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Osteogenic effect of
interleukin-11 and
synergism with ascorbic
acid in human periodontal
ligament cells
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Background and Objective: Human periodontal ligament cells are considered to be
a key cell type in the regeneration of periodontal tissues because of their unique
localization and stem cell-like properties. Interleukin-11 is a multifunctional cy-
tokine known to participate actively in bone metabolism. The purpose of this
study was to examine the effect of interleukin-11 on the osteoblastic differentiation
of periodontal ligament cells.

Material and Methods: Cultured periodontal ligament cells were stimulated with
interleukin-11 and/or ascorbic acid, with or without inhibitors for type 1 collagen,
janus kinase/signal transducers and activator of transcription, and mitogen-acti-
vated protein kinase (MAPK). Osteoblastic differentiation was investigated by
examining the alkaline phosphatase activity and gene expression of Runx2, oste-
ocalcin and bone sialoprotein using reverse transcription-polymerase chain reac-
tion. Type 1 collagen and tissue inhibitor of metalloproteinase-1 production were
measured using enzyme-linked immunosorbent assays.

Results: Interleukin-11 enhanced alkaline phosphatase activity and Runx2, oste-
ocalcin and bone sialoprotein gene expression in the presence of ascorbic acid.
Interleukin-11 induced type 1 collagen and tissue inhibitor of metalloproteinase-1
production in periodontal ligament cells. Type 1 collagen inhibitor completely
inhibited the alkaline phosphatase activity enhanced by interleukin-11 and
ascorbic acid. Furthermore, janus kinase/signal transducers and activator of
transcription and MAPK signaling inhibitors reduced interleukin-11/ascorbic
acid-induced alkaline phosphatase activity in periodontal ligament cells.

Conclusion: Interleukin-11/ascorbic acid induced the osteoblastic differentiation
of periodontal ligament cells through type 1 collagen production and janus kinase/
signal transducers and activator of transcription, and MAPK signaling pathways
were involved in this process. These findings suggest that interleukin-11 may
function as an osteopromotive cytokine, stimulating the osteoblastic differenti-
ation of periodontal ligament cells mainly through the synthesis of type 1 collagen
and possibly by the induction of tissue inhibitor of metalloproteinase-1.
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The central goal of periodontal therapy
is to regenerate the damaged tissues to
their original structure, by re-estab-
lishing the soft tissue attachment
between newly created bone and
cementum on the root surface. In this
context, periodontal ligament cells,
owing to their unique localization and
mesenchymal stem cell-like properties,
are considered as a key cell type for
periodontal regeneration. In vitro stud-
ies have shown that periodontal liga-
ment cells share some properties with
osteoblasts that gingival fibroblasts
lack or only weakly express, such as
high alkaline phosphatase activity,
production of bone-associated proteins
(including osteopontin, osteocalcin,
bone sialoprotein and bone morpho-
genetic protein-2/4), as well as miner-
alized nodule formation. These
attributes of periodontal ligament cells,
together with their transplantability
into periodontal defects with no adverse
effects, have stimulated strong interest
in the area of tissue engineering (1-4).

The extracellular matrix plays a key
role in the connective tissue architec-
ture and homeostasis. Type 1 collagen
is the main component of extracellular
matrix in bone and periodontal liga-
ment. Ascorbic acid (vitamin C) con-
tributes to the proper formation and
maintenance of the collagen matrix by
increasing the procollagen stability and
secretion, which is also necessary for
matrix maturation and mineralization
(5-7). Type 1 collagen not only con-
stitutes the framework for connective
tissue, but it also activates cellular
functions by transducing signals
through its receptor integrins, inclu-
ding  proliferation,  development,
apoptosis, etc. (8,9). A previous study,
carried out in our laboratory, reported
that ascorbic acid induced the alkaline
phosphatase activity in periodontal
ligament cells via the production of
type 1 collagen and an increasing con-
centration of a2B1 integrin, which is
the main receptor for the binding of
periodontal ligament cells to type 1
collagen (10). However, the mechanism
of the osteoblastic differentiation of
periodontal ligament cells is not still
fully understood.

Interleukin-11 belongs to the inter-
leukin-6-type cytokine family (inter-

leukin-6, leukemia inhibitor factor,
oncostatin M, ciliary neurotrophic
factor and cardiotropin-1), sharing the
transmembrane glycoprotein-130 as a
signal transducer receptor subunit. In
interleukin-11-responding cells, signa-
ling transduction also requires binding
of the cytokine to its membrane-bound
receptor — interleukin-11 receptor-o —
and subsequent homodimerization of
the signal transducer glycoprotein-130,
leading to activation of the Janus
kinase/signal transducer and activator
of transcription and mitogen-activated
protein kinase (MAPK) cascade (11—
13). Interleukin-11 is produced by a
number of cell types, including fibro-
blasts, osteoblasts and leukocytes, in
response to inflammatory cytokines,
growth factors and hormones (14,15).
Interleukin-11 is a functionally pleio-
tropic cytokine which is currently used
for the treatment of patients undergo-
ing chemotherapy-induced thrombocy-
topenia because of its thrombopoietic
effect (NEUMEGA®) (16). However,
interleukin-11 also exerts different
functions in other cell types and sys-
tems, such as inhibitor of adipogenesis
(17,18), pro-inflammatory cytokines
(19,20) and glucocorticoids (21), and
as an inducer of tissue inhibitor of
metalloproteinase (TIMP) production
(22,23). Nevertheless, special interest
has arisen from the involvement of
interleukin-11 in bone metabolism
(24-31).

Glycoprotein-130 signaling activa-
tion by interleukin-11 was originally
regarded as a key pathway for osteo-
clastogenesis (27,31). However, a
growing body of evidence supports the
ability of interleukin-11 to stimulate
osteoblastogenesis and bone forma-
tion. Takeuchi ef al. reported that
bone volume and osteoblastic activity
were enhanced in interleukin-11 trans-
genic mice, whereas the osteoclastic
function was not affected (28). More-
over, a series of studies from Suga
et al. demonstrated a significant role
for interleukin-11 in osteogenesis by
promoting osteoblastic differentiation
of mouse mesenchymal progenitor cells
in vitro, and accelerating bone for-
mation in both ectopic models and
segmental bone defect models in
rats (26,29,30). From those previous

studies, the physiological function of
interleukin-11 in bone metabolism is
still controversial. In periodontal dis-
ease, Martuscelli ez al. have reported
that the subcutaneous injection of
interleukin-11 prevented ligature-in-
duced periodontal attachment loss and
bone resorption in a beagle dog model
(25). More recently, Yashiro et al.
showed that periodontal ligament cells
produced a significantly higher amount
of interleukin-11 than gingival fibro-
blasts in response to transforming
growth factor-f (15). Based on this
background, it could be considered
that interleukin-11 plays a significant
role in the homeostasis of the perio-
dontal tissues, and we hypothesized
that interleukin-11 may function as an
inducer of osteoblastic differentiation
of periodontal ligament cells.

Material and methods

Collection of periodontal ligament
cells

Periodontal  ligament cells were
obtained from healthy periodontal
ligament tissues of premolar teeth
extracted for orthodontic reasons, after
obtaining informed consent. The
experimental protocol was previously
approved by the Ethics Committee
from the Tokyo Medical and Dental
University. Briefly, periodontal liga-
ment tissue was removed from the
center of the root surface and cultured
in Dulbecco’s modified Eagle’s med-
ium (Sigma, St Louis, MO, USA)
supplemented with 10% (v/v) fetal
bovine serum (MultiSer, Melbourne,
Victoria, Australia) and 1% (v/v)
antibiotic-antimycotic (Gibco, Gai-
thersburg, MD, USA) until the cells
grew out from the explants and became
nearly confluent. The cells were sub-
cultured and used from passages 3 to 5
in order to minimize the possible
changes which can occur during pro-
longed culture in vitro.

Culture and stimulation
of periodontal ligament cells

Twenty-five thousand periodontal
ligament cells were plated onto a 48-
well tissue culture plate (Falcon,



Lincoln Park, NY, USA) in Dulbecco’s
modified Eagle’s medium/10% fetal
bovine serum/1% antibiotic-antimy-
cotic. For all experiments, the perio-
dontal ligament cells were treated with
10 ng/mL of interleukin-11 (R & D,
Minneapolis, MN, USA), alone or in
combination  with 50 pg/mL  of
L-ascorbic acid 2-phosphate (Sigma).
The exception to this was the test for
alkaline phosphatase activity, in which
different concentrations of interleukin-
11 were applied alone or in combina-
tion with ascorbic acid at 50 pg/mL.
Experiments were run for 1 wk and
test solutions were changed twice, on
days 3 and 6, except in those prepared
for reverse transcription-polymerase
chain reaction (RT-PCR). For some
experiments, periodontal ligament cells
were previously incubated for 30 min
with 500 pm  3,4-dehydro-l-proline
(Sigma), 10 um U0126 (LC Laborat-
ory, Woburn, MA, USA), 15 nMm janus
kinase-1 inhibitor (Calbiochem, La
Jolla, CA, USA), or 20 um AG-490
(Calbiochem), prior to stimulation. In
these experiments, all inhibitors were
diluted using 0.1% dimethylsulfoxide
(Sigma), and their control and test
solutions were also diluted in order to
maintain the same conditions for all
samples. In the case of interleukin-11
receptor-o identification by RT-PCR,
1.25 x 10° periodontal ligament cells
were seeded in six-well tissue culture
plates (Falcon), and cultured for sev-
eral days, until confluent, without any
stimulation prior to total RNA
extraction. For identification of the
osteoblastic  differentiation markers
(Runx2, osteocalcin and bone sialo-
protein) and interleukin-11 receptor-a,
1.25 x 10° periodontal ligament cells
were seeded in six-well tissue culture
plates and stimulated with interleukin-
11 (10 ng/mL), ascorbic acid (50 pg/
mL), or interleukin-11 (10 ng/mL)/
ascorbic acid (50 pg/mL), with the test
solutions every 3 d for 3 wk prior to
total RNA extraction.

Measurement of alkaline
phosphatase activity

The cells were lysed in Tris-buffered
saline containing 0.9% NaCl (Wako,
Osaka, Japan) and 0.2% Triton X-100
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(Sigma) on ice. The alkaline phospha-
tase activity in the cell lysates was
assayed at 37°C for 30 min using the
alkaline phosphatase B-test (Wako).
The protein concentrations were
measured using a bicinchoninic acid
protein assay kit (Pierce, Rockford, IL,
USA). Both procedures were carried
out according to the manufacturer’s
instructions. The alkaline phosphatase
activities were expressed as the rate of
hydrolysis of 1 pmol of p-nitrophenol/
mg of protein/minute.

Alkaline phosphatase staining

To examine alkaline phosphatase
activity histochemically, after 1 wk of
stimulation with interleukin-11, ascor-
bic acid or interleukin-11/ascorbic
acid, periodontal ligament cells were
fixed for 10 min with 4% paraformal-
dehyde (Wako). After washing with
distilled water, the cells were incubated
for 20 min with 0.1 mg/mL of naphtol
AS-MX phosphate (Sigma), 0.5%
N,N-dimethylformamide (Wako),
2 mm MgCl, (Wako) and 0.6 mg/mL
of Fast Blue BB Salt (Sigma) in 0.1 m
Tris-HC1 (Wako), pH 8.5. All proce-
dures were performed at 37°C.

Procollagen type | c-peptide
and TIMP-1 assays

Twenty-five thousand periodontal liga-
ment cells were plated onto a 48-well
tissue culture plate with interleukin-11
and/or ascorbic acid. Solutions were
changed on day 3, and supernatants
from days 3 and 7 were collected to-
gether for each condition in order to
measure the total amount of procolla-
gen type-I c-peptide and TIMP-1 pro-
duced in 1 wk, using the procollagen
type-I c-peptide enzyme-linked immuno-
sorbent assay (ELISA) Kit (Takara-Bio,
Shiga, Japan) and the TIMP-1 ELISA
Kit (Daichi Fine Chemical, Toyama,
Japan), respectively, according to the
manufacturer’s instructions.

RT-PCR for interleukin-11 receptor-o
and the osteoblastic markers Runx2,
osteocalcin and bone sialoprotein

Total RNA of periodontal ligament
cells was isolated using the RNeasy®
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Mini Kit (Qiagen, German Town,
MD, USA). Single-strand cDNA syn-
thesis and PCR were performed with
the Superscript™ First-Stand Synthesis
System for RT-PCR (Invitrogen, Car-
Isbad, CA, USA), using 1 pg of total
RNA, and the BD Advantage™ 2 PCR
Enzyme System (BD Biosciences-
Clontech, Mountain View, CA, USA),
respectively, following the manufac-
instructions.  Amplification
reactions were performed using the
following primers and protocols:

turer’s

human interleukin-11  receptor-o
forward, 5’-atgagggcacctacatctge-3;
reverse, 5’-gtcgggggtaacctggtact-3”

(annealing at 60°C, 30 cycles, 441-bp
product, and GenBank accession no.:
NM_004512); Runx2: forward, 5'-aa-
cccacgaatgcactatcca-3’;  reverse, 5'-
cggacataccgagggacctg-3” (annealing at
63°C, 30 cycles, 75-bp product,
and GenBank accession no.:
NM_001024630); osteocalcin: forward,
S’-ttgtgtccaagcaggagggca-3’;  reverse,
5’-catccatagggetgggaggt-3”  (annealing
at 66°C, 30 cycles, 304-bp product, and
GenBank accession no.: NM_199173),
bone sialoprotein: forward, 5’-gca-
gaagtggatgaaaacga-3’; reverse, 5'-tgg-
tggagtaattctgacca-3”  (annealing at
61°C, 30 cycles, 448-bp product, and
GenBank accession no.: NM_004967)
and glyceraldehyde-3-phosphate dehy-
drogenase: forward, 5-gtcagtggtggacc-
tgacct-3; reverse, 5’-aggggtctacatggcea-
actg-3’ (annealing 60°C, 30 cycles,
420-bp product, and GenBank acces-
sion no.: NM_002046) as the house-
keeping control. Reaction products
were analyzed and visualized by elec-
trophoresis of 10-pL samples in a 1%
agarose gel containing 0.5 ug/mL of
ethidium bromide (Wako) using the
GENE GENIUS BIO IMAGING SYSTEM with
GENE SNAP version 6.03 (Syngene,
Cambridge, EN).

Statistical analysis

Analyses were performed using STAT-
VIEW (version 5.0) software for one-
way analysis of variance, with Fisher’s
protected least significance test as a
posthoc test for comparison of specific
groups. Data shown are expressed as
the mean + standard deviation, with
significance at a p-value of < 0.05.
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Results

Interleukin-11 receptor-a expression
in periodontal ligament cells

Before investigating the effect of inter-
leukin-11 in periodontal ligament cells,
it is obligatory to demonstrate the
expression of interleukin-11 receptor-o
in their membranes. Hence, we first
examined the mRNA expression of
interleukin-11 receptor-o. using RT-
PCR. As shown in Fig. 1, periodontal
ligament cells from four different
donors clearly expressed the mRNA of
interleukin-11 receptor-a.

Effect of interleukin-11, with or
without ascorbic acid, on the alkaline
phosphatase activity in periodontal
ligament cells

To evaluate the effect of interleukin-11,
ascorbic acid and interleukin-11/ascor-
bic acid on the alkaline phosphatase
activity of periodontal ligament cells,
we performed a quantitative alkaline
phosphatase activity test and alkaline
phosphatase staining. Figure 2A shows
the effect of interleukin-11 on alkaline
phosphatase activity alone or combined
with ascorbic acid. As previously
reported, periodontal ligament cells
express a low level of alkaline phos-
phatase activity in the control group
and ascorbic acid significantly increased
this activity (10). In the present study,
interleukin-11 increased alkaline phos-
phatase activity in a dose-dependent
manner and this effect was synergisti-
cally enhanced when interleukin-11 was
applied with ascorbic acid. The effect of
interleukin-11 on alkaline phosphatase
activity was enhanced fourfold when
combined with 50 pg/mL of ascorbic
acid. Figure 2B shows that interleukin-
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Fig. 2. Alkaline phosphatase activity of
periodontal ligament cells stimulated with
interleukin-11 and/or ascorbic acid (A)
Periodontal ligament cells were incubated for

1 week in presence of various concentrations
of interleukin-11 with or without ascorbic

IL-11/A.A

acid. Interleukin-11 induced a dose-depen-
dent upregulation of the alkaline phospha-
tase activity in periodontal ligament cells.
Values are means = SD (N = 3). The data
are representative of three separate experi-
ments. *Significantly different from control
(»<0.05) and S§significantly different from
ascorbic acid (p <0.05). (B) Alkaline phos-
phatase staining for periodontal ligament
cells stimulated with interleukin-11 (10 ng/
ml) and/or ascorbic acid (interleukin-11 50
ug/ml) for 1 week. The data are repres-
entative of three separate experiments. A.A,
ascorbic acid; ALP, alkaline phosphatase;
IL-11, interleukin-11.

11 induced a higher number of alkaline
phosphatase-positive cells compared
with the control, and that the combi-

441 bp

420 bp

Fig. 1. Identification of mRNA expression for interleukin-11 receptor o in periodontal
ligament cells by RT-PCR. Total RNA was extracted from periodontal ligament cells from 4
different donors. cDNA was synthesized and PCR was performed as described in Materials
and Methods. All samples demonstrated the mRNA expression of interleukin-11 receptor-o.
Glyceraldehyde-3-phosphate dehydrogenase was used as the housekeeping control. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IL-11ra, interleukin-11 receptor-o.

nation of interleukin-11/ascorbic acid
dramatically increased the number of
alkaline  phosphatase-positive  cells
compared with any of the other groups.

mRNA expression of interleukin-11
receptor-a and the osteoblastic
differentiation markers in periodontal
ligament cells after application of
interleukin-11, with or without
ascorbic acid

In order to examine whether there is
any autocrine modulation of interleu-
kin-11 receptor-o. by interleukin-11,
ascorbic acid or interleukin-11/ascor-
bic acid, and to confirm whether the
periodontal ligament cells develop
osteoblastic differentiation after sti-
mulation, we performed RT-PCR to
identify the mRNA expression of
interleukin-11 receptor-o. and of oste-
oblastic markers such as Runx2,
osteocalcin and bone sialoprotein. As
shown in Fig. 3, interleukin-11 recep-
tor-o. expression in periodontal liga-
ment cells was induced after treatment
with interleukin-11 or ascorbic acid.
Moreover, this expression was more
significant when interleukin-11 and
ascorbic acid were applied together.
The same tendency was observed with
mRNA expression of the osteoblastic
differentiation markers Runx2, osteo-
calcin and bone sialoprotein. In
agreement with the observation in the
alkaline phosphatase activity test
(Fig. 2), a combination of interleukin-
11 and ascorbic acid showed the most
potent expression of the osteoblast-
related genes Runx2, osteocalcin and
bone sialoprotein.

Stimulation of procollagen type-I
c-peptide production in periodontal
ligament cells by interleukin-11 and
ascorbic acid, alone and in
combination

As previously reported, ascorbic acid is
able to increase the alkaline phospha-
tase activity of periodontal ligament
cells through the stimulation of type 1
collagen production (10). To examine
the mechanism of synergistic alkaline
phosphatase activity enhancement
produced by interleukin-11 in ascorbic
acid-stimulated periodontal ligament
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Fig. 3. mRNA expression of interleukin 11
receptor o and the osteoblastic markers
Runx2, osteocalcin and bone sialoprotein in
periodontal ligament cells stimulated with
interleukin-11 and/or ascorbic acid by RT-
PCR. Periodontal ligament cells were treated
with interleukin-11 (10 ng/ml) and/or ascor-
bic acid (50 pg/ml) for 3 weeks. Interleukin
11 receptor o and osteoblastic marker RNA
expression were induced by interleukin-11
and further enhanced in the interleukin-11 +
ascorbic acid samples. Glyceraldehyde-3-
phosphate dehydrogenase was used as the
housekeeping control. The data are repre-
sentative of three separate experiments.
A.A, ascorbic acid; BSP, bone sialo-
protein;, GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; IL-11, interleukin-11;
IL-11ro, interleukin-11 receptor-o; OCN,
osteocalcin.

cells, we investigated the effect of
interleukin-11 on type 1 collagen pro-
duction in periodontal ligament cells,
with or without ascorbic acid. Given
that the amount of the free procollagen
type-I c-peptide reflects the total type 1
collagen synthesized from procollagen,
we quantified the procollagen type-I
c-peptide content in the supernatant of
periodontal ligament cell cultures after
stimulation with interleukin-11, ascor-
bic acid or interleukin-11/ascorbic
acid. As shown in Fig. 4, the addition
of interleukin-11 to ascorbic acid-sti-
mulated periodontal ligament cells
significantly increased the production
of procollagen type-1 c-peptide. This
increase was fivefold higher than that
induced by interleukin-11 alone, indi-
cating a positive effect of interleukin-11
on type 1 collagen production and a
clear synergism with ascorbic acid
when applied together.

Osteogenic effect of interleukin-11 in periodontal ligament cells
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Fig. 4. Stimulation of procollagen type 1 c-peptide production in periodontal ligament cells
by interleukin-11 and/or ascorbic acid. Periodontal ligament cells treated with interleukin-11
(10 ng/ml) and/or ascorbic acid (50 pg/ml) for 1 week. Addition of interleukin-11 to ascorbic
acid-stimulated periodontal ligament cells significantly increased the production of pro-
collagen type 1 c-peptide to 5-fold higher than that of interleukin-11 alone. Values are means

+ SD (N = 3). The data are representative of three separate experiments. ¢ Significantly
different from control (p <0.05) and *significantly different from ascorbic acid (p <0.05).
A.A, ascorbic acid; IL-11, interleukin-11; PIP, procollagen type I c-peptide.

3,4-Dehydro-I-proline attenuated
alkaline phosphatase activity in
periodontal ligament cells stimulated
with interleukin-11/ascorbic acid

3,4-Dehydro-l-proline is known to
interfere in the triple helical conforma-
tion of procollagen, through inhibition
of the intracellular synthesis of proline
and hydroxyproline amino acids
(32,33). In order to examine whether the
increase of alkaline phosphatase activ-
ity after stimulation with interleukin-
11/ascorbic acid was caused by type 1
collagen synthesis, we investigated the
effect of 3,4-dehydro-l-proline in perio-
dontal ligament cells. As shown in
Fig. 5A, theapplication of 3,4-dehydro-
l-proline inhibited the alkaline phos-
phatase activity of periodontal ligament
cells, after stimulation with interleukin-
11/ascorbic acid, to a level similar to
that of the control group. Figure 5B
clearly revealed how the number of
alkaline phosphatase positive-stained
cells was completely reduced when 3,
4-dehydro-l-proline was added to
interleukin-11/ascorbic acid, suggesting
that enhancement of the alkaline phos-
phatase activity after the application of
interleukin-11/ascorbic acid was mainly

a result of type 1 collagen production in
our experiment.

TIMP-1 production after interleukin-
11, ascorbic acid or interleukin-11/
ascorbic acid stimulation of
periodontal ligament cells

There are four members of the TIMP
family. Of these, TIMP-1 is the most
predominant and able to inhibit most
matrix metalloproteinases (MMPs),
including MMP-2, MMP-3 and MMP-
13 (34). To elucidate if TIMP-1
production is enhanced in interleukin-
11- and/or ascorbic acid-stimulated
periodontal ligament cells, we quanti-
fied the amount of TIMP-1 in perio-
dontal ligament cell cultures using
ELISA. As shown in Fig. 6, interleu-
kin-11 and ascorbic acid induced the
production of TIMP-1 in periodontal
ligament cells. This production was
threefold higher in the interleukin-11/
ascorbic acid group than in the control,
suggesting that interleukin-11 and
ascorbic acid stabilized the extracellu-
lar matrix, not only by inducing type 1
collagen synthesis, but possibly also by
inhibiting the extracellular matrix deg-
radation by MMPs.
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Fig. 5. Inhibition of alkaline phosphatase activity in interleukin-11/ascorbic acid-stimulated
periodontal ligament cells by 3-4-dehydro-1-proline. (A) Periodontal ligament cells were
pretreated with 3-4-dehydro-1-proline (500 um) for 30 minutes, prior to the stimulation of the
cells with interleukin-11 (10 ng/ml) and ascorbic acid (50 pg/ml). Addition of 3-4-dehydro-1-
proline inhibited the alkaline phosphatase activity of interleukin-11/ascorbic acid-stimulated
periodontal ligament cells to a similar level as the control. Values are means + SD (N = 3).
The data is representative of three separate experiments. *Significantly different from in-
terleukin-11 + ascorbic acid (p <0.05). (B) Alkaline phosphatase staining after inhibition of
collagen production by 3-4-dehydro-1-proline in periodontal ligament cells stimulated for 1
week with interleukin-11 + ascorbic acid. The data are representative of three separate
experiments. A.A, ascorbic acid; ALP, alkaline phosphatase; DHP, 3,4-dehydro-l-proline;
IL-11, interleukin-11.
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Fig. 6. Stimulation of the tissue inhibitor of metalloproteinase-1 (TIMP-1) production in
periodontal ligament cells by interleukin-11 and/or ascorbic acid. Periodontal ligament cells
were treated with interleukin-11 (10 ng/ml) and/or ascorbic acid (50 ug/ml) for 1 week.
Interleukin-11 and ascorbic acid induced TIMP-1 production in periodontal ligament cells.
This production was 3-fold higher in the interleukin-11 + ascorbic acid group compared to
the control. Values are means + SD (N = 3). The data are representative of three separate
experiments. *Significantly different from control (p<0.05). A.A, ascorbic acid; IL-11,
interleukin-11; TIMP-1, tissue inhibitor of metalloproteinase-1.

Involvement of MAPK and janus
kinase/signal transducers and
activator of transcription inhibitors in
interleukin-11-induced alkaline
phosphatase activity in periodontal
ligament cells

To investigate, in greater detail, the
signaling pathways through which
interleukin-11/ascorbic acid induces
the alkaline phosphatase activity within
the periodontal ligament cells, we pro-
ceeded to inhibit their two potential
intercellular signaling cascades: janus
kinase/signal transducers and activator
of transcription; and MAPK (11,35).
For this purpose we used three different
inhibitors: U-0126, a selective inhibitor
of MAPK kinases (18,36); janus kinase-
1 inhibitor, which inhibits the janus
kinase signaling pathway (37); and AG-
490, which is known to be a potent
inhibitor of both the janus kinase/signal
transducers and activator of transcrip-
tion and MAPK signaling pathways
(38). As demonstrated in Fig. 7, all of
these inhibitors restrained the alkaline
phosphatase activity of interleukin-11/
ascorbic acid-stimulated periodontal
ligament cells, suggesting that the janus
kinase/signal transducers and activator
of transcription and MAPK pathways
are necessary to transmit the signals
required to increase the alkaline phos-
phatase activity after stimulation with
interleukin-11/ascorbic acid.

Discussion

Interleukin-11 is a pleiotropic cytokine,
which has various functions, such as
inhibitor of adipogenesis (17,18), pro-
inflammatory cytokines (19,20) and
glucocorticoids (21). In the present
study, we demonstrated that interleu-
kin-11 increased alkaline phosphatase
activity through the enhancement of
type 1 collagen production in ascorbic
acid-stimulated periodontal ligament
cells and suggested that interleukin-11
had a positive effect on the osteoblastic
differentiation of periodontal ligament
cells.

The process of osteoblastic differen-
tiation consists of three phases: prolif-
eration with matrix formation (1-7 d);
maturation (7-12 d); and mineraliza-
tion (12-21 d) (39). Type 1 collagen
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)
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AG-490

Fig. 7. Inhibition of the alkaline phosphatase activity in interleukin-11/ascorbic acid-
stimulated periodontal ligament cells by inhibitors of the JAK/STAT and MAPK signaling
pathways. Periodontal ligament cells were incubated with U0126 (10 uM), JAK-1 Inhibitor
(15 nM) or AG-490 (20 uM) for 30 minutes prior to the stimulation with interleukin-11
(10 ng/ml) and ascorbic acid (50 pg/ml). The inhibitors restrained the effect of interleukin-11/
ascorbic acid on alkaline phosphatase activity, with AG-490 exhibiting the most restrictive
effect. Values are means &= SD (N = 3). The data are representative of three separate
experiments. *Significantly different from interleukin-11/ascorbic acid (p < 0.05). A.A,
ascorbic acid; ALP, alkaline phosphatase; IL-11, interleukin-11; JAK-1, janus kinase-1.

synthesis and alkaline phosphatase
production are two closely related
mechanisms and characterize the first
and second phases of this process,
respectively  (40). We  previously
reported that ascorbic acid induced
alkaline phosphatase activity in perio-
dontal ligament cells via the produc-
tion of type 1 collagen and increase of
o2B1 integrin, which is the main
receptor for the binding of periodontal
ligament cells to type 1 collagen, and
suggested that establishment of the
type 1 collagen-based extracellular
matrix is important in the osteoblastic
differentiation of periodontal ligament
cells (10). Moreover, in the present
study we demonstrated that interleu-
kin-11 synergistically enhanced the
ascorbic acid-induced alkaline phos-
phatase activity in periodontal liga-
ment cells (Fig. 2) and showed how
this enhancement could be completely
inhibited by the application of 3,4-de-
hydro-I-proline, the most potent type 1
collagen synthesis inhibitor (Fig. 5).
These data strongly suggested that
interleukin-11-enhanced alkaline phos-
phatase activity mainly depends on the
stimulation of type 1 collagen produc-
tion by interleukin-11. Previously,
Tang et al. reported that an increased
accumulation of type 1 collagen was
observed in interleukin-11 transgenic
mice, suggesting that interleukin-11

may be involved in type 1 collagen
production (41).

Type 1 collagen is the main compo-
nent of periodontal ligament and bone.
The interaction between type 1 colla-
gen and cells through integrins regu-
lates many cellular functions, such as
enhancement of proliferation and
induction of differentiation and apop-
tosis (8,9). In osteoblastic cells, the
binding of cells to type 1 collagen
induced the expression of specific genes
associated with the osteoblastic phe-
notype, alkaline phosphatase, osteo-
calcin and bone sialoprotein, which are
selectively activated by the transcrip-
tion factor, Runx2, to be expressed in
the differentiated state (40,42,43). As
shown in Fig. 3, the addition of inter-
leukin-11 to ascorbic acid-stimulated
periodontal ligament cells increased the
mRNA expression of Runx2 and
osteocalcin, and the most noteworthy
point was that only their combination
induced the mRNA expression of bone
sialoprotein. As previously demon-
strated, expression of the bone sialo-
protein gene induced in newly formed
osteoblasts is known to be up-regula-
ted by hormones and cytokines,
and also to coincide with de novo
mineralization in bone and cementum
(44). Suga et al., who demonstrated
that interleukin-11 increased alkaline
phosphatase activity and osteocalcin,
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bone sialoprotein and parathyroid
hormone receptor gene expression in
mouse mesenchymal progenitor cells
C3H10T1/2 (26), supported our find-
ings, which suggest the involvement of
interleukin-11 in osteoblastic differen-
tiation in ascorbic acid-stimulated
periodontal ligament cells.

TIMPs constitute the major biolo-
gical regulator of extracellular matrix
through inhibition of the collagen
matrix degradation produced by met-
alloproteinases (45). In Fig. 6, we
showed enhanced production of
TIMP-1 by interleukin-11 and ascorbic
acid in periodontal ligament cells. Our
results are consistent with previous
studies by Herman et al. and Maier
et al., who showed that interleukin-11
induced TIMP-1 production in syno-
viocytes and chondrocytes (22,23).
From these data, together with our
results, interleukin-11 is thought to be
a regulator of extracellular matrix by
controlling TIMP-1 and following
inhibition of MMP activity. Geoffroy
et al. showed that the endogenous
inhibition of MMPs by TIMP-1 over-
expression resulted in higher alkaline
phosphatase activity and increased
trabecular bone mass in transgenic
mice (34). More recently, Hayami et al.
demonstrated that exogenous TIMP-1
application inhibited MMP activity
and enhanced alkaline phosphatase
activity in periodontal ligament cells,
and suggested that TIMP-1 could en-
hance the osteoblastic differentiation
of periodontal ligament cells by inhi-
bition of collagenases (7). However,
we were unable to clarify whether
enhanced TIMP-1 production con-
trolled type 1 collagen-based extracel-
lular matrix formation and the
subsequent  alkaline  phosphatase
activity. Further experiments using
TIMP-1 siRNA or TIMP-1 antibody
are necessary to determine, in detail,
whether interleukin-11/ascorbic acid-
induced TIMP-1 production function-
ally avoids the degradation of type 1
collagen by MMPs and consequently
induces the osteoblastic differentiation
of periodontal ligament cells.

As with other members of the
interleukin-6 cytokine family, interleu-
kin-11 uses the transmembrane glyco-
protein-130 as a signal-transducing
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receptor subunit. However, interleu-
kin-11 responsiveness is restricted to
cells that also express the interleukin-
11 receptor-a subunit (12,31,35,46). In
our study, we identified the gene
expression of interleukin-11 receptor-o.
This result, together with the ability of
interleukin-11 to increase the alkaline
phosphatase activity in periodontal
ligament cells (Fig. 2), suggests that
periodontal ligament cells may act as
target cells for interleukin-11. More-
over, we also found that the addition
of interleukin-11 or ascorbic acid,
alone or in combination, up-regulated
the gene expression of interleukin-11
receptor-o. (Fig. 3), which also suggests
an autocrine loop, allowing an
enhanced response of periodontal
ligament cells to interleukin-11.

It is known that the interleukin-11/
interleukin-11  receptor-a.  complex
triggers the activation of glycoprotein-
130 by enforcing glycoprotein-130
homodimerization. Consecutively,
janus kinase 1, janus kinase 2 and
TYK2 are activated, and the cytoplas-
mic tail of glycoprotein-130 is phos-
phorylated. The phosphorylation of
glycoprotein-130  activates  signal
transducers and activator of transcrip-
tion 1/3, which are also phosphorylat-
ed, form dimers and translocate to the
nucleus, where they regulate the tran-
scription of target genes. Phosphoryl-
ated residues of glycoprotein-130 also
bind to SHP2, thereby forming the link
SHP2/rasyMAPK and activate the
MAPK cascade (11,12,46). To estab-
lish the involvement of janus kinase/
signal transducers and activator of
transcription and MAPK in the
alkaline phosphatase activity of
interleukin-11/ascorbic acid-stimulated
periodontal ligament cells, we exam-
ined the effect of inhibitors of those
signaling pathways. As demonstrated
in Fig. 7, U0126, janus kinase-1
inhibitor and AG490 diminished
interleukin-11/ascorbic acid-elicited
alkaline phosphatase activity, suggest-
ing the involvement of janus kinase/
signal transducers and activator of
transcription and MAPK in alkaline
phosphatase activity. Previously, Shin
et al. had shown a decreased number
of osteoblasts and alkaline phospha-
tase activity in glycoprotein-130

knockout mice, indicating a crucial
role of the signaling pathways associ-
ated with glycoprotein-130 in osteo-
blastic differentiation (47). Furthermore,
Xiao et al. demonstrated that ascorbic
acid induced osteoblastic differenti-
ation through type 1 collagen pro-
duction and subsequent MAPK
activation via type 1 collagen—integrin
interaction in murine MC3T3-E1 cells
(48). From these studies, and together
with our findings, it is probable that
the janus kinase/signal transducers
and activator of transcription and
MAPK may be the main signaling
pathways related to the osteoblastic
differentiation of periodontal ligament
cells induced by interleukin-11 and
ascorbic acid.

In summary, we have demonstrated
that interleukin-11  synergistically
increased the alkaline phosphatase
activity and gene expression of the
osteoblastic  differentiation markers
Runx2, osteocalcin and bone sialo-
protein in ascorbic acid-stimulated
periodontal ligament cells. We proved
that these effects of interleukin-11 and
ascorbic acid were mainly associated
with the stimulation of type 1 collagen
production. Furthermore, this alkaline
phosphatase activity was enhanced via
the janus kinase/signal transducers
and activator of transcription and
MAPK signaling pathways. Our con-
clusion is that interleukin-11 may
function as an osteopromotive cyto-
kine, stimulating the osteoblastic dif-
ferentiation of periodontal ligament
cells through stimulating the synthesis
of type 1 collagen and possibly, to
some extent, by the induction of
TIMP-1 production.

Acknowledgements

This research was supported by a
Grant-in-Aid from the Centre of
Excellence (COE) Program for Fron-
tier Research on Molecular Destruc-
tion and Reconstruction of Tooth and
Bone, Graduate School, Tokyo Med-
ical and Dental University.

References

1. Arceo N, Sauk JJ, Moehring J, Foster
RA, Somerman MJ. Human periodontal

. Anusaksathien

. James

cells initiate mineral-like nodules in vitro.
J Periodontol 1991;62:499-503.

Ivanovski S, Li H, Haase HR, Bartold
PM. Expression of bone associated macro-
molecules by gingival and periodontal
ligament fibroblasts. J Periodont Res
2001;36:131-141.

Bartold PM, Shi S, Gronthos S. Stem cells
and periodontal regeneration. Periodontol
2000 2006;40:164—172.

Nagatomo K, Komaki M, Sekiya I et al.
Stem cell properties of human periodontal
ligament cells. J Periodont Res 2006;
41:303-310.

Xiao G, Cui Y, Ducy P, Karsenty G,
Franceschi RT. Ascorbic acid-dependent
activation of the osteocalcin promoter in
MC3T3-El preosteoblasts: requirement
for collagen matrix synthesis and the
presence of an intact OSE2 sequence. Mol
Endocrinol 1997;11:1103-1113.

Igbal K, Khan A, Muzaffar M. Biological
significance of ascorbic acid (vitamin C)
in health - A review. Pak J Nutr 2004;3:
5-13.

Hayami T, Zhang Q, Kapila Y, Kapila S.
Dexamethasone’s enhancement of osteo-
blastic markers in human periodontal
ligament cells is associated with inhibition
of collagenase expression. Bone 2007,
40:93-104.

Giancotti FG, Ruoslahti E. Integrin sign-
aling. Science 1999;285:1028-1032.

Hynes RO. Integrins: bidirectional,
allosteric signaling machines. Cell 2002;
110:673-687.

. Ishikawa S, Iwasaki K, Komaki M, Ish-

ikawa I. Role of ascorbic acid in perio-
dontal ligament cell differentiation.
J Periodontol 2004;75:709-716.

. Heinrich PC, BehrmannI, Muller-Newen G,

Schaper F, Graeve L. Interleukin-6-type
cytokine signalling through the gp130/Jak/
STAT pathway. Biochem J 1998;334:297—
314.

Tacken I, Dahmen H, Boisteau O er al.
Definition of receptor binding sites on
human interleukin-11 by molecular
modeling-guided mutagenesis. Eur J Bio-
chem 1999;265:645-655.

O, Giannobile WV.
Growth factor delivery to re-engineer
periodontal tissues. Curr Pharm Biotech-
nol 2002;3:129-139.

Du X, Williams DA.
review of molecular, cell biology, and
clinical use. Blood 1997;89:3897-3908.

Interleukin-11:

. Yashiro R, Nagasawa T, Kiji M et al.

Transforming growth factor-beta stimu-
lates interleukin-11 production by human
periodontal ligament and gingival fibro-
blasts. J Clin Periodontol 2006;33:165-171.
C, Keith J. Interleukin-11. In:
Angus W, Thomson MTL, eds. The
Cytokine Handbook, 4th edn. Pittsburg,
USA: Academic Press, 2003:363-381.



18.

20.

21.

22.

23.

24.

25.

26.

Keller DCXX, Srour EF, Hoffman R,
Williams DA. Interleukin-11 inhibits
adipogenesis and stimulates myelopoiesis
in human long-term marrow cultures.
Blood 1993;82:1428-1435.

Tenney R, Stansfield K, Pekala PH.
Interleukin 11 signaling in 3T3-L1 adipo-
cytes. J Cell Physiol 2005;202:160—-166.
Trepicchio WL, Bozza M, Pedneault G,
Dorner AJ. Recombinant human IL-11
attenuates the inflammatory response
through down-regulation of proinflamma-
tory cytokine release and nitric oxide pro-
duction. J Immunol 1996;157:3627-3634.
Johnson RB, Wood N, Serio FG. Inter-
leukin-11 and IL-17 and the pathogenesis
of periodontal disease. J Periodontol
2004;75:37-43.

Dovio A, Sartori ML, Masera RG et al.
Autocrine down-regulation of glucocorti-
coid receptors by interleukin-11 in human
osteoblast-like cell lines.
2003;177:109-117.

Maier R, Ganu V, Lotz M. Interleukin-11,
an inducible cytokine in human articular
chondrocytes and synoviocytes, stimulates
the production of the tissue inhibitor
of metalloproteinases. J Biol Chem 1993;
268:21527-21532.

Hermann JA, Hall MA, Maini RN,
Feldmann M, Brennan FM. Important
immunoregulatory role of interleukin-11
in the inflammatory process in rheumatoid
arthritis. Arthritis Rheum 1998;41:1388—
1397.

Romas E, Udagawa N, Zhou H et al. The
role of gpl30-mediated signals in osteo-
clast development: regulation of interleu-
kin 11 production by osteoblasts and
distribution of its receptor in bone mar-
row cultures. J Exp Med 1996;183:2581—
2591.

Martuscelli G, Fiorellini JP, Crohin CC,
Howell TH. The effect of interleukin-11
on the progression of ligature-induced
periodontal disease in the beagle dog.
J Periodontol 2000;71:573-578.

Suga K, Saitoh M, Fukushima S ef al.
Interleukin-11 induces osteoblast differ-

J Endocrinol

entiation and acts synergistically with
bone  morphogenetic  protein-2  in
C3HI10T1/2 cells. J Interferon Cytokine
Res 2001;21:695-707.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Osteogenic effect of interleukin-11 in periodontal ligament cells

Katagiri T, Takahashi N. Regulatory
mechanisms of osteoblast and osteoclast
differentiation. Oral Dis 2002;8:147-159.
Takeuchi Y, Watanabe S, Ishii G et al.
Interleukin-11 as a stimulatory factor for
bone formation prevents bone loss with
advancing age in mice. J Biol Chem
2002;277:49011-49018.

Suga K, Saitoh M, Kokubo S et al.
Interleukin-11 acts synergistically with
bone morphogenetic protein-2 to acceler-
ate bone formation in a rat ectopic model.
J Interferon Cytokine Res 2003;23:203—
207.

Suga K, Saitoh M, Kokubo S et al. Syn-
ergism between interleukin-11 and bone
morphogenetic protein-2 in the healing of
segmental bone defects in a rabbit model.
J Interferon Cytokine Res 2004;24:343—
349.

Sims NA, Jenkins BJ, Nakamura A et al.
Interleukin-11  receptor signaling is
required for normal bone remodeling.
J Bone Miner Res 2005;20:1093-1102.
Kerwar SS. Regulation of collagen syn-
thesis and maturation by 3,4-dehydro-
proline. Arch Biol Med Exp (Santiago)
1979;12:359-366.

Tan EM, Ryhanen L, Uitto J. Proline
analogues inhibit human skin fibroblast
growth and collagen production in
culture. J Invest Dermatol 1983;80:261—
267.

Geoffroy V, Marty-Morieux C, Le Goupil
N et al. In vivo inhibition of osteoblastic
metalloproteinases leads to increased tra-
becular bone mass. J Bone Miner Res
2004;19:811-822.

Heinrich PC, Behrmann I, Haan S,
Hermanns HM, Muller-Newen G,
Schaper F. Principles of interleukin (IL)-6-
type cytokine signalling and its regulation.
Biochem J 2003;374:1-20.

Xiao G, Gopalakrishnan R, Jiang D,
Reith E, Benson MD, Franceschi RT.
Bone morphogenetic proteins, extracellu-
lar matrix, and mitogen-activated protein
kinase signaling pathways are required for
osteoblast-specific gene expression and
differentiation in MC3T3-El cells. J Bone
Miner Res 2002;17:101-110.

Thompson JE, Cubbon RM, Cummings
RT et al. Photochemical preparation of a

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

535

a Jak
Med

pyridone containing tetracycle:
protein kinase inhibitor. Bioorg
Chem Lett 2002;12:1219-1223.
Wang LH, Kirken RA, Erwin RA, Yu

CR, Farrar WL. JAK3, STAT, and
MAPK signaling pathways as novel
molecular targets for the tyrphostin

AG-490 regulation of IL-2-mediated T cell
response. J Immunol 1999;162:3897-3904.
Afzal F, Polak J, Buttery L. Endothelial
nitric oxide synthase in the control of
osteoblastic mineralizing activity and bone
integrity. J Pathol 2004;202:503-510.
Werner D, Chirammal SL. Bone repair
and adult stem cells. In: Bongso A, Lee
EH, eds. Stem Cells: from Bench to Bed-
side, 1st edn. Singapore: World Scientific
Publishing Co., Pte. Ltd. 2005:422-465.
Tang W, Geba GP, Zheng T et al
Targeted expression of IL-11 in the
murine  airway causes lymphocytic
inflammation, bronchial remodeling, and
airways obstruction. J Clin Invest 1996;
98:2845-2853.

Franceschi RT, Iyer BS, Cui Y. Effects of
ascorbic acid on collagen matrix forma-
tion and osteoblast differentiation in
murine MC3T3-E1 cells. J Bone Miner
Res 1994;9:843-854.

Franceschi RT. The developmental con-
trol of osteoblast-specific gene expression:
role of specific transcription factors and
the extracellular matrix environment. Crit
Rev Oral Biol Med 1999;10:40-57.

Ganss B, Kim RH, Sodek J. Bone sialo-
protein. Crit Rev Oral Biol Med 1999;
10:79-98.
Stamenkovic 1.
remodelling: the role of matrix metallo-
proteinases. J Pathol 2003;200:448-464.
Sims NA, Jenkins BJ, Quinn JM et al.
Glycoprotein 130 regulates bone turnover
and bone size by distinct downstream
signaling pathways. J Clin Invest 2004;
113:379-389.

Shin HI, Divieti P, Sims NA et al. Gp130-
mediated signaling is necessary for normal
osteoblastic function in vivo and in vitro.
Endocrinology 2004;145:1376-1385.

Xiao G, Jiang D, Thomas P et al. MAPK
pathways activate and phosphorylate the
osteoblast-specific transcription factor,
Cbfal. J Biol Chem 2000;275:4453-4459.

Extracellular matrix



This document is a scanned copy of a printed document. No warranty is given about the accuracy
of the copy. Users should refer to the original published version of the material.



