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down-modulates bone
resorption by inhibiting
inflammation and osteoclast
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Bones are widely innervated, suggesting an important role for the sympathetic regulation of bone metabolism, although there
are controversial studies. We investigated the effects of propranolol in a model of experimental periodontal disease.

EXPERIMENTAL APPROACH

Rats were assigned as follows: animals without ligature; ligated animals receiving vehicle and ligated animals receiving 0.1, 5
or 20 mg-kg™' propranolol. After 30 days, haemodynamic parameters were measured by cardiac catheterization. Gingival
tissues were removed and assessed for IL-13, TNF-o. and cross-linked carboxyterminal telopeptides of type | collagen (CTX) by
ELISA, or intercellular adhesion molecule 1 (ICAM-1), receptor activator of NF-x B ligand (RANKL) and osteoprotegerin (OPG)
by Western blot analysis. Sections from the mandibles were evaluated for bone resorption. Also, we analysed the ability of

propranolol to inhibit osteoclastogenesis in vitro.

RESULTS

Propranolol at 0.1 and 5 mg-kg™" reduced the bone resorption as well as ICAM-1 and RANKL expression. However, only

0.1 mg-kg™ reduced IL-13, TNF-o. and CTX levels as well as increased the expression of OPG, but did not alter any of the
haemodynamic parameters. Propranolol also suppressed in vitro osteoclast differentiation and resorptive activity by inhibiting
the nuclear factor of activated T cells (NFATc)1 pathway and the expression of tartrate-resistant acid phosphatase (TRAP),

cathepsin K and MMP-9.
CONCLUSIONS AND IMPLICATIONS

Low doses of propranolol suppress bone resorption by inhibiting RANKL-mediated osteoclastogenesis as well as inflammatory

markers without affecting haemodynamic parameters.

Abbreviations

AP, arterial pressure; BD, bone density; CTX, cross-linked carboxyterminal telopeptides of type I collagen; DMEM,
Dulbecco’s modified Eagle medium; DTT, dithiothreitol; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; ICAM-1, intercellular adhesion molecule 1; LVEDP, left ventricular end-diastolic pressure; LVSP, left
ventricular systolic pressure; NFAT, nuclear factor of activated T cells; OPG, osteoprotegerin; OVX, ovariectomized;
RANKL, receptor activator of NF-x B ligand; SaM-1, human periosteum-derived osteoblastic cells; SaOS-2, human
osteosarcoma-derived cells; SHR, spontaneous hypertensive rats; TBST, Tris-buffered saline-Tween; TRAP,

tartrate-resistant acid phosphatase
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Introduction

The process of bone modelling and remodelling ensures
adaptation of the size, shape, microarchitecture and mineral
content of the skeleton, as well as the repair of bone damage,
in response to growth, aging and mechanical constraints
(Seeman and Delmas, 2006). The development and activation
of osteoblasts and osteoclasts is controlled by growth factors
and cytokines produced by bone cells themselves as well as by
surrounding bone marrow cells. More recently, the neuroen-
docrine system has been implicated in the regulation of bone
remodelling (Bonnet et al., 2008b).

B.-Adrenoceptors have been detected by RT-PCR in
human periosteum-derived osteoblastic cells (SaM-1) (Togari
etal., 1997), human osteosarcoma-derived cells (SaOS-2),
mouse primary osteoblasts (Takeda et al., 2002; Bonnet et al.,
2008a) and human osteoclastic cells (Togari, 2002). Also,
bone-resorbing activity in mice was increased by activation of
their sympathetic nervous system by the i.c.v. injection of
leptin or LPS or by restraint stress (Takeda et al., 2002; Kondo
and Togari, 2003).

B-Blocker drugs have a well-recognized antihypertensive
action that is mediated through a reduction in cardiac
output, the release of renin from the kidneys and inhibi-
tion of the action of endogenous catecholamines on
B-adrenoceptors (Graham et al., 2008). This class of drugs is
classified as one of the first-line choice for the treatment of
hypertension and has been widely used in cardiovascular
disease. Interestingly, a series of epidemiological studies
(Mattila etal., 1989; De Stefano etal., 1993; Beck etal.,
1996; Joshipura et al., 1996; Grau et al., 1997; Jansson et al.,
2001; Cotti etal., 2011) has suggested an important rela-
tionship between periodontal disease and cardiovascular
diseases. This association has been hypothesized to be the
genesis of a common inflammatory response feature, which
exposes individuals to the development of both periodontal
disease and atherosclerosis. Thus, periodontal disease is
believed to provide a massive release of inflammatory cytok-
ines, which may contribute to atherosclerosis and throm-
botic events (Cotti et al.,, 2011). On the other hand, our
group previously demonstrated that the alveolar bone
around teeth without ligature (experimental periodontal
disease model in rats) in untreated spontaneous hyperten-
sive rats (SHR) presented a higher expression of receptor
activator of NK-«xB ligand (RANKL) and a higher ratio of
RANKL/osteoprotegerin (OPG), an elevated number of
osteoclast cells, increased bone loss and decreased bone
density, suggesting that a hypertensive status may directly
affect alveolar bone, regardless of ligature challenge (Bastos
etal., 2010).

There are several epidemiological studies that have dem-
onstrated an association between high blood pressure and
increased bone loss at the femoral neck and low bone mineral
density, and that -blockers are potential candidates of thera-
peutic drugs for osteoporosis and fracture healing (Cappuccio
et al., 1999; Pasco et al., 2004; Schlienger et al., 2004; Graham
et al., 2008). However, there are other studies showing that
the use of B-blockers did not affect bone mineral density (Reid
etal., 2005), indicating that the relationship between
B-blocker use and bone remodelling needs further prospective
studies (Bonnet et al., 2006).

Low dose of propranolol inhibits bone resorption

Since the number of adult and ageing people suffering
from cardiovascular associated with periodontal diseases is
growing, the advantages of a dual-benefit effect of only one
treatment on both heart and skeletal systems is of great inter-
est. Thus, we hypothesized that a common B-blocker (propra-
nolol) may be used to decrease the bone loss in a model of
periodontal disease. To our knowledge, there is no specific
information on low-, middle- and high-dose effects of pro-
pranolol on periodontal surrounding tissues or on its mecha-
nism of action. The aim of this work was to investigate the
effects of different doses of propranolol on the bone of rats
with experimental periodontitis and to further elucidate
its mechanism by measuring various bone/inflammatory
markers.

Methods

All drug and molecular target nomenclature used in the
manuscript is in accordance with the BJP’s Guide to Receptors
and Channels (Alexander et al., 2011).

Animals

All animal care and experimental procedures were approved
by The Institutional Committee for Animal Care and Use at
University of Uberaba (previously approved the study proto-
col #048/2009). Thirty male Wistar rats were used in this
study. Rats were 90 days of age and weighed 235 + 20 g at the
beginning of the study. During the acclimatization (5 days)
and experimental periods (30 days), animals were housed in
groups of five in plastic cages with access to food and drink-
ing water ad libitum. The rats were kept in a room with a 12 h
light/dark cycle and a temperature between 22°C and 24°C.

Experimental design and ligature placement
Experimental periodontitis was induced by a ligature place-
ment. More specifically, under general anaesthesia obtained
by i.m. administration of ketamine (1.0 mL-kg™), a ligature
was placed and immobilized around both mandible first
molars of each animal. The ligature was left in position for
the whole experimental period so that inflammation could be
constantly induced by the colonization of bacteria inside of
it. One day following ligature placement, the animals
were randomly assigned to one of the following groups:
(i) sham-ligated animals administered vehicle (control)
(n = 6); (ii) animals with ligature administered vehicle (n = 6);
(iii) animals with ligature administered propranolol
0.1 mg-kg'-day! p.o. (n = 6); animals with ligature adminis-
tered propranolol 5 mg-kg'-day! p.o. (n = 6); and (iv) animals
with ligature administered propranolol 20 mg-kg'-day' p.o.
(n=6).

Haemodynamic parameters

Thirty days after ligature placement, the animals were anaes-
thetized (sodium pentobarbital, 40 mg-kg™, i.p.) for cardiac
catheterization with polyethylene catheters (PE-50) filled
with saline solution (0.9%) into the carotid artery. The arte-
rial catheter was connected to a pressure transducer (Statham
P23Gb, Hato Rey, PR, USA) and the amplified (Hewlett-
Packard amplifier, model 8805A, Waltham, MS, USA) signal
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was continuously sampled (1000 Hz) in an IBM/PC equipped
with a 12 bit analogue to digital board (CAD12/36 Lynx
Eletronica, Sdo Paulo, Brazil). All parameters, heart rate, arte-
rial pressure, left ventricular systolic (LVSP) and end-diastolic
pressures (LVEDP) and positive and negative LV dP/dt, were
measured. After that, all animals were killed by an overdose of
anaesthetic.

Histological procedures and

histometric analyses

The right and left jaws were dissected, fixed in 10% buffered
neutral formalin for 48 h and decalcified in a decalcifying
solution of EDTA 10% for 3 months. After that, decalcified
samples were briefly washed in running tap water, dehy-
drated and embedded in paraffin wax. Each sample was sliced
into 6 um sections in sagittal directions. After excluding the
first and last sections in which the furcation area was totally
evident 10 equally distant sections, which were selected every
30 um, of each molar was chosen for histometric evaluations.
The area between the inter-radicular bone crest and furcation
roof was assessed for bone loss mm™, as previously described
(Napimoga et al., 2009). For the analysis of tooth-supporting
alveolar bone density (BD), a standardized rectangular area
(4.56 mm?) was delineated in the furcation area of the teeth.
Subsequently, a checkered diagram was overlaid on this area,
which constituted a drawing with 1200 intersections. The
number of intersections under which bone tissue was present
was counted. BD was calculated according to the following
formula: BD x 100/1200. The analysis was performed by one
trained, calibrated and (masked) examiner unaware of the
different treatments (WFR) using image analysis software
(Image-J, National Institute of Health, Bethesda, MD, USA).

Protein extraction from gingival tissue

The gingival tissues around the affected tooth of the animals
were removed, triturated and homogenized in 300 uL of the
appropriate buffer containing protease inhibitors (Sigma-
Aldrich, St. Louis, MO) followed by centrifugation for 10 min
at 10 000x g. The total amount of extracted proteins was
measured by colorimetric analysis using the micro BCA
protein assay kit (Thermo, Rockford, IL, USA). The superna-
tants were stored at —70°C until further analysis.

Cytokine and markers of bone

resorption measurements

The levels of IL-1p and TNF-o (R&D Systems, Minneapolis,
MN) and of cross-linked carboxyterminal telopeptides of type
I collagen (CTX) (Rheabiotech, Paulinia, SP, Brazil) from the
gingival tissue were evaluated by ELISA. Briefly, 100 uL of
detection antibody was added to all wells, except blank,
mixed gently and incubated overnight (16-24 h) at room
temperature. Plates were washed three times and standards
and supernatants from gingival tissue (as described above)
were added in the respective wells in duplicate. After 2 h at
room temperature, the plates were washed again and incu-
bated with 100 uL of conjugate for 60 min at room tempera-
ture. Plates were washed three times again, and 100 uL of
avidin-peroxidase was added during 30 min at room tem-
perature, followed by a new series of washes, and 100 uL of
substrate was added and incubated for 15 min at room tem-
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perature in the dark. The reaction was stopped by the addi-
tion of 50 uL of stop solution, and colour was measured in
an automated microplate spectrophotometer (Microplate
Reader/Model 3550, Bio-Rad Laboratories, Hercules, CA,
USA). The total amounts of cytokines were determined as
pg-mg. Results were calculated using the standard curves
created in each assay. The ELISA assays were carried out by a
person unaware of the different treatments.

Osteoclastogenesis

The murine monocyte/macrophage cell line RAW 264.7 was
purchased from the American Type Culture Collection
(Manasas, VA) and grown in DMEM supplemented with 10%
heat-inactivated FBS, penicillin (40 U-mL™") and gentamicin
(40 ug-mL™). All cells were grown in a humidified atmosphere
containing 5% CO, at 37°C. For osteoclastic differentiation,
RAW264.7 cells were suspended in DMEM containing 10%
FBS and then seeded at 1 x 10° cells per well in 24-well culture
plates with 13 mm glass coverslips at a density of 1 x 10° cells
per well in a 96-well culture plate and cultured with
50 ng-mL™" soluble RANKL (PeproTech Inc., Rocky Hill, NJ,
USA) for 4 days. Cells stimulated with RANKL were treated in
a final concentration of 1, 3 or 10 uM of propranolol (in order
to mimic the low-, middle- and high-dose used in vivo) and
then activated by 2.5 ug-mL™ of Aggregatibacter actinomycet-
emcomitans LPS (a gift from Dr Osamu Fujise, Kyushu Univer-
sity) for 48 h to mimic the influence of the bacterium. The
culture medium was replaced with fresh medium every 2
days. After the culture, the cells were subjected to tartrate-
resistant acid phosphatase (TRAP) staining.

Protein extraction from RAW 264.7 cells
Nuclear extracts were obtained from cultured RAW 264.7 cells
by using a lysis buffer (1% Triton X-100, 100 mM Tris-HCI,
pH 8.0, 10% glycerol, 5 mM EDTA, 200 mM NaCl, 1 mM
dithiothreitol (DTT), 1 mM PMSE, 25 mM NaF, 2.5 mg-mL™
leupeptin, 5 mg-mL™" aprotinin and 1 mM sodium ortho-
vanadate). Lysates were centrifuged at 16 000x g for 10 min at
4°C and quantified using the Bradford assay reagent from
Bio-Rad.

Western blot

Equal amounts of protein (90 pg) from the gingival tissue or
proteins isolated from RAW264.7 cells were separated by 10%
SDS-PAGE and transferred to a nitrocellulose membrane (Bio-
Rad Laboratories). A molecular weight standard (Bio-Rad
Laboratories) was run in parallel to estimate molecular
weight. Membranes were blocked, overnight at 4°C, in Tris-
buffered saline-Tween (20 mM Tris-HCIl, pH 7.5, 500 mM
NaCl, 0.1% Tween 20; TBST) containing 5% of dried milk.
After being blocked, the membranes were incubated, at 4°C
overnight, with anti-ICAM-1 (1:1000), anti-RANKL (1:1000),
anti-OPG (1:2000) or a-tubulin (Santa Cruz Biotechnology,
Santa Cruz, CA), used as an internal control (1:1000), diluted
in TBST containing 5% of dried milk for the analyses of the
gingival proteins. Anti-NF-xBp65 (1:1000) and anti-NFATc1
(1:1000) diluted in PBS containing 5% (w/v) BSA and 0.1%
Tween-20 were also used for the analyses of the cell culture
proteins. Membranes were then incubated with a secondary
antibody conjugated with peroxidase (1:5000) diluted in



TBS-T containing 5% of dried milk at room temperature for
60 min. Finally, the bands recognized by the specific anti-
body were visualized using a chemiluminescence-based ECL
system (Amersham Biosciences, Piscataway, NJ, USA) and
exposed to an X-ray film for 30 min (Eastman Kodak, Roch-
ester, NY, USA). A computer-based imaging system (Image J)
was used to measure the intensity of optical density of bands.

TRAP staining

A standard TRAP (Sigma-Aldrich) staining procedure was
done according to the manufacturer’s instructions. Briefly,
cultured adherent cells in 13 mm glass coverslips were
washed once with PBS and fixed in citrate/acetone solution
for 30 s, then rinsed with deionized water and incubated in
tartrate staining solution for 1 h at 37°C in the dark. After
this, cells were rinsed in deionized water for 3 min and
allowed to air dry. TRAP-positive cells appeared dark red, and
TRAP-positive multinucleated cells containing three or more
nuclei were counted as mature osteoclasts.

Resorption pit formation assay

Calcified matrix resorption activity of the osteoclasts was
tested on calcium hydroxyapatite-coated slides (BioCoat
Osteologic; BD Biosciences, Franklin Lakes, NJ, USA), using a
culture setting identical to that described above. After 10
days, the cells were removed and the number of pits was
counted. Data are expressed as number of pits per field.

Real-time quantitative PCR

Total RNA from the culture cells was isolated by the Trizol
method (Gibco BRL, Life Technologies, Rockville, MD, USA)
according to the manufacturer’s instructions. RNA samples
were resuspended in diethylpyrocarbonate-treated water and
stored at —70°C. The RNA concentration was determined
from the optical density using a micro-volume spectropho-
tometer (Nanodrop 1000, Nanodrop Technologies LLC,
Wilmington, NC, USA).

Reverse transcription total RNA was DNase treated (Turbo
DNA-frees, Ambion Inc., Austin, TX, USA), and 1 ug was used
for cDNA synthesis. The reaction was carried out using the
First-Strand cDNA synthesis kit (Fermentas, Glen Burnie, MD,
USA), following the manufacturer’s instructions.

Primer sets for cathepsin K, collagenase (MMP-9), TRAP
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were designed from sequences available from GenBank using
Primer Express 3.0 probe design software (Applied Biosys-
tems, Foster City, CA, USA). Primer sequences are as follows:
MMP-9: forward: 5-AGGCCTCTACAGAGTCTTTG-3’, re-
verse: 5-CAGTCCAACAAGAAAGGACG-3’, length: 824 bp;
cathepsin K: forward: 5-TGCGACCGTGATAATGTGAACC-3,
reverse: 5’-ATGGGCTGGCTGGCTTGAATC-3’, length:
205 bp; TRAP: forward: 5-CGCCAGAACCGTGCAGATTATG-
3, reverse: 5-AAGATGGCCACGGTGATGTTCG-3’, length:
297 bp; and GAPDH: forward: 5-GACTGTGGATGGCC
CCTCTG-3, reverse: 5-CGCCTGCTTCACCACCTTCT-3’,
length: 239 bp. Quantitative real-time PCR (qPCR) was per-
formed in the 7300 Real Time PCR (Applied Biosystems) using
the SYBR Green PCR Master Mix (Fermentas). The reaction
product was quantified with the Relative Quantification tool,
using GAPDH as the reference gene. Negative controls with
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SYBR Green PCR Master Mix and water were performed for all
reactions.

Statistical analysis

Data are expressed as mean * SD. Statistical comparisons
among groups were made using ANOVA followed by Bonfer-
roni’s test. Significance was accepted when the P-value was
=0.05.

Results

Low dose of propranolol inhibits periodontal
bone loss

All animals gained weight during the study; however, the
mean body weight did not show statistically significant differ-
ences among groups at the end of the experimental period
(data not shown). Experimental periodontitis induced by the
ligature significantly increased the bone loss compared to the
control group (Figure 1A. vs. B; P < 0.05). Oral administration
of a low dose of propranolol (0.1 and 5 mg-kg™") markedly
reduced bone resorption (Figure 1C and D, P < 0.05). On the
other hand, a high dose of propranolol (Figure 1E; 20 mg-kg™")
did not reduce the bone loss caused by the experimental
periodontitis. Values of the resorption area of all groups are
shown in Figure 1F These results indicate that low doses of
propranolol can indeed suppress the periodontal bone resorp-
tion caused by inflammatory reactions induced by ligature.
Bone densities were significantly lower in tooth-supporting
alveolar bone from ligature-induced periodontal disease
(45.49 = 7.24) and ligature-induced periodontal disease
treated with 5 or 20 mg-kg™! of propranolol (47.92 + 3.85 and
38.13 = 6.32, respectively) groups when compared with sham-
ligated or ligature-induced periodontal disease treated with
0.1 mg-kg™ of propranolol (77.08 = 4.22 and 69.39 = 6.56).
Figure 2 illustrates the findings of bone densities.

Haemodynamic parameters

Haemodynamic parameters measured by catheterization of
the left ventricle were unaffected by 0.1 mg-kg™'-day' dose of
propranolol (Table 1). In contrast, these parameters of cardiac
function were severely affected in rats treated with higher
doses particularly in the animals treated with 20 mg-kg™*' pro-
pranolol and to a lesser extent in the group treated with
5 mg-kg™. The highest dose of propranolol (20 mg-kg™) sig-
nificantly decreased the cardiac output and ejection fraction
in comparison with both placebo groups and the 0.1 mg-kg™
propranolol-treated group (P < 0.05). Arterial pressure was
also significantly lower in the group treated with 20 mg-kg™!
in comparison with all other groups (P < 0.05). The animals
treated with 5 mg-kg™ propranolol also had a lower arterial
pressure in comparison with both non-treated groups but not
compared to the 0.1 mg-kg'-treated group (Table 1). LVEDP
as well as the positive and negative left ventricular dP/dt were
significantly altered in the groups treated with 5 and
20 mg-kg™* propranolol (Table 1).

Cytokines and CTX measurements from
gingival tissue

IL-1B and TNF-a are critical cytokines in the periodontal
disease context. Thus, we evaluated the levels of both cyto-
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Figure 1
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Propranolol decreases alveolar bone resorption. Histology at the furcation of first molars sampled from the rats killed after 30 days of experiments
is shown (staining with haematoxylin—eosin, HE). (A) Sham-ligated animals. (B) Ligature-induced periodontitis treated with vehicle for 30 days.
(C) Ligature-induced periodontitis treated with propranolol 0.1 mg-kg™'-day™' for 30 consecutive days. (D) Ligature-induced periodontitis treated
with propranolol 5 mg-kg™'-day™' for 30 consecutive days. (E) Ligature-induced periodontitis treated with propranolol 20 mg-kg™'-day~' for 30
consecutive days. (F) The bone resorption area measured at the furcation of first molars. Results are expressed as mean area (mm?) = SD of six
animals in each group. P < 0.05 compared with sham-ligated animals; *P < 0.05 compared with ligature-induced periodontitis treated with vehicle

(ANOVA followed by Bonferroni’s test). The letter b indicates the bone, and the letter r indicates the resorptive area.

kines in the gingival tissue after the propranolol treatment. It
was observed that for the group of ligature-induced periodon-
tal disease, IL-1f and TNF-o were significantly increased.
Interestingly, only the group of animals treated with
0.1 mg-kg"' propranolol showed a significantly decreased
expression of both cytokines (P < 0.05) (Figure 3A and B,
respectively). In addition, the amount of CTX (a bone turn-
over biomarker) was significantly elevated in the gingival
tissue of ligature-induced periodontal disease animals in com-
parison with non-ligated animals and the 0.1 mg-kg!
propranolol-treated group. Both groups treated with 5 or
20 mg-kg' propranolol showed increased amounts of CTX, as
demonstrated in Figure 3C.
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ICAM-1 and RANKL/OPG expression

We also analysed the expression by Western blot of three
important molecules: ICAM-1, which is involved in the leu-
cocyte migration to the tissue; RANKL, a key molecule for
activation of the osteoclast cells; and OPG, a decoy receptor
for the RANKL. As demonstrated in the Figure 4A, ICAM-1
expression was up-regulated (P < 0.05) in the gingival tissue of
the ligature-induced animals in comparison with the sham-
ligated animals. In contrast, the animals that received 0.1 and
5 mgkg™ propranolol showed a significantly decreased
expression of ICAM-1 (P < 0.05), while 20 mg-kg! propra-
nolol did not alter the expression of this molecule. The same



pattern was observed in the levels of RANKL expression in
which the ligature-induced animals showed increased expres-
sion of RANKL in comparison with the sham-ligated animals,
and 0.1 and 5 mg-kg™' propranolol, but not 20 mg-kg™' pro-
pranolol, significantly decreased the expression of this mol-
ecule (Figure 4B). On the other hand, the OPG expression was
high in the sham-ligated animals as compared with ligature-
induced animals (P < 0.05). Importantly, the ligature-induced
animals treated with 0.1 mg-kg™' propranolol had high levels
of OPG expression high and statistically significant (P < 0.05)

Propranolol

80 - ! |
70-
60 -
50 -
40
30-
20-
104

#+
# +

Bone density (Vv)

Saline 0.1 5 20 mg kg™

Periodontal disease

Figure 2

Mean and SD of the bone densities of all analysed groups. The
number of intersections under which bone tissue was present was
counted in a standardized area (see Methods). Results are expressed
as mean bone density = SD of six animals in each group. *P < 0.001
compared with sham-ligated animals; *P < 0.001 compared with
ligature-induced periodontitis treated with vehicle; +P < 0.001 com-
pared with ligature-induced periodontitis treated with 0.1 mg-kg™'
propranolol.

Table 1

Heart rate, blood pressure and assessment of left ventricular function

Low dose of propranolol inhibits bone resorption

in comparison with ligature-induced animals and the groups
treated with 5 and 20 mg-kg™ propranolol (Figure 4C).The
ratio of RANKL/OPG was significantly higher in the ligature-
induced animals and the groups treated with 5 and
20 mg-kg™' propranolol in comparison with the sham-ligated
and the ligature-induced animals treated with 0.1 mg-kg™!
propranolol (Figure 4D).

In vitro osteoclastogenesis
In order to determine whether the propranolol can affect
RANKL-mediated osteoclastogenesis, we examined the effects
of this drug on in vitro osteoclast differentiation induced in
RAW264.7 osteoclast precursor cells by stimulation with
recombinant RANKL and LPS. The formation of TRAP-
positive multinucleated cells induced in the culture of
RANKL-stimulated RAW264.7 cells was inhibited by the addi-
tion of propranolol at all three doses tested (P < 0.05). Impor-
tant, none of the tested doses (1, 3 and 10 uM) induced cell
death as observed by the Trypan blue test and confirmed by
MTT assay (data not shown). The number of TRAP-positive
cells counted is shown in Figure SA. In order to test if the
presence of LPS in the culture could affect osteoclast differ-
entiation and/or inhibition, we also performed the same
culture conditions described above, but without the LPS in
the last 48 h. The results observed were very similar to the
ones observed in the presence of the LPS (data not shown).
Since the lowest dose of propranolol (1 uM) demonstrated
better results, we also analysed the ability of propranolol to
inhibit osteoclast activity. As observed in Figure 5B, the
number of pits formed, indicated by the number of erosive
sites upon culture of osteoclast precursors with LPS, was sig-
nificantly increased with LPS in comparison with medium
alone. On the other hand, the presence of 1 uM propranolol
significantly reduced the number of erosive sites (P < 0.05).

NFATc-1 but not NF-kBp65 expression was

inhibited by propranolol in RAW264.7 cells

In an attempt to examine the intracellular pathway by which
propranolol inhibits the osteoclast differentiation, we per-
formed a Western blot assay of the proteins from the RAW
264.7 culture. As observed in the Figure 6, LPS significantly
increased the expression of NF-kBp65, although all tested

Periodontal Periodontal Periodontal Periodontal
Sham-ligated disease + vehicle disease + 0.1 mg-kg' disease + 5 mg-kg™' disease + 20 mg-kg'
HR (beats min™) 345.8 = 2.4 347.3 = 2.2 338.1 = 6.2 323.8 = 5.0 302.6 = 9.2**&
MAP (mmHg) 104.9 = 0.6 104.4 = 0.3 102.6 = 0.3 100.1 = 0.8** 88.8 + 0.5*%8
LVEDP (mmHg) 7.82 = 0.0 7.72 £ 0.0 8.17 = 0.1 11.41 = 0.1*& 17.21 + 0.8**&8
dP/dtma (mmHg s) 7331 = 403 7281 = 305 6959 + 364 5418 = 286** 3155 £ 499*#&8
dP/dtmin (mmHg s') -6435 * 83 —6085 = 77 -6121 + 160 —4995 + 60**& —2874 + 146*#58

Data are mean = EPM. HR, heart rate; MAP, mean arterial pressure; dP/dtm.x and dP/dtmin, average maximum and minimum values.
*P < 0.05 versus sham-ligated; *P < 0.05 versus periodontal disease + vehicle; P < 0.05 versus periodontal disease + 0.1 mg-kg™'; and

8P < 0.05 versus periodontal disease + 5 mg-kg™".
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Concentration of pro-inflammatory cytokines IL-18 (A), TNF-a. (B) or bone turnover marker CTX (C) in the gingival tissue was analysed using ELISA.
Results are expressed as means (pg-mg™") = SD of concentration of each cytokine in the tissue (n = 6 per group). *P < 0.05 compared with
sham-ligated animals; *P < 0.05 compared with ligature-induced periodontitis treated with vehicle (ANOVA, followed by Bonferroni’s test).

doses of propranolol did not altered the expression of 2005; Kim et al., 2009). Previous studies demonstrated that
NF-kBp65. However, LPS also significantly increased the the down-regulation of bone formation is dependent on the
expression of NFATcl and 1uM propranolol prevented activation of B2-adrenergic receptors, the only B-adrenergic
(P < 0.05) this effect of LPS (Figure 7). receptors known to be expressed by osteoblasts (Togari et al.,

1997). In our study, the ligated-animals treated with low
PTOpT(ZHOlOl suppressed cathepsin K, TRAP doses of propranolol (0.1 and 5mgkg') had a bone-
and MMP-9 mRNA EXPTESSiOH in RAW264.7 protectiye effect, avoiding.inter-ra(.licular bone res.orption.
cells stimulated with RANKL Interestingly, pharmacological studies on adrenergic recep-

tors have provided controversial results. Recent observations
showed that propranolol was unable to completely rescue the
bone loss in ovariectomized adult mice (Pierroz et al., 2006a).
However, the beneficial effect of propranolol on bone forma-
tion was previously demonstrated in a surgically fractured rat
model in which after 9 week period of propranolol treatment
(0.1 mg-kg*-day™") induced an increase in the mineral appo-
sition rate at the metaphysis and an increased bone forma-
tion rate at both the periosteum and endosteum (Minkowitz
etal., 1991). Accordingly, Bonnet et al. (2008a) showed that
low doses of B-blockers may have a therapeutic utility in the
treatment of osteoporosis with high selectivity for bone
tissues, corroborating our results for periodontal bone

To elucidate the mechanism underlying the inhibition of
RANKL-induced osteoclastogenesis by propranolol, we used
RAW264.7 cells to test the effect of propranolol on the expres-
sion of genes that indicate osteoclast maturation, including
TRAP, cathepsin K and MMP-9. Propranolol significantly sup-
pressed the RANKL-induced osteoclast maturation genes
TRAP (at doses of 1 and 3 uM; Figure 8A) and cathepsin K
mRNA (at a dose of 1 uM; Figure 8B). Also, the increased
expression of MMP-9 was inhibited by all three propranolol
doses tested (1, 3 and 10 uM; Figure 8C).

DiSCUSSion diseases.
Previous studies have provided strong evidence that the
The findings of the present study show that a low dose of a CNS not only receives messages from the immune system but
B-blocker (propranolol) can prevent periodontal bone loss by also modulates immune function (Elenkov and Chrousos,
decreasing bone resorption, in agreement with a previous 1999). The sympathetic nervous system, being part of the
report (Okada et al., 2010). However, in this study, we dem- autonomic nervous system, has been shown to be an integra-
onstrated several results indicating the possible mechanisms tive interface between the two systems (Bedoui et al., 2003;
by which a low dose of propranolol is therapeutically effec- Haug and Heyeraas, 2006). The inflammatory response is
tive at preventing the periodontal bone resorption. Thus, we orchestrated by a large range of mediators able to promote
suggest that the effects of low doses of -blockers on bone are vascular events, oedema and consequently the recruitment of
partially due to the inhibition of inflammatory markers and inflammatory cells (Mackay, 2008). Our results demonstrated
osteoclastogenesis without affecting heart functions. that animals treated with a low dose of propranolol have
Some studies have indicated that periodontal tissue is decreased levels of the pro-inflammatory cytokines, such as
under the control of the autonomic nervous system, particu- TNF-o. and IL-1B, in the gingival tissue. This is an important
larly the sympathetic nervous system, and a dysfunction of finding since it is well documented that both cytokines are
this system can lead to periodontal breakdown (Breivik et al., needed to induce the expression of endothelial molecules
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Effects of propranolol on ligature-induced periodontitis ICAM-1 (A), RANKL (B), OPG (C) and ratio of RANKL/OPG (D) expression on gingival
tissue. Protein expression was analysed by Western blot, and the intensity of optical density of bands was measured from Western blots. Density
of the both molecule bands were normalized to o-tubulin expression. Protein band intensity is represented as arbitrary units. The results are
expressed as mean = SD of six animals per group. *P < 0.05 compared with sham-ligated animals; *P < 0.05 compared with ligature-induced
periodontitis treated with vehicle; **P < 0.05 compared with ligature-induced periodontitis treated with 0.1 mg-kg™ of propranolol (ANOVA,

followed by Bonferroni’s test).

involved in the recruitment of leucocytes. Thus, our data
suggest that the anti-inflammatory effect of propranolol in
vivo could be as a result of the inhibition of pro-inflammatory
cytokine production at inflammatory sites, which in turn
prevents the interaction of leucocytes with endothelial cells
that is dependent on the expression of ICAM-1. This hypoth-
esis is supported by our results obtained with the gingival
tissue (Figure 4A). To our knowledge, this is the first evidence
implicating this mechanism of action in periodontal tissue.
In addition, noradrenaline has been shown, both in vivo and
in vitro, to inhibit the production of pro-inflammatory cytok-
ines such as TNF-o, while stimulating the production of anti-
inflammatory cytokines such as IL-10 (van der Poll etal.,
1996; Hasko et al., 1998), suggesting that the sympathetic
nervous system can alter the Th1/Th2 balance, shifting it

from a pro-inflammatory (Thl response) to an anti-
inflammatory response (Th2 response) (Woiciechowsky et al.,
1998; Elenkov and Chrousos, 1999).

Interestingly, we measured the CTX (a bone turnover
marker) from the gingival tissue, and the amount of CTX was
significantly elevated in the gingival tissue of ligature-
induced periodontal disease animals in comparison with
non-ligated animals and the 0.1 mg-kg™ propranolol-treated
group. Both groups treated with 5 or 20 mg-kg™ of propra-
nolol showed increased amounts of CTX. Previous studies
have demonstrated that periodontal disease is more common
in women with osteoporosis and is associated with higher
concentrations of CTX, suggesting the underlying mecha-
nism that links these two pathological conditions (Jabbar
et al., 2011). It is interesting to note that both groups treated
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Effects of propranolol on in vitro osteoclastogenesis using mouse monocyte/macrophage cell line RAW264.7. (A) Propranolol inhibited the
formation of TRAP-positive mononucleated cells compared with culture medium stimulated with RANKL and LPS. #P < 0.05 compared with
RAW264.7 cells with medium alone; *P < 0.05 compared with RAW264.7 cells in the presence of RANKL and LPS. (B) RAW264.7 in the presence
of propranolol (1 uM) inhibited the activity of the osteoclast cell after LPS stimulation. The number of pits was counted in each field of the
Osteologic Biocoat. P < 0.05 compared with RAW264.7 cells with medium alone; *P < 0.05 compared with RAW264.7 cells in the presence of
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Figure 6

NF-kBp65 protein expression in the RAW264.7 cells in the presence
or absence of propranolol. Cells were collected 48 h after LPS acti-
vation, and NF-kBp65 protein expression was analysed by Western
blot. Intensity of optical density of bands was measured from
Western blots. Protein band intensity is represented as arbitrary units.
The results are expressed as mean = SD of three culture wells.
*P < 0.05 compared with cells in the absence of LPS stimulation.
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Figure 7

NFAT-c1 protein expression in the RAW264.7 cells in the presence or
absence of propranolol. Cells were collected 48 h after LPS activa-
tion, and NFAT-c protein expression was analysed by Western blot.
Intensity of optical density of bands was measured from Western
blots. Protein band intensity is represented as arbitrary units. The
results are expressed as mean * SD of three culture wells. *P < 0.05
compared with cells in the absence of LPS stimulation; **P < 0.05
compared with cells in the presence of LPS stimulation.
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Figure 8

Propranolol attenuated the expression of TRAP (A), cathepsin K (B) and MMP-9 (C) mRNA in RAW 264.7 stimulated with RANKL. The results are
expressed as mean = SD of three culture wells. “P < 0.05 compared with RAW264.7 cells with medium alone; *P < 0.05 compared with RAW264.7
cells in the presence of RANKL. +P < 0.05 compared with RAW264.7 cells treated with 1 and 10 uM.

with 5 and 20 mg-kg™ of propranolol had elevated levels of
CTX as well as RANKL. This raised RANKL and RANKL/OPG
ratio would then stimulate osteoclast activity and cause the
observed significant elevations in CTX levels.

Another mechanism by which a low dose of propranolol
can inhibit the bone resorption is by inhibition of osteoclas-
togenesis. A previous report has shown that activation of
B-adrenoceptors increases the expression of RANKL and leads
to stimulation of osteoclast differentiation in mouse bone
marrow (Takeuchi et al., 2001; Aitken et al., 2009). In addi-
tion, the activation of osteoblasts can induce the expression
of bone-active cytokines IL-6, IL-11 and PGE,, which in turn
increase osteoclastogenesis (Kondo et al., 2001; Kondo and
Togari, 2003). According to our results, the low dose of pro-
pranolol significantly decreased the expression of RANKL in
the gingival tissue. This result is supported by previous data
which showed that fenoterol (B,-agonist) stimulated RANKL
mRNA expression nearly twofold and this was suppressed by
propranolol (B-blocker), suggesting that f-adrenoceptors may
play a role in modulation of bone turnover by the sympa-
thetic nervous system (Huang et al., 2009). We also demon-
strated that a low dose of propranolol increased the OPG
expression in the ligature-induced periodontal disease model,
which consequently down-modulates RANKL-mediated bone
resorption. This result is supported by a previous finding,
which showed that propranolol stimulates OPG on its own in
osteoblast cells (Huang et al., 2009).

Further, we observed that osteoclast differentiation, as
well its activity (pit formation in Biocoat osteologic assay)
in vitro was decreased in the presence of a low dose of
propranolol (B.-antagonist). In humans, osteoclast-like
multinucleate cells constitutively express ous-, 0Ozs-, and
B.-adrenoceptors. Also, B-agonists up-regulate the expression
of characteristic markers of the mature osteoclast such as
integrin, carbonic anhydrase II and cathepsin K and increased
osteoclastic bone-resorbing activity (Arai et al., 2003). These
findings suggest that B-adrenoceptor agonists directly stimu-

late bone-resorbing activity in mature osteoclasts, thus
supporting our evidence. In addition, it was previously dem-
onstrated that different B,-adrenoceptor agonists stimulate
osteoclast formation and multinuclearity as well as bone
resorption in bone marrow cultures, followed by an increased
expression of RANKL by osteoblasts (Aitken et al., 2009).
Interestingly, it has been demonstrated that treatment with a
continuous low dose of isoprenaline (B.-agonist) induces
bone loss due to increased osteoclast activity rather than
inhibition of bone formation (Kondo and Togari, 2011).

We further analysed the intracellular pathway in osteo-
clast cells for a better understanding of this process. The
essential role of NF-kB in the activation and differentiation of
osteoclast has been demonstrated genetically. NF-xB pS0 and
p52 double-deficient mice develop severe osteopetrosis
because of a defect in osteoclastogenesis (Franzoso et al.,
1997; lIotsova et al., 1997). Although this recognized impor-
tance of NF-xB in the osteoclastogenesis, according to our
results, the inhibitory effect of propranolol is not produced
through this pathway; instead, the effect seems to be medi-
ated by the inhibition of another important molecule,
NFATcl. Importantly, RANKL specifically and strongly
induces the expression of NFATcl, the master regulator of
osteoclast differentiation (Takayanagi et al., 2002). The NFAT
family of transcription factors was originally discovered in T
cells, but they are involved in the regulation of various bio-
logical systems (Crabtree and Olson, 2002). Activation of
NFATc1 is mediated by a specific phosphatase, calcineurin,
which is activated by calcium-calmodulin signalling. The
essential role of the Nfatcl gene in osteoclastogenesis has
been shown both in vitro and in vivo (Takayanagi et al., 2002).

We also evaluated some important protease genes synthe-
sized by the osteoclast, cathepsin K, TRAP and MMP-9. We
found that the low dose of propranolol (1 uM) was signifi-
cantly decreased the expression of these three genes. These
results have an important implication since cathepsin K is an
important protease that promotes degradation of bone matrix
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molecules. The enzyme is activated intracellularly and
secreted into the resorption lacunae, and it is speculated that
cathepsin K is highly and relatively selectively expressed in
osteoclasts (Inaoka et al., 1995). Importantly, in a previous
study it was demonstrated that excessive production of cathe-
psin K results in a high turnover, osteopaenia, of the meta-
physeal trabecular bone (Kiviranta et al., 2001). Moreover,
TRAP-deficient mice develop an osteopetrotic phenotype due
to deficient osteoclastic bone resorption with characteristic
ultrastructural changes in the ruffled border area of osteoclasts
and disturbed vesicular trafficking (Hollberg et al., 2002). Fur-
thermore, we found that all three doses of propranolol
decreased the expression of MMP-9; however, the lowest dose
was the most effective. Interestingly, in accord with our
results, MMP-9 is synthesized by the osteoclast and is also a
rate limiting for osteoclast recruitment (Delaissé et al., 2003).

Thus, why does a low dose but not a high dose of propra-
nolol suppress inflammation and osteoclastogenesis? Previ-
ous data in the literature demonstrated that mice lacking
B.-adrenoceptors present a high bone mass phenotype (Elefte-
riou etal.,, 2005), while B;- and B,-adrenoceptor-deficient
mice have reduced trabecular (Pierroz et al., 2005) and corti-
cal bone mass (Pierroz et al., 2006b) and are not protected
from ovariectomy-induced bone loss (Dhillon et al., 2004),
suggesting that high doses of propranolol may somewhat
imitate the double deletion phenotype, while low doses of
propranolol may signal mainly via the B,-adrenoceptor to
exert their beneficial effects.

In conclusion, our results indicate that a low dose of
propranolol may suppress the periodontal bone resorption
by inhibiting RANKL-mediated osteoclastogenesis as well
inflammatory markers without affecting haemodynamic
parameters.
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