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Periapical bone destruction occurs as a consequence of pulpal infection. In previous studies, we showed that
interleukin-1 (IL-1) is the primary stimulator of bone destruction in this model. IL-6 is a pleiotropic cytokine
that is induced in these infections and has both pro- and anti-inflammatory activities. In the present study, we
determined the role of IL-6 in regulating IL-1 expression and bone resorption. The first molars of IL-6
knockouts (IL-62/2) and wild-type mice were subjected to surgical pulp exposure and infection with a mixture
of four common pulpal pathogens, including Prevotella intermedia, Fusobacterium nucleatum, Peptostreptococcus
micros, and Streptococcus intermedius. Mice were killed after 21 days, and bone destruction and cytokine
expression were determined. Surprisingly, bone destruction was significantly increased in IL-62/2 mice versus
that in wild-type mice (by 30%; P < 0.001). In a second experiment, the effects of chronic (IL-62/2) IL-6
deficiency and short-term IL-6 deficiency induced by in vivo antibody neutralization were determined. Both
IL-62/2 (30%; P < 0.001) and anti-IL-6 antibody-treated mice (40%; P < 0.05) exhibited increased periapical
bone resorption, compared to wild-type controls. The increased bone resorption in IL-6-deficient animals
correlated with increases in osteoclast numbers, as well as with elevated expression of bone-resorptive cyto-
kines IL-1a and IL-1b, in periapical lesions and with decreased expression of the anti-inflammatory cytokine
IL-10. These data demonstrate that endogenous IL-6 expression has significant anti-inflammatory effects in
modulating infection-stimulated bone destruction in vivo.

Bacterial infections of the dental pulp result in soft-tissue
destruction and, ultimately, in periapical bone resorption (7).
A proinflammatory cytokine cascade is induced in response to
bacterial infection of the dental pulp. Some of these mediators
stimulate bone resorption, in particular, interleukin-1a (IL-1a)
and IL-1b, which have been shown to be key mediators of
periapical bone destruction in vivo (21, 37, 38, 40, 46). IL-1
expression is induced by exposure of host cells to lipopolysac-
charide (LPS) and other bacterial cell wall components (9, 12).

IL-6 is a pleiotropic cytokine that possesses activities that
may enhance or suppress inflammatory bone destruction (44).
IL-6 is produced locally in bone following stimulation by IL-1
and tumor necrosis factor (TNF) (14, 27). IL-6 stimulates the
formation of osteoclast precursors from colony-forming unit–
granulocyte-macrophage (25) and increases osteoclast num-
bers in vivo, leading to systemic increases in bone resorption
(8, 20). However, emerging data suggest that IL-6 also has
significant anti-inflammatory activities (3, 29, 33, 42). IL-6 fails
to directly induce proteinase expression (3) and instead up-
regulates tissue inhibitor of metalloproteinases-1 (TIMP-1)
(36). Many acute-phase proteins induced in the liver by IL-6
have anti-inflammatory properties (15, 18, 41). Finally, IL-6
has been reported to downregulate IL-1 (33) and upregulate
IL-1 receptor antagonist (IL-1ra) expression (42).

The present study was undertaken to establish if the net
effect of IL-6 is to increase or to decrease infection-stimulated
infraosseus bone destruction in vivo. For this purpose, we
employed animals genetically deficient in IL-6 (IL-62/2), as

well as wild-type animals treated acutely with neutralizing
doses of anti-IL-6 antibody. Our results demonstrate that the
predominant effects of IL-6 are anti-inflammatory and antire-
sorptive in this model.

MATERIALS AND METHODS

Animals. Eight-week-old IL-62/2 male mice were purchased from Jackson
Laboratory (Bar Harbor, Maine). Eight-week-old C57BL/6 male mice were ob-
tained from Charles River Breeding Laboratory (Wilmington, Mass.). All ani-
mals were maintained in a conventional environment in the Forsyth Institute
Animal Facility, according to the guidelines of the Institutional Animal Care and
Use Committee.

Periapical lesion induction. For lesion induction, mice were mounted on a jaw
retraction board and were anesthetized with ketamine HCl (62.5 mg/kg of body
weight) and xylazine (12.5 mg/kg) in sterile phosphate-buffered saline (PBS) by
intraperitoneal injection. All four first-molar pulps were exposed using a no. 1/4
round bur under a surgical microscope (model MC-M92; Seiler, St. Louis, Mo.)
as described previously (46). The exposure size was approximately equivalent to
the diameter of the bur. The pulp chamber was opened until the entrances of the
canals could be visualized and probed with a no. 06 endodontic file. Animals
without exposures served as controls.

Infection with pathogens. Tryptic soy broth with yeast agar plates of four
common endodontic pathogens, Prevotella intermedia ATCC 25611, Streptococ-
cus intermedius ATCC 27335, Fusobacterium nucleatum ATCC 25586, and Pep-
tostreptococcus micros ATCC 33270 were grown under anaerobic conditions
(80% N2, 10% H2, and 10% CO2), harvested, and cultured in mycoplasma liquid
media. The cells were centrifuged at 7,000 3 g for 15 min and resuspended in
prereduced anaerobically sterilized Ringer’s solution under the influx of nitro-
gen. The final concentration of each organism was determined spectrophoto-
metrically, and the four pathogens were mixed to yield a concentration of 1010

cells of each pathogen/ml in 10 mg of methylcellulose/ml. A total of 10 ml/tooth
was introduced using a micropipette.

Antibody infusion. Rat anti-mouse IL-6 monoclonal antibody (immunoglob-
ulin G1 [IgG1]) was purchased from R&D Systems (Minneapolis, Minn.). Mice
(n 5 10) received 0.2 mg of antibody intramuscularly on days 0, 3, 6, 9, 12, 15, and
18 relative to pulp exposure and infection, for a total of 1.4 mg/mouse. Control
mice received saline on the same schedule. On day 21 all mice were killed and
samples were prepared as described below.

* Corresponding author. Mailing address: Department of Cytokine
Biology, Forsyth Institute, 140 The Fenway, Boston, MA 02115.
Phone: (617) 262-5200. Fax: (617) 262-4021. E-mail: pstashenko
@forsyth.org.

744



Sample preparation. All animals were killed by CO2 asphyxiation on day 21
after pulp exposure. The left mandible was dissected free of soft tissue, fixed in
10% phosphate-buffered formalin, and subjected to microcomputed tomography
(micro-CT). After micro-CT image acquisition, mandibles were demineralized in
14% EDTA, pH 7.2, at room temperature for 3 weeks. Samples were embedded
in paraffin, and 7-mm-thick sections were prepared and were stained for tartrate-
resistant acid phosphatase as a marker for osteoclasts as described previously
(28). For the right mandibular and maxillary quadrants, periapical tissues sur-
rounding root apices were carefully extracted together with surrounding bone in
a block specimen under a surgical microscope. The gingiva, oral mucosa, tooth
crown, and bone marrow were dissected free and discarded. Periapical tissues
were rinsed in PBS, freed of clots, weighed, and immediately frozen in dry
ice-ethanol for cytokine determinations.

Micro-CT. Micro-CT was used to quantify the extent of bone destruction (4).
Fixed mandibular samples were analyzed at the Orthopedic Biomechanics Lab-
oratory, Beth Israel-Deaconess Medical Center, Harvard Medical School, using

a compact fan beam-type tomograph (mCT 20; Scanco Medical AG, Bassersdorf,
Switzerland). For each sample approximately 150 microtomographic slices with
an increment of 17 mm, covering the entire mediolateral width of the mandible,
were acquired. From the three-dimensional stack of images, a “pivot” section,
which included the the crown and central portion of the distal root of the
mandibular first molar, was selected. The cross-sectional area of the region of
interest was analyzed by means of a semiautomatic histomorphometric system
(Optimas Bioscan; Media Cybernetics, Bethell, Wash.). The area of evaluation
included the area of periapical destruction (in units of millimeters squared)
and/or the periodontal ligament space surrounding the distal root of the first
molar, the coronal extension of which was standardized by using a predrawn
template as described previously (4).

Cytokine assays. For protein extract preparation, frozen periapical tissue
samples were ground using a precooled sterile mortar and pestle, and the tissue
fragments were dispersed in 650 to 800 ml of lysis buffer consisting of 100 mg of
bovine serum albumin (fraction V; Sigma), 100 mg of Zwittergent-12 (Boehringer
Mannheim, Indianapolis, Ind.), and 50 mg of gentamicin (Life Technologies,
Gaithersburg, Md.)/ml, 10 mM HEPES buffer (Life Technologies), 1 mg of
aprotinin (Sigma) and leupeptin (Sigma)/ml, and 0.1 mM EDTA (Fisher Scien-
tific, Pittsburgh, Pa.) in RPMI 1640 (Mediatech, Herndon, Va.), as described
previously (45). The incubation mixture was placed on ice and was subjected to
a 20- to 30-s sonication. The supernatant was collected after centrifugation and
stored frozen at 270°C until the assay.

Assays for cytokines in tissue extracts were carried out using commercially
available enzyme-linked immunosorbent assay (ELISA) kits obtained from the
following sources (sensitivities are in parentheses): IL-1a, Endogen, Cambridge,
Mass. (6 pg/ml); IL-2 (,8 pg/ml), IL-4 (,5 pg/ml), IL-6 (,3 pg/ml), IL-12 (,2
pg/ml), gamma interferon (IFN-g; ,1 pg/ml), and TNF-g (,3 pg/ml), BioSource
International, Camarillo, Calif.; transforming growth factor b, R&D Systems
(,5 pg/ml). All assays were conducted in accordance with the manufacturer’s
instructions. The concentration of each cytokine was calculated with reference to
a standard curve that was constructed using recombinant cytokine provided with
each kit. Results were expressed as picograms of cytokine per milligram of
periapical tissue.

Antibacterial antibody responses. Serum samples were obtained by cardiac
puncture at sacrifice. Ninety-six-well plates were coated with formalin-killed
microorganisms (P. intermedia, S. intermedius, F. nucleatum, and P. micros) in
PBS (optical density at 580 nm [OD580] 5 0.3) and incubated for 3 h at 37°C.
After 2 days at 4°C, plates were washed three times with buffer II (0.9% NaCl,
0.05% Tween 20). For determination of the specific antibody against pathogens,
the plates were incubated with diluted serum (1/1,000) in buffer III (PBS with
0.05% Tween 20 and 0.02% NaN3) for 2 h at room temperature on a shaker. The
optimal serum dilution of 1/1,000 was determined after testing a range of serum
dilutions. The plates were washed three times with buffer II, and the bound Ig
was detected by a reaction with goat anti-mouse Ig coupled to alkaline phospha-
tase (Biosource), diluted 1/1,500 in buffer III overnight at room temperature.
Conversion of the substrate (p-nitrophenylphosphate; 1 mg/ml) was determined
at OD405 using an ELISA reader (BIO-TEK Instruments, Winooski, Vt.).

FIG. 1. Micro-CT images of periapical bone destruction in wild-
type (A and C) and IL-62/2 (B and D) mice. (A and B) No pulp
exposure, no infection; (C and D) pulp exposure, infection. Arrows,
perimeter of the area of bone resorption.

FIG. 2. Infection-stimulated bone resorption in IL-62/2 versus
wild-type mice. Boxes, 25th to the 75th percentile; horizontal line, 50th
percentile; vertical lines and cross bars, standard deviations; circles,
outliers. Note that the area for noninfected teeth represents the nor-
mal periodontal ligament. p, P , 0.001.

TABLE 1. IL-6 concentration in serum

Group
Mean IL-6 concn (pg/ml) 6 SD in:

Noninfected teeth Infected teeth

Wild type 2.3 6 0.5 21.0 6 0.1
IL-62/2 NDa 0.0
Wild type 1 anti-IL-6 antibody ND 1.0 6 0.1

a ND, not done.

TABLE 2. Quantitation of osteoclasts in periapical lesions

Group

Mean no. of osteoclasts/lesion
6 SD in:

Noninfected teeth Infected teeth

Wild type 0.0 6 0.0 2.8 6 1.7
IL-62/2 NDa 9.3 6 4.6
Wild type 1 anti-IL-6 antibody ND 6.3 6 5.2

a ND, not done.
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Statistical analysis. Differences in bone destruction were analyzed by Stu-
dent’s t test. ELISA data were analyzed by the nonpaired Student t test with
Bonferroni’s correction for multiple comparisons.

RESULTS

Effect of genetic deletion of IL-6 on infection-stimulated
bone destruction. The role of IL-6 in regulating infraosseus
bone destruction was assessed in IL-6 knockouts (IL-62/2) and
wild-type mice. The molar teeth of both groups (n 5 10 each)
were subjected to surgical pulp exposure and infection with a
mixture of four bacterial pathogens. The teeth of controls of
both genotypes remained unexposed and uninfected (n 5 3
each). After 21 days, the extent of periapical bone destruction
was quantified by micro-CT (Fig. 1). As shown, unexposed and

uninfected animals have a narrow periodontal ligament space
surrounding the roots of the first molar, whereas both wild-
type and IL-62/2 mice with pulpal infections exhibit a clear
radiolucent area, indicative of an inflammatory infiltrate and
concomitant bone resorption.

The extent of resorption is shown in Fig. 2. As indicated,
both wild-type and IL-62/2 mice have significant periapical
bone resorption compared to uninfected control mice (P ,
0.002). Note that the indicated area of resorption in the con-
trols represents the normal periodontal ligament space. Some-
what surprisingly, IL-62/2 mice exhibited increased periapical
resorption compared to the wild-type controls (30%; P ,
0.001).

Effect of short-term neutralization of IL-6. Because knock-
out mice may have developmental alterations, the effect of
short-term versus long-term IL-6 deficiency was also assessed
by comparing bone destruction in IL-62/2 mice, wild-type
mice, and wild-type mice treated with a neutralizing anti-IL-6
antibody. Assessment of the serum IL-6 concentrations for the
three groups showed that, while significant levels of IL-6 were
present in wild-type mice following pulp exposure and infec-
tion, as expected this cytokine was essentially undetectable in
IL-62/2 mice (Table 1). Anti-IL-6 antibody-treated animals
had levels of circulating IL-6 that were reduced but not com-
pletely absent, indicating that the efficiency of antibody neu-
tralization was approximately 95%.

Bone destruction was again assessed by micro-CT. As shown
in Fig. 3, IL-62/2 (32%; P , 0.003) and anti-IL-6 antibody-
treated mice (38%; P , 0.05) exhibited similar increases in
periapical bone resorption compared to wild-type mice con-
firming the result of the first experiment. Taken together, these
data demonstrate that animals with either acute or chronic
IL-6 deficiency have increased infection-stimulated infraosseus
bone destruction.

Osteoclast responses in IL-6-deficient mice. To determine if
osteoclast number correlated with the extent of resorption, the

FIG. 3. Infection-stimulated bone resorption in IL-62/2, anti-IL-6-
treated, and wild-type mice. Boxes, 25th to the 75th percentile; hori-
zontal line, 50th percentile; vertical lines and cross bars, standard
deviations; circles, outliers. p, P , 0.001.

FIG. 4. Expression of bone-resorptive cytokines in periapical inflammatory tissues. Vertical lines and cross bars, standard deviations; p, P ,
0.01. Ab, antibody.
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numbers of osteoclasts in the periapical region in wild-type and
IL-6-deficient mice were quantified. As shown in Table 2, os-
teoclast counts increased after pulp exposure and infection.
Consistent with the bone resorption results, there were more
osteoclasts observed in lesions in the IL-62/2 and the anti-IL-6
antibody-treated mice than in wild-type mice, although these
differences did not reach statistical significance.

Cytokine responses in infraosseus lesions. The cytokine re-
sponses in the local microenvironment of periapical lesions
were assessed on day 21. As shown in Fig. 4 to 6, a significant
elevation of most mediators occurred as a consequence of pulp
exposure and infection in all of the experimental groups com-
pared with the uninfected controls. For tissues from infected
teeth, the levels of bone-resorptive mediators IL-1a and IL-1b
were markedly increased in the IL-62/2 and anti-IL-6 anti-
body-treated mice versus those in wild-type mice (P , 0.07 and
P , 0.05 for IL-1a, and P , 0.002 and P , 0.06 for IL-1b,
respectively) (Fig. 4A). In contrast, levels of TNF-a, another
bone-resorptive cytokine, were not significantly different
among the experimental groups (Fig. 4B).

Levels of anti-inflammatory cytokine IL-10 in tissue were
lower in the IL-62/2 and anti-IL-6 antibody-treated mice than
in wild-type mice (P , 0.0008 and P , 0.0005, respectively; Fig.
5). On the other hand, two other anti-inflammatory cytokines,
IL-4 and transforming growth factor b, did not show significant
differences. Levels of proinflammatory Th1-type cytokines
IFN-g and IL-12 for the experimental groups also showed no
significant differences (Fig. 6). Of note, many of the cytokines
evaluated were also expressed in low levels in periapical tissues
from unexposed teeth, which represent normal periodontal
ligament and some surrounding bone. In particular, the level of
IFN-g was higher in the knockout strain than in the wild type.

Systemic antibody responses to pathogens. Antibodies are
protective in reducing infection dissemination and bone de-
struction in this model (18). IL-6 promotes the terminal dif-
ferentiation of B cells to plasma cells, and IL-6 deficiency could
affect antipathogen antibody responses. The levels of specific
antibodies against the four pathogens were therefore assessed
in the three experimental groups. As seen in Fig. 7. wild-type
mice had levels of antibodies against three of the pathogens
similar to those of the IL-6-deficient mice. Only the response
to F. nucleatum was significantly reduced, although consider-
able levels of antibody were still present in IL-6-deficient
groups. These data indicate that modulation of antipathogen
antibody responses in the IL-6-deficient groups did not play a
significant role in the observed increase in bone destruction.

DISCUSSION

Proinflammatory cytokines, including IL-1a, enhance in-
flammation and promote bone resorption, whereas Th2-type
mediators such as IL-4, IL-10, and IL-13 are known to exert
anti-inflammatory effects. The results of the present investiga-
tion indicate that, with respect to regulating infection-stimu-
lated bone resorption, IL-6 belongs to the latter category of
anti-inflammatory cytokines. IL-6 is present in normal peri-
odontal ligament and bone and is further induced after pulpal
infection in mice (21). It has also been shown to be present in
human periapical lesions and cysts (5, 39).

Our principal findings demonstrate that IL-62/2 mice have

significantly increased bone resorption following pulpal infec-
tion with anaerobic bacteria, compared to wild-type controls.
Similarly, the neutralization of endogenous IL-6 with anti-IL-6
antibody resulted in significantly increased bone destruction
comparable to that seen in IL-62/2 mice. The bone destruction
in both groups of IL-6-deficient animals correlated with in-

FIG. 5. Expression of anti-inflammatory cytokines in periapical in-
flammatory tissues. Vertical lines and cross bars, standard deviations;
p, P , 0.01. Ab, antibody.
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creased expression of locally produced IL-1, previously shown
to be the primary mediator of bone resorption in this model
(11, 21, 37, 38, 40, 45, 46), and with increased numbers of
osteoclasts. These results suggest that a deficiency of endoge-
neous IL-6 results in an exaggerated inflammatory response to
infection with anaerobic bacteria, leading to increases in cyto-
kine expression and bone destruction.

IL-6 has traditionally been considered to be a proinflamma-
tory mediator, since it is induced by IL-1 and TNF-a early in
the inflammatory cascade and because it stimulates expression
of acute-phase proteins. However, recent data demonstrate
that IL-6 lacks many typical proinflammatory properties and
furthermore exerts a number of anti-inflammatory activities.
For example, IL-6 does not directly stimulate the production of
collagenase, matrix metalloproteinase, or stromelysin (3), al-
though it does potentiate IL-1- and TNF-stimulated collage-
nase and prostaglandin E2 production by chondrocytes (43).
IL-6 is a potent inducer of TIMP-1 (24, 32, 36). In a model of
arthritis, IL-6 significantly enhanced synthesis of TIMP-1 in
chondrocytes, inhibited superoxide production, and sup-
pressed spontaneous and IL-1-mediated degradation of carti-
lage matrix (36).

Infusion of IL-6 in humans results in fever but does not
cause shock or a capillary leakage syndrome as is observed with
proinflammatory cytokines such as IL-1b and TNF (26). This is
also the case in animal models (3). Although circulating-IL-6
levels correlate with the outcome of septic shock, the involve-
ment of IL-6 in the pathogenesis of this syndrome is question-
able, as demonstrated by the lack of effect of monoclonal
antibodies against IL-6 or its receptor in various murine mod-
els (26).

IL-6 inhibits LPS-induced IL-1 and TNF production in
monocytes (1, 25, 33), and LPS-treated IL-6-deficient mice
produce threefold more TNF-a than do wild-type controls
(13). IL-6 also fails to induce the expression of adhesion mol-
ecules on endothelial cells and suppresses the acute neutrophil
exodus and TNF production stimulated by LPS, providing ev-
idence that IL-6 may represent an endogenous negative-feed-
back mechanism to inhibit endotoxin-initiated cytokine-medi-
ated acute inflammation (13). Of note, IL-6 induces IL-1ra in
monocytes in vitro, as well as levels of circulating IL-1ra in

immunotherapy patients (42). Furthermore, infection of mice
with Yersinia enterocolitica stimulates expression of IL-1ra in
Peyer’s patches, an increase that is completely blocked by ad-
ministration of anti-IL-6 antibody (20).

There has been accumulating evidence that the acute phase
proteins regulated by IL-6 also have anti-inflammatory and
immunosuppressive properties and act as antiproteinases and
oxygen scavengers (6, 20, 41, 42). Following injections of cro-
ton oil, the presence of C-reactive protein (CRP) results in
diminished polymorphonuclear leukocyte (PMN) infiltration
and vascular permeability in the lung (15). Transgenic mice
expressing rabbit CRP exhibit reduced chemotactic-factor-in-
duced alveolitis with diminished infiltration of PMNs (2). a1-
Antitrypsin ameliorates bleomycin-induced pulmonary fibrosis
in hamsters by reducing the number of infiltrating neutrophils
and lymphocytes (18). On the other hand, IL-6 has been shown
to be the major inducer of phospholipase A2 (PLA2) (10),
which plays an important role in producing potent lipid medi-
ators, such as leukotrienes, prostaglandins, and platelet-acti-
vating factor. Levels of PLA2 activity in serum are elevated in
septic shock and rheumatoid arthritis.

IL-62/2 mice develop normally with no induction of inflam-
matory or immunological disturbances (49). The redundancy
of IL-6 function with IL-10 might also explain why IL-6-defi-
cient animals do not suffer from severe inflammatory disor-
ders, unlike IL-10-deficient mice (24, 41). Osteoclast develop-
ment is normal in IL-62/2 mice (P. Stashenko and Y. Kwong,
unpublished findings). Of interest, IL-1 and TNF-a but not
IL-6 have been found to stimulate steady-state levels of osteo-
protegerin ligand mRNA, which is a critical factor for inducing
osteoclastogenesis by various human osteoblastic lineage cells
(16, 30). Finally, TNF-a but not IL-6 plays a key role in estro-
gen-deficiency bone loss (22), again suggesting a nonessential
role for IL-6 in this process.

Our data also showed a reduction of IL-10 in the IL-6-
deficient animals, which points to the possibility of the partic-
ipation of an indirect mechanism of IL-1 suppression by IL-6.
IL-10 reduces steady-state levels of IL-1 mRNA (48), de-
creases mRNA stability (23), and inhibits IL-1 at the transcrip-
tional level (47) by preventing activation of NF-kB. IL-10 also
increases IL-1ra (34, 35). Recently, we have found that IL-10-

FIG. 6. Proinflammatory Th1-type cytokines in periapical inflammatory tissues. Vertical lines and cross bars, standard deviations. There were
no significant differences among the infected groups. Ab, antibody.
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deficient mice exhibit dramatically increased infection-stimu-
lated resorption in this model (31).

Taken together, our data demonstrate that the anti-inflam-
matory properties of IL-6 predominate in inflammatory re-
sponses. Although the mechanisms of action still need to be
defined, these may involve the direct suppression of IL-1 or the
induction of endogenous antagonists or inhibitors of IL-1 such
as IL-1ra and IL-10.
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