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ABSTRACT Periodontitis is the most common lytic
bone disease and one of the first clinical manifestations of
diabetes. Diabetes increases the risk of periodontitis. The
aim of the present study was to examine mechanisms by
which diabetes aggravates periodontitis. Ligature-induced
periodontitis was examined in Goto-Kakizaki rats with
type 2 diabetes. A tumor necrosis factor (TNF)-specific-
inhibitor, pegsunercept, was applied to diabetic rats after
the onset of periodontal disease. Interferon-� (IFN-�),
TNF-�, interleukin-1 � (IL-1�), fibroblast growth factor-2
(FGF-2), transforming growth factor beta-1 (TGF�-1),
bone morphogenetic protein-2 (BMP-2), and BMP-6 were
measured by real-time RT-PCR, and histological sections
were examined for leukocyte infiltration and several pa-
rameters related to bone resorption and formation. In-
flammation was prolonged in diabetic rats and was re-
versed by the TNF inhibitor, which reduced cytokine
mRNA levels, leukocyte infiltration, and osteoclasts. In
contrast, new bone and osteoid formation and osteoblast
numbers were increased significantly vs. untreated dia-
betic animals. TNF inhibition in diabetic animals also
reduced apoptosis, increased proliferation of bone-lining
cells, and increased mRNA levels of FGF-2, TGF�-1,
BMP-2, and BMP-6. Thus, diabetes prolongs inflamma-
tion and osteoclastogenesis in periodontitis and through
TNF limits the normal reparative process by negatively
modulating factors that regulate bone.—Pacios, S., Kang,
J., Galicia, J., Gluck, K., Patel, H., Ovaydi-Mandel, A.,
Petrov, S., Alawi, F., Graves, D. T. Diabetes aggravates
periodontitis by limiting repair through enhanced inflam-
mation. FASEB J. 26, 1423–1430 (2012). www.fasebj.org
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Periodontitis is the most common lytic disease of
bone and a frequent complication of diabetes (1, 2).
Individuals with diabetes have increased risk and sever-
ity of periodontal disease (1, 2). Moreover, it has been
reported that periodontitis is one of the first clinical
manifestations of diabetes (2). Periodontitis involves
the loss of supporting structure for the tooth consisting
of connective tissue attachment and bone. The control
of this disease is important in maintaining the integrity
and function of the oral cavity.

Periodontal disease is initiated by bacteria that in-
duce an inflammatory response that causes tissue de-
struction. More than 700 bacterial species can be found
in the oral cavity, yet only a small percentage of these
are thought to initiate periodontal disease (3). The
process of periodontitis involves colonization of the
tooth surface, penetration of the connective tissue by
bacteria or their products, and stimulation of inflam-
mation that induces periodontal destruction and might
also limit the repair process (4). The inflammatory
response, rather than the direct pathological effects of
the bacteria, is thought to cause the tissue destruction
of periodontal disease, as shown by inhibiting prosta-
glandins and cytokines or through the action of anti-
inflammatory lipid mediators (5–8).

Periodontal disease in humans and experimental
animal models is linked to both the innate and adaptive
immune response. Several studies have reported that
individuals with periodontitis exhibit increased levels of
interleukin-1 (IL-1), tumor necrosis factor � (TNF-�),
and interleukin-6 (IL-6) in gingiva and crevicular fluid,
which is a gingival exudate (9). Both genetic deletion
and specific inhibition of these cytokines have been
found to reduce periodontal disease progression (6,
9–11). Similarly, mediators of the adaptive immune
response are elevated in individuals with periodontal
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disease, and inhibition or genetic deletion of media-
tors, such as receptor activator of nuclear factor �-B
ligand (RANKL) and interferon-� (IFN-�), result in
reduced periodontal disease progression (10, 12, 13).

Several studies demonstrate that the prevalence and
severity of periodontal disease are greater in patients with
diabetes mellitus (DM) and in animal models of diabetes
(1, 2). Diabetes may affect periodontal disease through a
number of different avenues, including an impaired
antibacterial defense. However, studies investigating
whether diabetes causes a change in oral flora have had
inconsistent results. An alternative explanation is that
diabetes alters the inflammatory response to periodontal
pathogens. This finding is supported by studies examin-
ing the response to a well-defined inoculum of periodop-
athic bacteria (14). Under normal circumstances, inflam-
mation normally resolves through an active process
regulated by cellular signals (15). However, resolution of
inflammation is impaired in the diabetic animals. A
greater inflammatory response explains the loss of peri-
odontal tissues, since inflammatory mediators stimulate
the production of lytic enzymes that break down connec-
tive tissue and formation of osteoclasts that resorb bone,
both of which are hallmarks of periodontal disease.

One of the inflammatory mediators that has been
implicated in the tendency of diabetics to have greater
periodontal disease is TNF-�. Cell cultures studies have
shown that lipopolysaccharide (LPS)-stimulated monocytes
from individuals with type 1 diabetes produce a greater
amount of TNF-� than monocytes from nondiabetic individ-
uals (16). Moreover, TNF-� has been shown to mediate the
destructive events induced by exposure to periodontal
pathogens (17, 18). In addition, higher levels of TNF-� have
been noted in a type 1 diabetes mouse model of periodontal
disease that was linked to greater receptor for advanced
glycation end-product (RAGE) signaling (19). However, it is
not known whether elevated TNF-� contributes to the dia-
betic complication of enhanced periodontitis.

In the study described here, we determined the degree
to which enhanced TNF levels in animals with type 2
diabetes contribute to compromised resolution of peri-
odontal disease. The results demonstrate that diabetes-
enhanced TNF plays an important role in the prolonged
inflammation and osteoclastogenesis observed in type 2
diabetes in animals and that the enhanced inflammation
through TNF significantly reduces the normal capacity to
repair resorbed bone by suppressing the expression of
growth factors that are needed to simulate proliferation
and differentiation and inhibit apoptosis of osteoblasts or
their precursors. These studies, for the first time, suggest a
molecular basis by which type 2 diabetes could negatively
affect bone in a number of pathological conditions by
suppressing the expression of mediators needed for bone
formation through enhanced and prolonged inflammation.

MATERIALS AND METHODS

Induction of periodontal bone loss and preparation of
specimens

Male type 2 diabetes model Goto-Kakizaki (GK) and nor-
moglycemic Wistar rats (8 wk old) were purchased from

Charles River Laboratories (Wilmington, MA, USA). GK rats
typically become diabetic at 8 wk of age, and experiments
were started at 12 wk. Periodontitis was induced by tying silk
ligatures around the maxillary second molars. Placement of
ligatures induces periodontal disease by facilitating bacterial
invasion of gingiva (20). After 7 d, ligatures were removed to
initiate resolution of periodontal inflammation and a repair
process. Rats were euthanized on d 0, 7 (ligature removal),
11, 15, and 22, based on a previous study (21). The maxillary
and mandibular jaws were fixed in 4% paraformaldehyde for
3 d at 4°C and decalcified in Immunocal (Decal Chemical
Corp., Tallman, NY, USA) at 4°C for 12 d. Sagittal paraffin
sections were prepared at 5 �m; the area between the first
and second molar was examined. Measurements in the gin-
gival connective tissue were performed from the epithelial
attachment to the crest of bone; measurements associated
with bone were carried out from the crest of bone to a depth
of 1 mm. A given data set was obtained by counting immu-
nopostive cells or by histomorphometric analysis by one
examiner who was calibrated by a second examiner. A dia-
gram of the periodontal tissues is shown in Supplemental Fig.
S1. All animal procedures were approved by the University of
Medicine and Dentistry of New Jersey Institutional Animal
Care and Use Committee.

Inhibition of TNF-�

Diabetic animals were treated with a TNF-� specific inhibitor,
pegsunercept, that was generously provided by Amgen
(Thousand Oaks, CA, USA). It was administered by intraperi-
toneal injection (4 mg/kg body weight) at the time of ligature
removal and every 4 d thereafter in order to focus on the
resolution of periodontal inflammation. Control animals
were treated with vehicle alone following the same schedule.
Serum glucose levels for vehicle- and pegsunercept-treated
diabetic animals were similar, �400 mg/dl.

Detection of number and depth of polymorphonuclear
(PMN) and mononuclear leukocytes

The number of mononuclear and PMN leukocytes and the
depth of PMN cells in gingival connective tissue were counted
in hematoxylin and eosin (H&E) stained sections examined
at �1000 view. The identification of these cells was confirmed
by a pathologist.

Osteoclasts, osteoblasts, and osteoid and new bone
formation

Osteoclasts were identified and counted as multinucleated
tartrate-resistant acid phosphatase (TRAP)-positive bone-lin-
ing cells from the bone crest to a depth of 1.0 mm, as we have
previously described (21). Osteoblasts were counted as cuboi-
dal bone-lining cells in areas of bone remodeling, and their
identity was confirmed by immunohistochemistry using an
antibody specific for osteocalcin (data not shown). New bone
formation was identified in TRAP-stained sections using the
reversal line as a guide, as we have previously described (21).
The area of osteoid formation was measured as the unminer-
alized bone matrix between osteoblasts and the mineralized
bone surface evident in H&E-stained sections.

Detection of apoptotic bone-lining cells

Apoptotic cells were detected by an in situ transferase-medi-
ated dUTP nick-end labeling (TUNEL) assay by means of the
DeadEnd Fluorometric TUNEL System kit purchased from
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Promega (Madison, WI, USA) with rTdT enzyme, following
the manufacturer’s instructions. The number of apoptotic
cells was counted from the bone crest to a depth of 1 mm by
computer-assisted analysis (Nikon, Melville, NY, USA) from
images captured at �200 view on an immunofluorescence
microscope.

Immunohistochemistry

The numbers of cells expressing proliferating cell nuclear
antigen (PCNA), bone morphogenetic protein-2 (BMP-2),
and fibroblast growth factor-2 (FGF-2) either lining bone or
adjacent to bone in the periodontal ligament (PDL) were
counted. Sections were stained by immunohistochemistry
using paraffin sections with an antibody specific for PCNA
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), BMP-2
(NovusBiologicals, Littleton, CO, USA), or FGF-2 (Santa Cruz
Biotechnology). Primary antibody was detected by avidin-
biotin horseradish peroxidase complex using a biotinylated
secondary antibody. To enhance the signal to noise ratio,
citrate (pH 6) antigen retrieval was used along with tyramide
signal amplification that enhances the chromogenic signal
(PerkinElmer, Waltham, MA, USA). Sections were examined
at �600 view.

Real-time polymerase chain reaction (PCR)

Total RNA was extracted from periodontum (tooth, gingival,
and alveolar bone around second and third molars) of
vehicle- and pegsunercept-treated diabetic rats and assessed
for mRNA of rat IFN-�, TNF-�, IL-1�, FGF-2, transforming
growth factor �-1 (TGF�-1), BMP-2, and BMP-6 by real-time
PCR using Taq-Man primers and probe sets (Applied Biosys-
tems, Foster City, CA, USA). Results were normalized to a
housekeeping gene, ribosomal protein L32. The experiments
were carried out with 4 to 5 animals/group with triplicate
samples and performed 2 to 3 times with similar results.

Statistical analysis

One-way analysis of variance was used to determine the
differences between groups at a given time point and to

compare difference from baseline values within a group. The
significance level was set at P � 0.05.

RESULTS

To characterize the inflammatory response at the onset
of periodontitis and during its resolution, the number
of PMN cells was examined (Fig. 1A and Supplemental
Fig. S2). On d 0 in the normoglycemic group, the
number of PMN cells was low and increased 4.4-fold
after the initiation of periodontitis (d 7; P�0.05). At
later time points after ligatures were removed, the
number of PMN cells decreased substantially and was
close to baseline 8 d later (on d 15). The diabetic group
at baseline was similar to the normoglycemic group and

Figure 2. Diabetes increases osteoclast formation, which is
due to prolonged inflammation. Induction and resolution of
periodontal disease and application of TNF inhibitor were
performed as in Fig. 1. Osteoclasts were counted in TRAP-
stained sections as described in Materials and Methods. *P �

0.05 vs. normoglycemic group; 	P � 0.05 vs. diabetic group.

Figure 1. Diabetes prolongs an inflammatory infiltrate. Destructive periodontitis was initiated in rats by placement of ligatures
around the molar teeth, which facilitates bacterial invasion of gingiva. Resolution of periodontal inflammation was induced by
removal of ligatures. TNF was inhibited in diabetic rats by injection with pegsunercept when ligatures were removed and every
4 d thereafter (diab	inh group). Control rats received vehicle alone. Rats were euthanized before placing the ligature (0 d),
simultaneously with ligature removal (7 d), and after ligature removal (11, 15, and 22 d). Numbers of PMN cells (A) and
mononuclear cells (B) and depth of PMN cells (C) were examined in the gingival connective tissue from the epithelium adjacent
to the tooth to distance of 1 mm toward alveolar bone, assessed in H&E-stained sections. *P � 0.05 vs. normoglycemic (normal)
group; 	P � 0.05 vs. diabetic (diab) group.
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also increased 4.5-fold after the initiation of periodon-
titis. However, on d 11 and 15, the number of PMN cells
was still high, so that the values were 2.4- and 3-fold
higher in the diabetic group than in the normoglyce-
mic group (P�0.05). By d 15, the numbers were similar
to baseline values. Treatment of diabetic animals with a
TNF inhibitor reduced the number of PMN cells to that
of the normoglycemic animals. The number of mono-
nuclear leukocytes followed a similar pattern, with high
levels persisting in the diabetic group following re-
moval of etiologic factors, which was normalized by
treatment with a TNF-inhibitor (Fig. 1B).

Periodontal bone resorption has been linked to the
transition of an inflammatory infiltrate from the subep-
ithelial space to deeper areas of connective tissue. At
baseline, PMN cells in both normoglycemic and dia-
betic groups were found only in proximity to the
epithelium (Fig. 1C). The inflammatory infiltrate
moved deeper within the connective tissue in both
normoglycemic and diabetic groups with the onset of
periodontitis, although considerably more so in the
diabetic group, on d 7. On d 11, the depth of the
infiltrate was reduced in the normoglycemic animals,
while it remained substantially deeper in the diabetic
group (P�0.05). Inhibition of TNF resulted in rapid
reversal, so that the inflammatory infiltrate was restored
to the subepithelial connective tissue area.

To establish how type 2 diabetes may affect the
cessation of bone loss, osteoclast numbers were mea-
sured (Fig. 2). At baseline, the number of osteoclasts
per millimeter of bone length was low in diabetic and
normoglycemic groups. It increased 4-fold on d 7 in the
normoglycemic group (P�0.05) and quickly returned
to baseline levels within 4 d after the etiologic factor
was removed (on d 11). Osteoclast numbers also in-
creased in the diabetic rats with the initiation of
periodontal disease but were 2.7- and 4-fold higher in
the diabetic group vs. the normoglycemic group on d
11 and 15 (P�0.05). When treated with a TNF inhibi-
tor, the number of osteoclasts in the diabetic group
returned to normoglycemic levels.

Both the adaptive and innate immune responses are
thought to contribute to periodontitis. To assess the
effect of the TNF inhibitor on inflammatory cytokine
mRNA levels in the periodontal tissue of diabetic rats,
IFN-� (Fig. 3A), TNF-� (Fig. 3B), and IL-1� (Fig. 3C)
were measured. IFN-� mRNA levels in the diabetic
animals were substantially higher during the resolution
phase of periodontal inflammation compared to base-
line. Similarly, IL-1 and TNF-� levels in the diabetic
group were higher, and both were decreased by inhi-
bition of TNF. The results indicate that the overall
mRNA levels of inflammatory cytokines during the

Figure 4. Diabetes reduces periodontal bone formation and osteoblast numbers, and this decrease is reversed in diabetic animals
by TNF inhibition. New osteoid formation (A) and bone formation (B) were measured in histological sections; osteoblasts were
counted per millimeter of bone length (C) in H&E-stained sections. Osteoblast counts were confirmed using osteocalcin-specific
immunostaining. *P � 0.05 vs. normoglycemic group; 	P � 0.05 vs. diabetic group.

Figure 3. Diabetes prolongs mRNA levels of inflammatory cytokines. Induction and resolution of periodontitis and application
of TNF inhibitor were performed as in Fig. 1. IFN-� (A), TNF-� (B), and IL-1� (C) mRNA levels were measured in RNA extracted
from rat periodontium by RT-PCR. 	P � 0.05 vs. diabetic group.
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resolution phase in the diabetic animals were reversed
by inhibiting TNF.

Bone is programmed to repair, a process called
coupled bone formation, which limits net bone loss
following an episode of bone resorption. We examined
the effect of type 2 diabetes on formation of osteoid, an
immature bone matrix (Fig. 4A), new bone formation
(Fig. 4B), and the number of osteoblasts capable of
forming bone matrix (Fig. 4C). The amounts of osteoid
and new bone formation were low in both normogly-
cemic and diabetic groups at baseline and during the
initiation of periodontal inflammation. When peri-
odontal disease ceased, new osteoid formation in-
creased 4-fold and bone formation �10-fold in the
normoglycemic group, peaking 8 d after ligatures were
removed (on d 15; P�0.05). The diabetic group
showed a different pattern, without a significant burst
of osteoid or bone formation. Thus, the formation of
bone and osteoid was significantly less in the diabetic
compared to normoglycemic animals (P�0.05). When
treated with a TNF inhibitor, both osteoid and new
bone formation in the diabetic group increased to a
level equivalent to that of the normoglycemic group,
which indicated that diabetes exerted its negative effect
on bone formation largely through its effect on inflam-
mation involving TNF.

A potential mechanism by which the amount of
osteoid and new bone formation is limited by type 2
diabetes is the number of osteoblastic cells that can
form bone matrix. This value increased �2.7-fold in the
normoglycemic group after periodontal inflammation
was reduced during the resolution of inflammation
(P�0.05; Fig. 4C). The diabetic group had significantly
fewer numbers of osteoblasts at each of these time
points (P�0.05). The decrease in osteoblasts in the
diabetic group was directly attributable to inflamma-
tion, as the number increased to normoglycemic levels
when diabetic rats were treated with a TNF inhibitor.

Potential mechanisms by which the number of osteo-
blasts is limited in animals with type 2 diabetes include
increased apoptosis (Fig. 5A) and decreased prolifera-
tion of bone-lining cells (Fig. 5B). The number of
apoptotic cells in the normoglycemic group increased
10-fold with the induction of periodontal disease and
decreased during resolution of periodontal inflamma-
tion. The diabetic group exhibited a different pattern,
so that the number of apoptotic bone-lining cells was
typically 2-fold higher in the diabetic group compared
to normoglycemic animals during the resolution phase.
When treated with a TNF inhibitor, the higher level of
apoptosis was reversed in diabetic animals and followed
the same pattern as normoglycemic animals. Prolifera-
tion of bone-lining cells was also examined by immu-
nohistochemistry for expression of PCNA (Supplemen-
tal Fig. S3). The level of proliferating bone-lining cells
significantly increased during the resolution phase in
normoglycemic but not in diabetic rats. When TNF was
inhibited in diabetic animals, the number of cells
expressing PCNA was restored to normoglycemic levels.
PCNA-immunopositive cells in proximity to bone were
predominantly fibroblastic (Table 1). However, the
proportion of fibroblasts and bone-lining cells that
were immunopositive for PCNA were similar.

Apoptosis and proliferation of bone-lining cells may
be modulated by growth factors that stimulate osteo-
blasts or their precursors. We examined mRNA levels of
a number of factors that affect bone, including TGF�-1
(Fig. 6A), BMP-2 (Fig. 6B), BMP-6 (Fig. 6C), and FGF-2
(Fig. 6D), focusing on the period of resolution, when
apoptosis was elevated and proliferation reduced in the
diabetic group. During this period in diabetic animals,
little or no increase was found in mRNA levels of these
growth factors compared to baseline. However, when
TNF was inhibited, mRNA for each of these growth
factors increased, with peaks ranging from 2- to 6-fold.

To determine whether there was increased expression
of growth factors in proximity to bone, immunohisto-
chemistry was performed, measuring the number of BMP-
2-immunopositive cells (Fig. 7A and Supplemental Fig.
S4) and FGF-2-immunopositive cells (Fig. 7B) in the
periodontal ligament adjacent to bone. At baseline and at

Figure 5. Diabetic rats have increased apoptosis and decreased
proliferation of bone-lining cells, which is reversed by TNF
inhibition. Induction and resolution of periodontal disease and
application of TNF inhibitor were performed as in Fig. 1. A)
Apoptotic bone-lining cells in histological sections were mea-
sured by the TUNEL assay. B) Number of PCNA-immunoposi-
tive cells was measured by immunohistochemistry. *P � 0.05 vs.
normoglycemic group; 	P � 0.05 vs. diabetic group.
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the onset of periodontal disease, the number of BMP-2-
immunopositive cells was low and similar in the normogly-
cemic and diabetic groups. BMP-2 expression increased
almost 2-fold in the normoglycemic group when peri-
odontal disease was halted but exhibited little increase in
the diabetic group. However, when TNF was inhibited, a
2-fold increase was found in the number of BMP-2-
immunopositive cells (P�0.05). A similar pattern was
observed for FGF-2. In the normoglycemic group, the
number of FGF-2-positive cells increased after ligature
removal, but relatively little change was found in the
diabetic animals. When diabetic animals were treated with
TNF inhibitor, a significant 1.7-fold increase was found in
the number of FGF-2-expressing cells. BMP-2- and FGF-2-
immunopositive cells in proximity to bone were primarily
fibroblasts (Table 1). Other cells that prominently ex-
pressed BMP-2 and FGF-2 were bone-lining and endothe-
lial cells.

DISCUSSION

Results described here provide new insight as to how type
2 diabetes can affect bone by its effect on the resolution of

inflammation. It is well known that the inflammatory
response, rather than the direct pathological effects of
bacteria, is pivotal in stimulating periodontal disease (4).
Bacteria stimulate an inflammatory response that induces
a series of changes that can be damaging to the periodon-
tal tissue, including the destruction of connective tissue
matrix and resorption of bone. We found that the forma-
tion of a PMN or mononuclear cell inflammatory infil-
trate in the type 2 diabetes model rats peaked on d 7 after
the initiation of periodontitis and that this inflammation
was prolonged compared to the normoglycemic rats,
which was normalized by treatment with a TNF inhibitor.
Inhibition of TNF also reversed the expression of proin-
flammatory cytokines induced by initiation of periodon-
titis. The TNF inhibitor caused a general reduction in
cytokine levels; cytokines associated with both the innate
and adaptive immune response were reduced significantly
when TNF was inhibited. The consequence of these
inflammatory changes was a prolonged period of high
osteoclast numbers, which was reversed when TNF was
blocked. TNF antagonists can directly or indirectly regu-
late differentiation and activation of osteoclasts, thus
reducing bone destruction under pathological conditions

TABLE 1. Immunopositive cells that expressed PCNA, BMP-2, and FGF-2

Expression

Relative ranking

Based on total number of cells Based on proportion

PCNA Fibroblasts � bone-lining cells � endothelial cells Fibroblasts 
 bone-lining cells � endothelial cells
BMP-2 Fibroblasts � bone-lining cells � endothelial cells Bone-lining cells � fibroblasts � endothelial cells
FGF-2 Fibroblasts � bone-lining cells � endothelial cells Fibroblasts 
 bone-lining cells � endothelial cells

Immunopositive cells in proximity to bone were assessed as bone-lining, fibroblastic, or endothelial cells that were part of blood vessels.

Figure 6. Diabetes reduces growth factor mRNA levels during resolution of
periodontal inflammation, which is reversed by TNF inhibition. Induction and
resolution of periodontal disease and application of TNF inhibitor were
performed as in Fig. 1. RNA was isolated from periodontal tissue, and mRNA
levels of TGF� (A), BMP-2 (B), BMP-6 (C), and FGF-2 (D) were measured by
real-time PCR. 	P � 0.05 vs. diabetic group.
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(22). Thus, a consequence of prolonged inflammation in
the diabetic periodontium is a difficulty in turning off
osteoclasts and bone resorption, leading to a longer
period of periodontal destruction.

Bone resorption is followed by a period of bone forma-
tion, a coupling process that limits the amount of net
bone loss, which occurs during the resolution of inflam-
mation in the periodontium (4). We found that type 2
diabetes model GK rats do not generate a burst of bone
formation during resolution of inflammation, agreeing
with results previously shown in a different type 2 diabetes
model, the Zucker diabetic fatty rat (21). Although it has
been known that decreased bone formation occurs in
diabetic animals, the relationship between inflammation
and diminished bone formation has not previously been
established. Results presented here demonstrate that the

reversal of inflammation increases the capacity of the
animal with type 2 diabetes to form new bone. The
molecular mechanisms for this reversal were investigated
by examining the effect of type 2 diabetes on the produc-
tion of growth factors that control proliferation, differen-
tiation, or apoptosis of osteoblasts or their precursors. The
expression of these factors was blunted in animals with
type 2 diabetes but was significantly reversed when inflam-
mation was resolved by inhibition of TNF. The results thus
directly link prolonged inflammation in the diabetic
group with impaired expression of bone-regulating
growth factors. It is also striking that when inflammation
was resolved in the diabetic animals by treatment with
pegsunercept, substantial improvement was found in the
cellular events regulated by these factors, including an
increase in proliferation and formation of osteoblasts and
a decrease in apoptosis of bone-lining cells.

Previous studies have examined the effect of TNF-
specific inhibitors on bone formation. Humans treated
with infliximab, a monoclonal antibody against TNF-�,
had increased osteocalcin, a marker of bone formation in
rheumatoid arthritis, osteoporosis, and other conditions
(23). Moreover, infliximab therapy in Crohn’s disease
influences bone metabolism by enhancing bone forma-
tion and decreasing bone resorption. TNF impairs the
function of bone-forming osteoblasts by suppressing ma-
ture osteoblast function, such as the production of a
matrix that is competent for mineralization and by block-
ing the differentiation of osteoblasts where inflammation
is thought to be present (24). This finding is consistent
with reports that TNF inhibits differentiation of osteo-
blasts in vitro (25, 26) and also interferes with bone
morphogenetic protein signaling (27). Although it has
been reported that inflammation limits bone formation
in osteoporosis by reducing Fra-1, we did not observe
changes in Fra-1 mRNA levels (data not shown and ref.
28). It has also been reported that the anti-inflammatory
mediator, resolvin E1, promotes regeneration of peri-
odontal tissue, which may be related to its anti-inflamma-
tory properties (8, 29). The experiments presented in the
present study represent proof of principle that excessive
production of inflammatory mediators such as TNF-�
limits bone coupling in periodontitis. However, the exper-
imental strategy may not necessarily be extrapolated di-
rectly to human studies due to the importance of TNF in
up-regulating antibacterial defenses (30, 31).

In sumary, diabetes has an important effect on the
periodontium. Both type 1 and type 2 diabetes model
animals exhibit an increase in TNF-� in response to a
bacterial stimulus when compared to normoglycemic
controls (14, 32).We examined the effect of diabetes
during the resolution of periodontal inflammation and
found that type 2 diabetes prolongs enhanced inflamma-
tion. The ramifications of this prolonged inflammation
were studied by examining the impact on bone. The
diabetic condition reduced coupled bone formation that
occurred in the normoglycemic group during resolution
of periodontal inflammation. This finding was linked
directly to inflammation, as the amounts of new bone and
osteoid formed were reversed by inhibiting TNF. The
effect was not due to the changes in hyperglycemia, as
serum glucose levels did not significantly change after
treatment with pegsunercept. The mechanism by which

Figure 7. TNF inhibition enhances BMP-2 and FGF-2 produc-
tion in the periodontium in diabetic specimens. Induction
and resolution of periodontal disease and application of TNF
inhibitor were performed as in Fig. 1. Numbers of BMP-2- and
FGF-2-expressing cells in proximity to bone (within the
periodontal ligament) were measured by immunohistochem-
istry using antibodies specific for BMP2 (A) and FGF-2 (B).
*P � 0.05 vs. normoglycemic group; 	P � 0.05 vs. diabetic
group.
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inflammation affects bone was studied by examining
factors that regulate bone cells. The production of these
factors was enhanced significantly when inflammation was
reduced in diabetic animals and explains the increased
proliferation and reduced apoptosis of bone cells, as well
as the increased numbers of osteoblasts. These results
provide a mechanistic basis for how diabetes can nega-
tively affect bone through the effects of enhanced inflam-
mation on the expression of critical factors needed to
stimulate bone formation.
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