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Zoledronic acid suppresses transforming growth factor-f-induced
fibrogenesis by human gingival fibroblasts
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Abstract. Bisphosphonates (BPs) are analogues of pyro-
phosphate that are known to prevent bone resorption by
inhibiting osteoclast activity. Nitrogen-containing BPs, such
as zoledronic acid (ZA), are widely used in the treatment of
osteoporosis and bone metastasis. However, despite having
benefits, ZA has been reported to induce BP-related osteone-
crosis of the jaw (BRONJ) in cancer patients. The molecular
pathological mechanisms responsible for the development of
BRONJ, including necrotic bone exposure after tooth extrac-
tion, remain to be elucidated. In this study, we examined the
effects of ZA on the transforming growth factor-f3 (TGF-f3)-
induced myofibroblast (MF) differentiation of human gingival
fibroblasts (hGFs) and the migratory activity of hGFs, which
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are important for wound closure by fibrous tissue formation.
The ZA maximum concentration in serum (Cmax) was found
to be approximately 1.47 uM, which clinically, is found after
the intravenous administration of 4 mg ZA, and ZA at this
dose is considered appropriate for the treatment of cancer bone
metastasis or bone diseases, such as Erdheim-Chester disease.
At Cmax, ZA significantly suppressed i) the TGF-f-induced
promotion of cell viability, ii) the TGF-f-induced expression
of MF markers such as a-smooth muscle actin (a-SMA) and
type I collagen, iii) the TGF-B-induced migratory activity of
hGFs and iv) the expression level of TGF-f type I receptor on
the surfaces of hGFs, as well as the TGF-p-induced phosphory-
lation of Smad2/3. Thus, ZA suppresses TGF-f-induced fibrous
tissue formation by hGFs, possibly through the inhibition of
Smad-dependent signal transduction. Our findings partly eluci-
date the molecular mechanisms underlying BRONJ and may
prove to be beneficial to the identification of drug targets for the
treatment of this symptom at the molecular level.

Introduction

Bisphosphonates (BPs) are analogues of pyrophosphate that
are known to prevent bone resorption by inhibiting osteoclast
activity (reviewed in ref. 1). BPs are used for the treatment
of various bone diseases, including osteoporosis and bone
metastasis in cancer with or without hypercalcemia (2).
Nitrogen-containing BPs, such as zoledronic acid (ZA), are used
in the treatment of osteoporosis and bone metastasis (reviewed
in ref. 3), as well as in the treatment of other bone diseases, such
as Erdheim-Chester disease (4). In addition, they are more potent
inhibitors of bone resorption than non-nitrogen-containing
BPs (reviewed in ref. 5). However, despite their several benefits,
ZA induces BP-related osteonecrosis of the jaw (BRONJ) in
cancer patients (6,7). BRONJ is defined as necrotic bone exposure
in the oral cavity continuing for >8 weeks in BP-treated patients
who have not had received head and neck radiation therapy (8).
The molecular mechanisms responsible for the development of
BRONJ remain to be elucidated; however, some risk factors,
including periodontitis with bacterial plaque in the oral cavity
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have been associated with this symptom (reviewed in ref. 7).
Previous studies have suggested that infectious agents, including
Actinomyces, play important roles in the etiology and progres-
sion of BRONIJ (9-11). Interestingly, Kobayashi et al reported
that ZA promoted the adherence of Streptococcus mutans to
hydroxyapatite and the proliferation of oral bacteria obtained
from healthy individuals, suggesting that ZA increases bacterial
infection (12). Wound closure by oral epithelial cells (ECs) and
gingival fibroblasts (GFs) is important, not only for successful
wound healing, but also for the protection of the socket from
oral bacterial infection following tooth extraction. Thus, it is
possible that an oral bacterial infection may induce BRONIJ in
cooperation with other risk factors, such as diabetes mellitus
with steroid intake (13) or with microvascular disease (14),
smoking, prosthetic trauma, and implant treatment (15). In addi-
tion, the ability of GFs to migrate and synthesize type I collagen
is essential for the formation of rigid gingival connective tissue
to cover the intraoral bone exposure, which protects the alveolar
bone of the maxilla and the jaw from infection with oral bacteria.
However, the mechanisms through which ZA affects the ability
of human GFs (hGFs) to migrate and synthesize the connective
tissue at the molecular level remain to be elucidated.

When tissue injury occurs, the blood coagulation cascade
is initiated, resulting in the formation of fibrous connective
tissue, which functions as a scaffold for the influx of inflam-
matory cells. Platelets also aggregate at the site of injury,
and become activated by binding to the negatively charged
extravascular fibrous tissue, and release various growth factors,
including transforming growth factor-f (TGF-f) (reviewed in
ref. 16). TGF-p1 is known to be expressed in serveral types
of cells, including hGFs, and is involved in the proliferation
and differentiation of these cells (17,18). Thus, the functions
of TGF-f seem to be autocrine or paracrine as regards the
regulation of hGFs during oral inflammation and the wound
healing processes at the site of injury. The TGF-f superfamily
consists of two families: the TGF-p/activin/Nodal family and
the bone morphogenetic protein (BMP)/growth and differ-
entiation factor (GDF)/Mullerian inhibiting substance (MIS)
family (reviewed in ref. 19).

The TGF-f superfamily ligands initiate a cascade of
signaling events by binding to their respective type I and
type II receptors in the extracellular space. Following
this, two type I and two type II receptors form a tetrameric
complex. In this ligand-bound complex of type I and type II
receptors, the type II receptor kinase activates the type I
receptor kinase. The type I receptor induces intracellular
signal transduction by phosphorylating the receptor-regulated
Smads (R-Smads) (reviewed in refs. 20-23). Smads are central
signal transducers of TGF-f superfamily and are composed
of 3 groups. The first group comprises the R-Smads; Smadl,
Smad5 and Smad8 are primarily activated by the BMP-specific
type I receptors, whereas Smad2 and Smad3 are activated by
TGF-B-specific type I receptors. The second group contains
the common mediator Smad (Co-Smad; e.g., Smad4). The third
group comprises the inhibitory Smads (I-Smads; e.g., Smad6
and Smad7). Activated R-Smads form complexes with the
Co-Smad, which enter the nucleus, and, together with other
cooperative proteins, positively or negatively control the
transcription of specific target genes. I-Smads suppress the
activation of R-Smads by competing with R-Smads for type I
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receptor interaction and by recruiting specific ubiquitin ligases,
resulting in their proteasomal degradation (reviewed in ref. 24).

TGEF-f has the ability to induce the differentiation of various
types of cells into myofibroblasts (MFs), which typically exhibit
the formation of F-actin stress fibers (reviewed in ref. 25). We
have previously demonstrated that TGF-f induces the expres-
sion of the MF markers, a-smooth muscle actin (a-SMA) and
type I collagen, in fibroblastic cells derived from periodontal
ligament (26). Sobral et al reported that TGF-f induced
the differentiation of hGFs into MFs in a Smad-dependent
manner (27). Thus, TGF-f is now known to induce MF differ-
entiation from fibroblasts, which preferentially form a fibrous
tissue. TGF- is also known to induce migratory activity in
various types of cells, including fibroblastic cells in a Smad-
dependent manner (28-30). In addition, Bakin et al reported that
TGEF-f regulates the migratory activity of ECs in a p38 mitogen-
activated protein kinase (MAPK)-dependent manner (31),
suggesting that TGF-f3 induces cell migratory activity through
MAPKSs as opposed to Smads. Moreover, TGF-f3 plays impor-
tant roles in physiological wound closure by promoting cell
migration and type I collagen synthesis. On the other hand, the
abnormal and persistent appearance of MFs causes scar forma-
tion or fibrosis (32,33). The abnormal potentiation of TGF-f3
signaling in MFs possibly causes fibrogenic diseases. Therefore,
MFs represent key players in the physiological reconstruction of
connective tissue following injury and in generating the patho-
logical tissue deformations that characterize fibrosis (34).

In this study, we investigated the mechanisms through
which ZA, at its maximum concentration in serum (Cmax),
which clinically, is usually found after the intravenous admin-
istration of 4 mg ZA, which is the appropriate amount for the
usual treatment of bone metastasis (35,36) or bone diseases
such as Erdheim-Chester disease (4), affects TGF-B-induced
intracellular signal transduction and MF differentiation of
hGFs, which are important processes for the progression of
fibrogenesis during inflammation.

Materials and methods

Reagents. Recombinant TGF-pf was purchased from
Peprotech, Inc. (Rocky Hill, NJ, USA). The TGF-§ type 1
receptor inhibitor, SB-431542, which preferentially suppresses
the activation of the intracellular signal transduction of Smad?2
by this receptor (37,38), and sometimes broadly suppresses the
TGF-B1-induced activation of p38 MAPK, and extracellular
signal-regulated kinase (ERK) as opposed to Smad2 (30) was
purchased from Calbiochem (La Jolla, CA, USA). Zometa®
obtained from Novartis Pharmaceuticals (Tokyo, Japan) was
used as ZA in all our experiments. The Cmax of ZA in an
adult human body is approximately 1.47 yM within 15 min
after its intravenous administration (4 mg/5 ml) according
to the user instructions provided with Zometa®. This is
the appropriate amount of ZA for the treatment of cancer
bone metastasis (32,33), and is referred in the internal docu-
ment ZOMUOO0007 belonging to Novartis Pharmaceuticals.

Cell culture. hGFs were isolated and cultured as described in
our previous study (39). Briefly, the cells were isolated from the
fresh gingival tissue biopsy samples of 3 volunteers, and were
maintained in a Dulbecco's modified Eagle's medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (both from Invitrogen, Gaithersburg, MD, USA).
Informed consent was obtained from all the volunteers prior
to obtaining the samples, and the Ethics Committee of Iwate
Medical University approved the research protocol (approval
no. 1126). Subsequently, one hGF culture retaining a high
proliferative potential among the 3 cultures was used. NIH3T3
mouse embryonic fibroblasts (used as a standard control for the
fibroblasts), obtained from RIKEN Cell Bank (Tsukuba, Japan),
were cultured with DMEM supplemented with 10% FBS and
penicillin-streptomycin (both from Invitrogen).

Cell viability assay. The status of cell viability was evaluated
using an alamarBlue assay (AbD Serotec, Oxon, UK) according
to the manufacturer's instructions. This assay reagent includes
an indicator that fluoresces and undergoes colorimetric
changes when reduced by mitochondrial respiration, which
is proportional to the number of living cells. For the viability
assay, the cells were seeded in 96-well plates at a density of
2.48x10° cells/well and cultured for 48 h in medium containing
10% FBS, with or without ZA at the indicated concentra-
tions (0.0147-147 uM). Some of the cells were subsequently
treated with TGF-B1 (1-5 ng/ml) for 24 h following treatment
with ZA. The medium was replaced with DMEM containing
10% alamarBlue solution to evaluate the viability of the cells,
and the cells were cultured for an additional 4.5 h. The absor-
bance in each well was measured using an ELISA plate reader
(Tosoh Corp., Tokyo, Japan). The data were presented as values
of Abss;,- Absgy,. Each experiment was repeated 3 times, with
5-wells dedicated for each time point.

RNA isolation and RT-qPCR. Total RNA from the hGFs and
NIH3T3 cells was isolated using ISOGEN II reagent (Nippon
Gene, Toyama,Japan) according to the manufacturer's instructions.
First-strand cDNA was synthesized from total RNA using the
PrimeScript RT reagent kit (Takara Bio, Shiga, Japan). PCR was
subsequently performed on a Thermal Cycler Dice Real-Time
system using SYBR Premix Ex Taq II (both from Takara Bio)
with specific oligonucleotide primers (human a-SMA forward,
5-ATACAACATGGCATCATCACCAA-3' and reverse, 5-GGG
CAACACGAAGCTCATTGTA-3"; mouse a-SMA forward,
5'-CAGATGTGGATACAGCAAACAGGA-3' and reverse,
5-GACTTAGAAGCATTTGCGG TGGA-3"; human TGF-f
type I receptor forward, 5'-GCT GCTCCTCCTCGTGCT-3'
and reverse, 5"-TTGTCTTTTGTACAGAGGTGGC-3'"; human
TGF-p type II receptor forward, 5'-CTGCACATCGTCCTG
TGG-3' and reverse, 5'-GGAAACTTGACTGCACCGTT-3"; and
human glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
forward, 5'-GCACCGTCAAGGCTGAGAAC-3' and reverse,
5'-ATGGTGGTGAAGACCCCACT-3"; and mouse GAPDH
forward, 5'-TGTGTCCGTCGTGGATCTG-3' and reverse,
5“TTGCTGTTGAAGTCGCAGGAG-3'). The mRNA expression
levels of a-SMA, TGF-f type I receptor and TGF-f type 11
receptor were normalized to those of GAPDH, and the relative
expression levels were presented as the fold increase or decrease
relative to the control.

Western blot analysis. The cells were lysed in RIPA buffer
[50 mM Tris-HCI (pH 7.2), 150 mM NacCl, 1% NP-40,
0.5% sodium deoxycholate and 0.1% SDS] or lysis buffer
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[20 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA and
1% Triton® X-100] containing protease and phosphatase
inhibitor cocktails (both from Sigma, St. Louis, MO, USA). The
protein content of the samples was measured using BCA reagent
(Pierce, Rockford, IL, USA). Samples containing equal amounts
of protein were separated on 10% SDS-polyacrylamide gels
and transferred onto a polyvinylidenedifluoride membrane
(Millipore Corp., Bedford, MA, USA). After being blocked
with 1% BSA or 1% skim milk in T-TBS (50 mM Tris-HCI,
pH 7.2, 150 mM NaCl and 0.05% Tween-20), the membrane was
incubated with primary antibodies including anti-o-SMA rabbit
polyclonal antibody (1:1,000; ab5694; Abcam, Cambridge, UK),
anti-Smad?2/3 purified mouse monoclonal antibody (1:1,000;
610842; BD Transduction Laboratories™, Franklin Lakes, NJ,
USA), anti-phospho-Smad?2/3 (#8828), anti-p38 MAPK (#9212),
anti-phospho-p38 MAPK (#9211), anti-c-Jun N-terminal
kinase (JNK; #9251) and anti-phospho-JNK polyclonal anti-
bodies (#9252) (1:1,000; all from Cell Signaling Technology, Inc.,
Beverly, MA, USA) and anti-a-tubulin mouse monoclonal
antibody (1:25,000; #3873, Cell Signaling Technology, Inc.) as a
loading control for normalization. The proteins of interest were
then detected using appropriate horseradish peroxidase-conju-
gated secondary antibodies (Cell Signaling Technology, Inc.)
and an Amersham ECL™ Prime Western Blotting Detection
reagent (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA).

Immunofluorescence analysis of cultured cells. For immu-
nofluorescence analysis of the cultured cells, the hGFs were
subcultured on non-coated cover glass slips (Matsunami
Glass Ind., Ltd. Kishiwada, Japan) at a density of 2.5x10* cells/
glass slip (BD Biosciences, Franklin Lakes, NJ, USA) and
maintained in DMEM supplemented with 10% FBS, with
or without ZA (1.47 uM) for 48 h. The culture medium was
replaced with DMEM without FBS, supplemented with or
without TGF-f1 (5 ng/ml). The cells were maintained in this
medium for 4 or 5 days, fixed in 4% paraformaldehyde (Nacalai
Tesque, Inc., Kyoto, Japan) for 15 min and permeabilized with
Triton X-100 (Sigma). Following background reduction with
normal goat serum, the cells were labeled with anti-a-SM A rabbit
polyclonal antibody (1:100; ab5694; Abcam), or anti-collagen
type I rabbit polyclonal antibody (1:100; 600-401-103-0.1;
Rockland, Inc., Rockland, ME, USA) at room temperature for
1 h. After being washed with phosphate-buffered saline (PBS)
to remove the excess primary antibody, the cells were incubated
with Alexa Fluor® 488-conjugated goat anti-rabbit IgG (1:1,000;
A-11034; Molecular Probes, Leiden, The Netherlands) and DAPI
(1:1,000; KPL, Gaithersburg, MD, USA) for 30 min at room
temperature. After being washed with PBS to remove the excess
secondary antibody, the fluorescent signal was detected using an
Olympus IX70 fluorescence microscope with the LCPIanFI 20
objective lens (Olympus Co., Tokyo, Japan).

Evaluation of the migratory activities of hGFs and NIH3T3
cells. Cell migration assays were performed using Transwell®
membrane cell culture inserts (8 ym pore size; Corning Inc.,
Corning, NY, USA) according to the manufacturer's instruc-
tions. The hGFs were cultured with or without ZA (1.47 uM) in
DMEM supplemented with 10% FBS for 48 h at a cell density
of 6.0x10° cells in 10 cm culture dish. The cells were then
placed at a density of 1.0x10° cells in the cell culture inserts
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in the each well of a 24-well cell culture plate in DMEM with
0.1% BSA. The cells were allowed to migrate through the
porous membrane that bordered the upper cell culture insert and
the lower well of 24-well culture plate which contained DMEM
in the presence or absence of TGF-f (5 ng/ml) for 6 h at 37°C.
TGF-p was added to the culture medium in the lower well of
24-well culture plate. In some cases, SB-431542 was added to
both the upper and lower culture media. The cells on the upper
side of the membrane were wiped, and the membrane was fixed
in 4% paraformaldehyde in PBS. After being washed with PBS,
the cells that had migrated onto the underside of the membrane
were labeled with DAPI (1:1,000; KPL) and counted. The values
were shown as average of those from 3 wells. The evaluation
of the migratory activity of the NIH3T3 cells was performed
as described above without pre-treatment of the cells with ZA.

Flow cytometry. The hGFs were cultured with or without
ZA (147 uM) in DMEM supplemented with 10% FBS for 48 h
at a density of 6.0x10° cells in a 10-cm culture dish. The cells
(1.0x10° cells) were suspended in PBS containing 0.5% FBS
and 2 mM EDTA and incubated with anti-TGF-f receptor
type I (1:100; ab30103) or type II (1:50; ab78419) (both from
Abcam) primary antibodies for 1 h at 4°C. For the negative
control experiments, the cells were incubated with the same
protein amount of normal control IgG (sc-2028; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) as each specific
antibody. The cells were then incubated with PE-conjugated
secondary antibodies (#732988 for ab31013; #732970 for
ab78419) for 30 min in the dark. Acquisition was performed
using an EPICS XL EXPO 32 ADC system (Beckman Coulter,
Fullerton, CA, USA).

Statistical analysis. The data are presented as the mean + SD
(n=3 or 5 experiments). The data were statistically analyzed
using the Student's t-test, and P<0.01 (indicated by an asterisk)
was considered significant. The results shown in all experi-
ments are representative of at least 3 separate experiments.

Results

ZA suppresses the TGFf1-induced increase in the viability
of hGFs. Treatment with ZA for 48 h in medium containing
10% FBS at the concentrations of 0.0147 yM (1/100 of Cmax),
0.147 uM (1/10 of Cmax) and 1.47 uM (Cmax) did not affect
the viability of the hGFs (Fig. 1A) and the NIH3T3 cells which
were used as a standard control for the fibroblasts (Fig. 1B).
However, at 10-100-fold higher concentrations (14.7-147 uM)
than the Cmax, ZA significantly suppressed the viability
of the hGFs (35-58% suppression of the control) and that of
the NIH3T3 cells (29-80% suppression of the control) in a
dose-dependent manner. Thus, ZA (Cmax) does not affect
the viability of hGFs and normal standard fibroblasts at 48 h
following administration.

In order to elucidate the mechanisms through which ZA
affects TGF-B-induced fibrogenesis by hGFs, the hGFs were
pre-treated with ZA (Cmax) for 48 h and subsequently treated
with TGF-f1 at the indicated concentrations for the indicated
periods of time. Finally, the effect of pre-treatment with
ZA (Cmax) on TGF-B-induced functions in hGFs was investi-
gated using the following experiments:
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Figure 1. Zoledronic acid (ZA) suppresses the transforming growth factor-f31
(TGF-f1)-induced increase in the viability of human gingival fibro-
blasts (hGFs) at the maximum concentration in serum (Cmax). (A) hGFs and
(B) NHI3T3 cells were seeded in 96-well plates at a density of 2.48x10° cells/
well and cultured for 48 h in medium containing 10% fetal bovine serum (FBS)
with or without ZA at the indicated concentrations (0.0147-147 uM). The
medium was replaced with DMEM containing 10% alamarBlue solution, and
the cells were cultured for an additional 4.5 h. To evaluate the viability of
the cells, the absorbance (Abss;,-Absg,) in each well was measured using a
plate reader. (C) Firstly, hGFs were seeded in 96-well plates at a density of
2.48x10° cells/well and cultured for 48 h in medium containing 10% FBS
with or without ZA (Cmax) (lower, and upper graphs, respectively). The cells
were subsequently stimulated with TGF-f1 (1-5 ng/ml) for 24 h. The viability
of the hGFs was then measured as described above. The data are presented as
the means + SD (n=5). "P<0.01 was considered significant.
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Figure 2. Zoledronic acid (ZA) at the maximum concentration in serum (Cmax) inhibits the transforming growth factor-f3 (TGF-f)-induced myofibroblast (MF)
differentiation of human gingival fibroblasts (hGFs). (A) hGFs were cultured for 48 h in growth medium supplemented with 10% fetal bovine serum (FBS) in
the presence or absence of ZA (1.47 uM or Cmax value of an adult human; ZA administered intravenously at 4 mg/5 ml). The culture medium was replaced with
DMEM without FBS supplemented with or without TGF-f1 (5 ng/ml) and maintained for 24 h. The relative expression level of MF marker a-smooth muscle
actin (a-SMA) was analyzed by RT-qPCR. Data represent the means + SD (n=3). "P<0.01 was considered significant. (B) The status of MF differentiation of
hGFs at the protein level was evaluated by western blot analysis with anti-a-SMA antibody. The cells were cultured with or without ZA (Cmax) as described
in (A), and were subsequently cultured in DMEM without FBS supplemented with or without TGF-f1 (5 ng/ml) for 4 days [a-SMA, upper panel; a-tubulin
(internal control), lower panel]. (C) The cells were first cultured with or without ZA (Cmax) as described in (A), cultured in DMEM without FBS supplemented
with or without TGF-B1 (5 ng/ml) for 4 (a-SMA; left panels) or 5 (type I collagen; right panels) days. The cells were then immunostained with anti-a-SMA (left
panels) (green) and anti-type I collagen (right panels) (green) antibodies. Nuclei were fluorescently counterstained with DAPI (blue). Scale bar, 50 ym. (D) hGFs
were cultured for 48 h in growth medium supplemented with 10% FBS, and the medium was replaced with DMEM without FBS supplemented with or without
TGF-f1 (5 ng/ml). The cells were maintained for 24 h. Some of the cells were treated with the TGF-f3 receptor inhibitor, SB-431542 (10 #M), which was added
to the culture medium 30 min prior to stimulation with TGF-f1. The relative mRNA expression level of MF marker a-SMA was analyzed by RT-qPCR. Data

represent the means + SD (n=3). 'P<0.01 was considered significant.

We examined whether ZA (Cmax) affects the viability
of hGFs stimulated with TGF-f1 (1-5 ng/ml). As shown in
Fig. 1C (upper graph), TGF-B1 (1-5 ng/ml) increased the
viability of the hGFs (23-47% promotion of the control).
However, ZA (Cmax) suppressed the TGFp1-induced increase
in the viability of the hGFs (Fig. 1C, lower graph; compare
same TGF-f1 concentrations between graphs).

ZA (Cmax) suppresses the TGF-[3-induced MF differentia-
tion of hGFs. TGF-B1 (5 ng/ml) significantly upregulated the
o-SMA mRNA expression level in the hGFs (Fig. 2A, bars 1
and 2 from left). ZA (Cmax) completely suppressed the TGF-31-
induced increase in the mRNA expression of a-SMA in the
hGFs (Fig. 2A, bars 2 and 4 from left). In addition, western blot
analysis revealed that ZA (Cmax) clearly suppressed the TGF-31-
induced upregulation of a-SMA expression at the protein level in
the hGFs (Fig. 2B). Immunofluorescence staining also revealed
that ZA (Cmax) clearly suppressed the TGF-f31-induced upregu-

lation of a-SMA expression (Fig. 2C, left panels) and type I
collagen expression (Fig. 2C, right panels) at the protein level
in the hGFs. We confirmed that the TGF-f1-induced increase
in the mRNA expression of a-SMA in the hGFs was signifi-
cantly inhibited by SB-431542, an inhibitor of TGF-f type I
receptor (Fig. 2D), indicating that TGF-B1 specifically induced
the MF differentiation of hGFs through ligand-receptor interac-
tion. Thus, these results indicate that ZA (Cmax) suppresses the
TGF-B-induced MF differentiation of hGFs.

ZA (Cmax) inhibits the TGF-f-induced migratory activity of
hGFs. As shown in Fig. 3A and C, the migration of the hGFs
through the porous membrane that bordered the upper and
lower chambers was significantly enhanced by stimulation with
TGF-p1 (5 ng/ml). However, ZA (Cmax) completely suppressed
the TGF-pB1-induced migratory activity (Fig. 3A and B). In
addition, we confirmed that the TGF-f-induced migratory
activity was markedly inhibited by SB-431542 (Fig. 3C and D),
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Figure 3. Zoledronic acid (ZA) at the maximum concentration in serum (Cmax)
inhibits the transforming growth factor-p (TGF-f)-induced migratory activity
of human gingival fibroblasts (hGFs). Cell migration assays were performed
using Transwell® membrane cell culture inserts as described in the Materials
and methods. (A and B) hGFs were cultured with or without ZA (1.47 uM)
for 48 h. The cells were placed in the cell culture inserts in the each well of
24-well cell culture plate. The cells were then allowed to migrate through the
porous membrane that bordered the upper cell culture insert and the lower
well of 24-well culture plate in the presence or absence of TGF-f1 (5 ng/ml).
(C and D) hGFs were placed in the cell culture inserts as described above.
The cells were allowed to migrate through the membrane in the presence or
absence of TGF-B1 (5 ng/ml). In some cases, SB-431542 was added to both
the upper and lower culture media. The cells that had migrated onto the
underside of the membrane were labeled with DAPI and visualized using a
fluorescent microscope (A and C) and counted (B and D). Data represent the
means + SD (n=3). "P<0.01 was considered significant.
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indicating that TGF-p1 specifically induced the migration of
hGFs through ligand-receptor interaction. These results indi-
cate that ZA (Cmax) inhibits the TGF-fB-induced migratory
activity of hGFs.

ZA (Cmax) suppresses the expression of TGF-§ type I
receptor on the surfaces of hGFs and the TGF-{3-induced
phosphorylation of Smad2/3 in hGFs. In order to gain insight
into the molecular mechanisms underlying the suppressive
effects of ZA (Cmax) on TGF-p-induced fibrogenesis by
hGFs, we investigated whether ZA affects the expression of
TGF-p type I and II receptors on the surface of hGFs. In flow
cytometric analysis, hGFs had two peaks in the histogram of
TGF-p type I receptor-positive cells, that is, 2 groups of hGFs
weakly or strongly expressed TGF-f type I receptors, respec-
tively (Fig. 4A, upper left panel). Intriguingly, ZA (Cmax)
lowered the ratio of the number of cells strongly expressing
TGF-p type I receptors on their surface against that of total
hGFs by 19.6 to 6.4% (Fig. 4A, upper panels). By contrast,
hGFs had only one peak in the histogram of TGF-f type II
receptor-positive cells (Fig. 4A, lower left panel). ZA (Cmax)
did not change the position of the peak in the histogram of
TGF-p type II receptor-positive cells (Fig. 4A, lower panels).
Moreover, RT-qPCR analysis revealed that ZA (Cmax)
did not decrease the total amount of both TGF-f receptor
type (types I and II) expression at the mRNA level (Fig. 4B,
upper and lower graphs, respectively), suggesting that
ZA (Cmax) suppressed the expression of TGF-f3 type I
receptor on the surface of hGFs. In addition, ZA (Cmax)
suppressed the TGF-f1 (5 ng/ml)-induced phosphorylation
of Smad2/3 (Fig. 4C). We confirmed these results by repro-
ducing them in independent experiments.

Discussion

Wang et al reported that TGF-B1 increased the viability of
human dermal fibroblasts (40). We found that ZA (Cmax)
reduced the TGF-B1-induced increase in the viability of
hGFs (Fig. 1C). These results suggest that ZA (Cmax) possibly
suppresses the TGF-f1-induced fibrogenesis in oral gingival
tissue. Lu et al reported that TGF-f31 promoted the viability of
pulmonary artery endothelial cells through Smad2-mediated
signal transduction (41). We found that ZA (Cmax)
suppressed the TGF-p1 (5 ng/ml)-induced phosphorylation of
Smad?2/3 (Fig. 4C), implicating that ZA (Cmax) may possibly
suppress the TGF-f1-induced promotion of the viability of
hGFs through suppression of Smad?2/3 activities.

Pan et al or Koch et al reported that 5 or 50 uM ZA
induced the osteoblastic differentiation of osteoblast precursor
cells (42,43). In addition, Chen et al reported that 10 uM ZA
induced the dendritic cell differentiation of monocytes (44).
However, the mechanisms through which ZA (Cmax) affected
the differentiation ability of cells derived from the oral cavity
remained to be elucidated. In this study, we demonstrated
that 1.47 yM ZA (Cmax) significantly suppressed the
TGF-B1-induced MF differentiation of hGFs (Fig. 2A, B, and C).
These results strongly suggest that ZA (Cmax) inhibits wound
healing in the oral cavity by the attenuation of type I collagen
synthesis in MFs differentiated from hGFs following TGF-1
stimulation. In addition, it is generally known that MFs play
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Figure 4. Zoledronic acid (ZA) at the maximum concentration in serum (Cmax)
suppresses the expression of transforming growth factor-f (TGF-f) type I
receptor on the surface of human gingival fibroblasts (hGFs) and the phos-
phorylation of Smad2/3 in hGFs. (A) hGFs were cultured with or without
ZA (Cmax) for 48 h as described in Fig. 2 at a density of 6.0x10° cells in
a 10-cm culture dish. The expression levels of TGF-f§ type I (upper panels),
and II (lower panels)-receptors on the surface of hGFs were evaluated by
flow cytometry using anti-TGF-f3 type I receptor (red) and anti-TGF-f3 type II
receptor (red) antibodies or the same amount of normal control IgG (blue).
(B) hGFs were cultured for 48 h in growth medium supplemented with
10% fetal bovine serum (FBS) in the presence or absence of ZA (Cmax).
The relative mRNA expression levels of TGF-f type I receptor (upper graph)
and TGF-f type II receptor (lower graph) were analyzed by RT-qPCR. Data
represent the means + SD (n=3). ‘P<0.01 was considered significant. (C) hGFs
were cultured with or without ZA (Cmax) as described in (A). The cells
were subsequently cultured with or without TGF-f1 (5 ng/ml) for 1 h. The
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Smad2/3 and anti-phospho-Smad2/3 antibodies.
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an important role in generating a contractile force, facilitating
wound closure (reviewed in ref. 16), suggesting that ZA (Cmax)
also interferes with this process through the suppression of
the TGF-B1-induced MF differentiation of hGFs. Of note, we
found that ZA (Cmax) clearly suppressed the TGF-f1-induced
phosphorylation of Smad2/3 in hGFs (Fig. 4C). Smad2/3
are known to be key signaling molecules inducing the MF
differentiation of fibroblasts (27). These results suggest that
ZA (Cmax) suppressed TGF-f1-induced MF differentiation of
hGFs through inhibition of Smad2/3 phosphorylation by TGF-f1.

Pabst et al reported that ZA at 50 pM, a much higher
concentration than Cmax, significantly decreased the migra-
tory activity of human oral keratinocytes at 72 h following
treatment with ZA (45). However, it remained to be clari-
fied whether ZA (Cmax) affected the migratory activity of
various cells derived from the oral cavity, including hGFs.
On the other hand, TGF-f is known to induce migratory
activity in various types of cells, including fibroblastic cells,
in a Smad-dependent manner (28-30). In this study, we
demonstrated that ZA (Cmax) significantly suppressed the
TGF-p1-induced migratory activity of hGFs (Fig. 3A and B).
Wound healing or mucous re-epithelialization is a complex
process involving the proliferation and migration of mesen-
chymal cells, such as fibroblasts and MFs, which construct
granulation tissue for wound closure and then induce mucous
re-epithelialization on it (reviewed in ref. 46). As described
above, ZA (Cmax) suppressed TGF-f1-induced phos-
phorylation of Smad2/3 (Fig. 4C). These results suggest that
ZA (Cmax) suppresses wound closure with granulation tissue
in the oral cavity by the inhibition of the TGF-f1-induced
migration of mesenchymal cells, such as hGFs by suppressing
Smad?2/3 phosphorylation by TGF-f1. On the other hand,
Ozdamar et al (47) reported that the phosphorylation of
polarity protein Par6 is required for TGF-f1-dependent
epithelial-to-mesenchymal transition (EMT) in mammary
gland ECs and controls the interaction of Par6 with the E3
ubiquitin ligase Smurfl. Smurfl, in turn, targets the guano-
sine triphosphatase RhoA for degradation, thereby leading to
a loss of tight junctions (47). In addition, RhoA is generally
known to be a regulator of cell migratory activity in various
types of cells by promoting stress fiber assembly and the
resultant cell adhesion (48). Intriguingly, serine-to-alanine
point mutation [Par6(S345A)] of the TGF-B1-induced phos-
phorylation site in Par6 suppressed the TGF-f1-induced EMT
in a Smad-independent manner. It remains to be clarified
whether ZA (Cmax) suppresses the TGF-B1-induced migra-
tory activity of hGFs through affecting Par6/Smurfl/RohA
signal transduction pathway in a Smad-independent manner.

Saito et al demonstrated the negative effects of ZA on the
re-epithelialization of oral mucosa in a three-dimensional
in vitro oral mucosa wound healing model (49). They demon-
strated histologically that ZA downregulated the expression of
TGF-p type I and II receptors and Smad3 phosphorylation in
oral keratinocytes. However, they used ZA at 10 uM, which
was a much higher concentration than Cmax, for evaluating
the effects on TGF-fB1-induced signal transduction in human
oral keratinocytes. Moreover, they did not elucidate how
TGF-p-induced intracellular signals affect the function of
human oral keratinocytes at the cellular and molecular levels.
In this study, we demonstrated that ZA (Cmax) lowered the
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ratio of the number of cells strongly expressing TGF-f type 1
receptors on their surface against that of total hGFs, but did
not affect the expression status of TGF-f type II receptors
on hGFs (Fig. 4A). This finding suggests that ZA (Cmax)
preferentially suppresses the expression of TGF-f§ type 1
receptor over that of TGF-3 type II receptor on the surfaces
of hGFs. By contrast, as described above, a high concentra-
tion of ZA (10 uM) seemed to downregulate the expression
of both TGF-f receptor types (types I and II). In addition,
we found that ZA (Cmax) suppressed the TGF-B1-induced
phosphorylation of Smad2/3 in hGFs (Fig. 4C), implicating
that the suppression of the TGF-f1-induced phosphorylation of
Smad2/3 in hGFs by ZA (Cmax) may be caused by the inhibi-
tion of TGF-f type I receptor expression on the surfaces of
hGFs. However, it remains to be clarified whether ZA (Cmax)
directly suppresses the TGF-B1-induced phosphorylation of
Smad2/3, or indirectly suppresses that through the inhibition
of the TGF-f type I receptor expression on the surface of
hGFs. On the other hand, Okamoto et al demonstrated that
ZA (30-50 pM) induced apoptosis and S-phase arrest in meso-
thelioma by inhibiting the functions of Rab family proteins (50).
The Rab family is generally known to control the endosomal
trafficking of membrane molecules, such as growth factor
receptors (reviewed in ref. 51). It is also generally known that
Rab5, activated by a guanine nucleotide exchange factor (GEF),
directs TGF-p-activated receptors into the endocytic pathway
that promotes TGF-B-induced Smad2/3-dependent signals (52).
In addition, Kardassis et al suggested that TGF-f receptors
may be recycled on the cell membrane in a Rab-11-dependent
manner following clathrin-dependent internalization of
TGF-p receptors, which may positively affect the activities
of Smad2/3-dependent TGF-B-induced intracellular signals
mediated by these receptors (53). Our laboratory is currently
investigating whether ZA (Cmax) suppresses the function
of Rab family members that may upregulate the activity of
TGF-pl-induced Smad2/3-dependent intracellular signals in
hGFs at the receptor level, thereby resulting in downregulating
TGF-B1-induced fibrogenic activity of the cells.

As described above, it has been reported that the TGF-[3-
induced activation of p38 MAPK positively regulates
migratory activity (31). In fact, TGF-f1 upregulated the
phosphorylation of p38 MAPK in hGFs; however, ZA (Cmax)
did not suppress the TGF-B1 (5 ng/ml)-induced phosphoryla-
tion of p38 MAPK in hGFs (data not shown), suggesting that
p38 MAPK activity is not related to the suppressive effects
of ZA (Cmax) on TGF-pl-induced fibrogenic activity of
hGFs. It is plausible that the suppression of type I receptor
expression on the surface of hGFs by ZA (Cmax), as shown
in Fig. 4A, may not be sufficient to suppress the TGF-$1-
induced p38 MAPK phosphorylation. On the other hand, the
activation of MAPKSs such as JNK and p38 MAPK, but not
ERK, is necessary for the progression of the hypoxia-induced
MF differentiation of fibroblasts (54). Although, in western
blot analysis, the phosphorylation of INK was not detectable
in hGFs before/after TGF-B1 (5 ng/ml) stimulation (data not
shown), it remains to be clarified whether JNK affects the
TGF-B1-induced fibrogenic and migratory activities of hGFs.
In addition, the mechanisms through which p38 MAPK
affects the TGF-f1-induced fibrogenic and migratory activi-
ties of hGFs also remains to be clarified.

KOMATSU et al: SUPPRESSION OF TGF-3-INDUCED FIBROGENESIS BY ZOLEDRONIC ACID

In conclusion, in the present study, it was suggested that
ZA (Cmax) attenuates TGF-B1-induced wound closure by
inhibiting the formation of granulation tissue by hGFs stimu-
lated with TGF-f1 that was derived from inflammatory tissue,
possibly through the suppression of Smad2/3 signaling. Our
findings partly clarify the molecular mechanisms underlying
BRONIJ and would benefit research into drug targets at the
molecular level for the treatment of this symptom.
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