group compared
with the CTL group, and that ABCs
from the CIA group were enhanced in

their capacity to differentiate into the
adipogenic pathway. aP2 is a key med-
iator of the intracellular transport and
metabolism of fatty acids, and PPARg2
is a well-known key regulator of osteo-
blast and adipocyte differentiation, its
activation playing a pivotal role in the
selection of adipogenesis over osteo-
blastogenesis (Lecka-Czernik et al.
1999). The up-regulated expression of
PPARg2 implies an enhanced differen-
tiation of adipocytes in the alveolar bone
and that it may be partially responsible
for defective mineralization, decreased
bone density, and ultimately, for alveo-
lar bone loss. Several reports demon-
strated that decreased PPARg2 activity
causes increased bone density and
results in increased number of osteo-
blasts (Akune et al. 2004). On the other
hand, increased PPARg2 activity by
PPARg2 agonists results in a significant
decrease in bone density along with
decreased numbers of osteoblasts and
increased numbers of adipocytes (Sor-
oceanu et al. 2004). While we demon-
strated a redirection of ABCs’
differentiation into adipocytes, the
molecular mechanism behind this pro-
cess can be the subject of further studies.

In conclusion, the present study
showed that increased osteoclastic activ-
ity, decreased bone-forming activity of

Fig. 5. Increased adipogenic differentiation in the collagen-induced arthritis (CIA) model. (A) Expression of adipogenesis related mRNA was
analysed by reverse transcription-polymerase chain reaction (RT-PCR). RT-PCR shows that peroxisome proliferators-activated receptor g
(PPARg2) and adipocyte fatty acid binding protein (aP2) were highly expressed in the CIA group. (B) ABCs were induced in an adipogenic
medium for 14 days. A small number of lipid droplets were detected within the stimulated cells by Oil Red O staining at 2 weeks after
stimulation in the control group. Increased accumulation of lipid droplets was observed in the CIA group. nStatistically significant difference
from the control group (po0.05).
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osteoblasts, and enhanced adipogenesis
account for the alveolar bone loss in
CIA. These findings provide a new
perspective towards understanding the
mechanism of alveolar bone loss in RA
patients and improvement of existing
treatments for RA patients.
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Clinical Relevance

Scientific rationale for the study: PD
is prevalent and more severe in
patients with RA. The objective of
this study was to investigate its
underlying mechanism by assessing
the process of periodontal breakdown
in collagen-induced arthritis of mice,
focusing on alveolar bone resorption.

Principal findings: In mice with CIA,
significant alveolar bone loss was
observed. The underlining mechan-
ism involved increased osteoclastic
activity, decreased bone-forming
activity of osteoblasts, and upregu-
lated adipogenesis.
Practical implications: Understand-
ing the mechanism of alveolar bone

loss associated with induced arthritis
in an experimental mouse model will
provide new avenues for interven-
tions that can improve the course of
periodontal breakdown in RA
patients.
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