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Abstract:

Background: Propranolol, a nonselective b-adrenergic receptor antagonist, was reported to favorably affect the skeletal system in
different animal models. The aim of the study was to investigate whether the effects of propranolol on the skeletal system depend on
the estrogen status.
Methods: The in vivo experiments were carried out on the following groups of mature female Wistar rats: sham-operated control
rats, sham-operated rats receiving propranolol, ovariectomized (OVX) control rats, OVX rats receiving propranolol, OVX rats re-
ceiving estradiol, OVX rats receiving estradiol and propranolol. Propranolol hydrochloride (10 mg/kg po) and/or estradiol
(0.1 mg/kg po) were administered daily for 4 weeks. Bone mass, mineral and calcium content, macrometric and histomorphometric
parameters, and mechanical properties were examined. In vitro, effects of estradiol and propranolol on the formation of mouse osteo-
clasts and on the mRNA expression of genes related to osteoclastogenesis, bone formation and mineralization, as well as adrenergic
and estrogen signalling in mouse osteoblasts were investigated.
Results and conclusion: Propranolol exerted some favorable effects on the rat skeletal system in vivo, independently of the estrogen
status. However, in vitro studies indicated a possibility of some antagonistic relations between the estradiol and propranolol effects.
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Abbreviations: ALP – tissue nonspecific alkaline phosphatase,
CBP – CREB binding protein, ENPP1 – ectonucleotide pyro-
phosphatase phosphodiesterase 1, ER – estrogen receptor,
GAPDH – glyceraldehyde-3-phosphate dehydrogenase, GRK2
– G protein-coupled receptor kinase-2, OPG – osteoprotegerin,
OVX – ovariectomized, RANKL – receptor activator of nuclear
factor-kB ligand, SRC-3 – steroid receptor coactivator-3

Introduction

Recent data indicate that bone remodeling, like most
other homeostatic functions, remains under sympa-

thetic nervous system control, in addition to well-
established endocrine and paracrine/autocrine mecha-
nisms [8, 16, 43, 45].

Activation of b2-adrenergic receptors in osteo-
blast/stromal cells leads to inhibition of bone forma-
tion and intensification of bone resorption [43, 45].
Results of genetic and pharmacological experiments
raised the possibility of beneficial effects of b-bloc-
kers on the skeletal system. In fact, propranolol, a b-
adrenergic receptor antagonist, counteracted unfavor-
able bone effects in different experimental models of
bone disorders [14]. Also in some (but not all) human
studies b-blockers were reported to increase bone
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mineral density or decrease the fracture rate [6, 25,
28, 29, 33–36, 39]. b-Blockers are currently consid-
ered as potential drugs under investigation for osteo-
porosis and fracture healing [14].

In our studies, we demonstrated that effect of
a b2-adrenergic receptor agonist, fenoterol, on the
skeletal system of female rats strongly depended on
the estrogen status [41].

The aim of the present study was to compare the ef-
fects of propranolol, a nonselective b-receptor antago-
nist, on the skeletal system of normal female rats and
rats with ovariectomy-induced estrogen deficiency in

vivo, and to study propranolol and estradiol effects on
murine bone cells in vitro.

Materials and Methods

In vivo experiments

Experiments were carried out on mature (3-month-old)
female Wistar rats, obtained from the Center of Experi-
mental Medicine, Medical University of Silesia. The
rats were fed a standard diet ad libitum. The procedure
of the experiments on animals was approved by Local
Ethics Commission, Katowice, Poland.

Drugs used: Propranolol hydrochloride (Sigma, at
a dose of 10 mg/kg po daily), estradiol (Estrofem,
Novo Nordisk A/S, at a dose of 0.1 mg/kg po daily).

The animals were divided into 6 groups: I. Sham-
operated control rats (S), II. Sham-operated rats re-
ceiving propranolol (SP), III. Ovariectomized control
rats (O), IV. Ovariectomized rats receiving propra-
nolol (OP), V. Ovariectomized rats receiving estradiol
(OE), VI. Ovariectomized rats receiving estradiol and
propranolol (OEP). Number of rats per group was 11
for the control groups (S and O) and 6 for groups of
rats treated with the drugs (SP, OP, OE, OEP).

The drugs were administered by a stomach tube
(po) once daily for 4 weeks. The control rats received
the vehicle (0.9% NaCl) in the same volume of 2 ml/
kg po daily.

Bilateral ovariectomy and sham-operation were
performed 3–4 days before the start of administration
of the investigated compounds.

After 4 weeks of drug administration, the animals
were sacrificed and the tibias, femurs and L-4 verte-
bra were excised. In the isolated left bones, mass and
macrometric parameters were determined (length, di-

ameter of the diaphysis in the mid-length). Mass of
the uterus and thymus was also determined.

Bone histomorphometric studies

The right femoral and tibial bones were used to prepare
histological specimens, as previously described [10].
The histomorphometric measurements were made us-
ing an Optiphot-2 microscope (Nikon, Japan), con-
nected through RGB camera (Nikon, Japan) to per-
sonal computer, with final magnifications of 200 and
500 times, and a lanameter (magnification 50 times).

In transverse cross-sections made from the tibial
diaphysis, the periosteal and endosteal transverse
growth, the width of endosteal osteoid, the area of the
transverse cross-section of the whole diaphysis and
that of the marrow cavity were measured. In the lon-
gitudinal preparation from the femur, the width of
epiphyseal cartilage and the width of trabeculae in the
epiphysis and metaphysis were measured.

Bone mechanical properties studies

Bone mechanical properties were assessed using the
set constructed at the Department of Pharmacology,
Medical University of Silesia, in cooperation with
Hottinger Baldwin Messtechnik GmbH. Mechanical
properties of the femoral neck and the whole femur
were examined, as previously described [11, 40].

Mechanical properties of the femoral neck were
studied using a compression test. The load was ap-
plied to the head of the femur along the long axis of
the femur. The load causing the fracture of the femo-
ral neck was determined.

Mechanical properties of whole left femurs were
studied using a three-point bending test. Within the
elastic deformation region, the slope of load-defor-
mation curve, representing the extrinsic stiffness of
bone, was tested. Within the plastic deformation re-
gion, the ultimate load (maximum load sustained by
the bone) and the breaking load (load at fracture), as
well as the deformation caused by the ultimate load
and breaking load were determined.

In order to determine the content of mineral sub-
stances in bones, the L-4 vertebra, left tibia and femur
were mineralized (ashed) at the temperature of 640°C
for 48 h in the muffle furnace and weighed. Calcium
content in the mineralized bones was then determined
colorimetrically, using a kit produced by Pointe Sci-
entific Inc.
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Statistical analysis

Results are presented as the means ± SEM. One-way
ANOVA was used for evaluation of statistical signifi-
cance of the results. When one-way ANOVA was sig-
nificant (p < 0.05), results of the each group of rats re-
ceiving propranolol (SP, OP, OEP) were compared
with those of the appropriate control group (S, O,
OE), using Student’s t-test.

Moreover, two-way ANOVA was conducted on the
ovariectomized rats (O, OP, OE, OEP groups) in order
to evaluate whether the effect of propranolol de-
pended on estrogen supplementation (interaction be-
tween the main effects of estrogen level and propra-
nolol treatment was assessed).

In vitro experiments

Materials

MEM a medium without phenol red (a-MEM) (Gibco),
Dulbecco’s modified Eagle medium (DMEM) (Gibco),
Dulbecco’s phosphate buffered saline (PBS) (Sigma),
HEPES buffer solution 1 M (Gibco), penicillin-
streptomycin solution with 10,000 units of penicillin
and 10 mg of streptomycin per ml in 0.9% NaCl
(Sigma), fetal bovine serum (FBS) (Gibco), 1a,25-
dihydroxycholecalciferol (Sigma), collagenase (Sigma),
trypsin (Sigma), ethylenediaminetetraacetic acid, di-
sodium salt (EDTA) (Sigma), 0.25% trypsin-EDTA
solution (Sigma).

Drugs used: b-estradiol (Sigma), propranolol hy-
drochloride (Sigma).

PCR primers were obtained from Institute of Bio-
chemistry and Biophysics, Polish Academy of Sci-
ences, Warszawa, Poland.

Osteoclast formation from murine bone marrow

cells

Bone marrow cells from long bones of 5–7-day-old
BALB/c mice (Center of Experimental Medicine,
Medical University of Silesia) were obtained and cul-
tured as previously described [13, 40, 44]. Bone mar-
row cells were plated in 48-well culture plates (Nunc)
and incubated at 37°C in 5% CO2 in humidified air in
a-MEM with 10% (v/v) FBS and 1% (v/v) penicil-
lin/streptomycin solution (final concentrations of
100 U/ml penicillin and 0.1 mg/ml streptomycin). The
next day after plating, the medium was replaced with

fresh medium with addition of 1,25-dihydroxyvitamin
D3 (10–8 M), to which estradiol (10–9, 10–8 and 10–7 M),
propranolol (10–7, 10–6 and 10–5 M) or estradiol
(10–8 M) with propranolol (10–6 M) were added.

The culture media were refreshed every second
day. Nine days after plating, the cultures were ended,
fixed with 3% paraformaldehyde in 0.1 M cacodylate
buffer (pH 7.2) and stained for tartrate-resistant acid
phosphatase (TRAP). TRAP staining was performed
histochemically with a commercially available kit
(Leucocyte acid phosphatase kit, Sigma Diagnostics,
procedure 386).

Large, multinucleated, TRAP-positive cells were
considered osteoclasts.

The number of osteoclasts was counted and ana-
lyzed. The observations were made using an Eclipse
TE 300 microscope (Nikon), connected through digi-
tal camera (Nikon) to personal computer (software:
Nis-Elements 2.21, Nikon).

The results were obtained in three independent ex-
periments.

Osteoblast isolation and culture

Osteoblastic cells were obtained and cultured as pre-
viously described [24, 40] from 1–2-day-old BALB/c
mice (Center of Experimental Medicine, Medical
University of Silesia). Osteoblasts were isolated from
the calvariae by six sequential digestions (20 min
each) with 0.1% collagenase and 0.05% trypsin.
Osteoblastic cells collected from fractions 3–6 were
combined and cultured in a-MEM supplemented with
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin
solution. The cultures were maintained at 37°C in 5%
CO2 in humidified air. Medium was changed every
2–3 days. Subconfluent cultures were trypsinized and
then replated at 10,000 cells/cm2. The third passage
cells were used for experiments.

mRNA expression in osteoblasts

Osteoblastic cells were plated in 25 cm2 bottles
(Nunc) and cultured to 80–90% confluence. The me-
dium was then replaced with fresh medium with addi-
tion of estradiol (10–9, 10–8 and 10–7 M), propranolol
(10–7, 10–6 and 10–5 M) or estradiol (10–8 M) with pro-
pranolol (10–6 M). The cultures were trypsinized after
48 h of culture, and total RNA was isolated using
GenElute mammalian total RNA miniprep kit (fol-
lowing the manufacturer’s instructions, Sigma).
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Enhanced avian HS RT-PCR-100 kit (Sigma) was
used for obtaining cDNA, following the manufactur-
er’s instructions. The cDNA of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), a2 procollagen
type I chain, receptor activator of nuclear factor-kB
ligand (RANKL), osteoprotegerin (OPG), tissue non-
specific alkaline phosphatase (ALP) and ectonucleo-
tide pyrophosphatase phosphodiesterase 1 (ENPP1),
osteocalcin, osteopontin, estrogen receptor a, estro-
gen receptor b, b2-adrenergic receptor, G protein-
coupled receptor kinase-2 (GRK2), steroid receptor
coactivator-3 (SRC-3) and CREB binding protein
(CBP) were amplified using Taq DNA polymerase
(ReadyMix REDTaq PCR reaction mix with MgCl2,
Sigma). The PCR conditions are presented in Table 1.

The PCR products were electrophoresed on a 1.5%
agarose gel containing ethidium bromide and visual-
ized under UV light. During the electrophoresis, the
product of amplification of each cDNA was accompa-
nied by the product of amplification of GAPDH
cDNA, and DNA size standard. The image of the
stained gel was analyzed semiquantitatively using
Quantity One, Bio-Rad Laboratories Inc., software.

The results were presented as the ratio of the inte-
grated optical density of the investigated cDNA am-
plification product band to the integrated optical den-
sity of the GAPDH cDNA amplification product band
and presented as the % of the mean value obtained in
the control cultures. The results were obtained in
three independent experiments.
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Tab. 1. Conditions of PCR

Primers

PCR conditions

Number
of cycles

Denaturation Annealing Elongation Ref.

GAPDH 5’-ACCACAGTCCATGCCATCAC-3’ (for)

5’-TCCACCACCCTGTTGCTGTA-3’ (rev)

27 95°C,

1 min

57°C,

2 min

72°C,

2 min

[22]

Procollagen
type I

5’-GCAATCGGGATCAGTACGAA-3’ (for)

5’-CTTTCACGCCTTTGAAGCCA-3’ (rev)

28 95°C,

1 min

56°C,

2 min

72°C,

2 min

[44]

RANKL 5’-CGCTCTGTTCCTGTACTTTCGAGCG-3’ (for)

5’-TCGTGCTCCCTCCTTTCATCAGGTT-3’ (rev)

29 95°C,

1 min

57°C,

2 min

72°C,

2 min

[22]

OPG 5’-AAAGCACCCTGTAGAAAACA-3’ (for)

5’-CCGTTTTATCCTCTCTACACTC-3’ (rev)

30 95°C,

1 min

55°C,

2 min

72°C,

2 min

[44]

ALP 5’-CCGTTCTTTCTCTATTC-3’ (for)

5’-GCCACCCTGGGTAGACA-3’ (rev)

30 95°C,

1 min

54°C,

2 min

72°C,

2 min

[23]

ENPP1 5’-TCAGTACCATTTGAAGAAAGGATTTTAGCTGTTCT-3’(for)

5’-GTCAGAGCCATGAAATCCACTTCCAC-3’(rev)

31 95°C,

1 min

65°C,

2 min

72°C,

2 min

[9]

CBP 5’-TGCCACCATGGAGAAGCACAAG-3’ (for)

5’-ACGGGGCATTTGTTTTCTTGG-3’ (rev)

30 95°C,

1 min

56°C,

2 min

72°C,

2 min

[5]

SRC-3 5’-GCAGATGAGTGGAGCTAGGTATG-3’ (for)

5’-CACGATTACGAGGAGAAATCATG-3’ (rev)

31 95°C,

1 min

65°C,

2 min

72°C,

2 min

[15]

GRK2 5’-GTGAGCTACCTGATGGCCATGGAG-3’ (for)

5’-AGGCCCAGGATGATCTC-3’  (rev)

31 95°C,

1 min

55°C,

2 min

72°C,

2 min

[19]

ERa 5’-GACCAGATGGTCAGTGCCTT-3’ (for)

5’-ACTCGAGAAGGTGGACCTGA-3’ (rev)

32 95°C,

1 min

65°C,

2 min

72°C,

2 min

[42]

ERb 5’-CAGTAACAAGGGCATGGAAC-3’(for)

5’-GTACATGTCCCACTTCTGAC-3’(rev)

31 95°C,

1 min

65°C,

2 min

72°C,

2 min

[42]

Osteocalcin 5’-CTCTGTCTCTCTGACCTCACAGC-3’ (for)

5’-CAGGTCCTAAATAGTGATACCG-3’ (rev)

28 95°C,

1 min

62°C,

2 min

72°C,

2 min

[44]

Osteopontin 5’-TCTGATGAGACCGTCACTGC-3’ (for)

5’-TCTCCTGGCTCTCTTTGGAA-3’ (rev)

30 95°C,

1 min

72°C,

2 min

72°C,

2 min

[44]



Statistical analysis

Results are presented as the means ± SEM. Student’s
t-test was used to compare the results obtained in the
cultures at the presence of estradiol and/or propra-
nolol with those obtained in control cultures.

Results

Effects of propranolol on the mass of uterus

and thymus and body mass gain

The bilaterally ovariectomized rats were estrogen-
deficient, which was confirmed by substantial de-
creases in the uterus mass and increases in the thymus
mass in relation to the sham-operated control rats (Tab.
2). Administration of estradiol counteracted the effects
of estrogen deficiency on the uterus and thymus. Pro-
pranolol did not significantly affect the mass of uterus
and thymus in sham-operated and ovariectomized rats.

In the ovariectomized control rats, the body mass
gain was statistically significantly bigger than in the
sham-operated control rats. Administration of propra-
nolol did not affect the body mass gain in sham-

operated and ovariectomized rats, and decreased it in
ovariectomized rats supplemented with estradiol.

Effects of propranolol on bone mass and bone

mineral mass

The ovariectomy did not cause significant changes in
bone mass and the mass of bone mineral (Tab. 3, data
for the femur not shown), but it significantly decreased
the ratio of bone mineral mass to bone mass (data not
shown) and the content of calcium in the bone mineral
in comparison with the sham-operated control rats.

Administration of propranolol significantly in-
creased bone mass and the mass of bone mineral both
in sham-operated and ovariectomized rats (Tab. 3) in
comparison with respective control groups. The ratio
of bone mineral mass to bone mass (data not shown)
was not significantly affected in comparison with the
appropriate control groups. Coadministration of estra-
diol with propranolol to ovariectomized rats caused
increases in the mass of bone mineral in comparison
with the ovariectomized control rats, but there was no
additional effect of propranolol on these parameters in
comparison with the ovariectomized rats treated with
estradiol only. Propranolol decreased the calcium con-
tent in bones of sham-operated rats, not affecting it in
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Tab. 2. Effects of propranolol on body mass, and  mass of uterus and thymus in female rats

Parameter

Group

Body mass (g) Mass (g)

Initial 4-week gain Uterus Thymus

Sham-operated rats

Control (S) 220.7 ± 4.1 15.2 ± 1.5 0.443 ± 0.035 0.275  ± 0.011

Propranolol (SP) 228.5 ± 5.5 14.7 ± 1.5 0.485 ± 0.021 0.325 ± 0.027

Ovariectomized rats

Control (O) 216.7 ± 4.8 29.2 ± 3.6 0.098 ± 0.005 0.529 ± 0.021

Propranolol (OP) 227.5 ± 2.9 35.0  ± 4.3 0.086 ± 0.004 0.546 ± 0.051

Ovariectomized rats + estradiol (100 µg/kg po)

Control  (OE) 230.7 ± 2.3 26.7 ± 1.7 0.218 ± 0.016 0.444 ± 0.025

Propranolol (OEP) 236.8 ± 6.2 19.2 ± 1.7* 0.180 ± 0.016 0.446 ± 0.039

One-way ANOVA NS S S S

Two-way ANOVA (interaction)# NS NS NS NS

Results are presented as the means ± SEM (n = 6–11). Propranolol hydrochloride (10 mg/kg po daily) was administered for 4 weeks. # Two-way
ANOVA concerned groups: O, OP, OE and OEP. Significant differences from the appropriate control group: * p < 0.05. S – p < 0.05, NS – not
significant
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Tab. 3. Effects of propranolol on bone mass, bone mineral mass and calcium content in female rats

Parameter

Group

Bone mass after isolation (g) Bone mineral mass (g) Calcium content
(mg/g of bone mineral)

Tibia L-4 vertebra Tibia L-4 vertebra Tibia L-4 vertebra

Sham-operated rats

Control (S) 0.485 ± 0.010 0.230 ± 0.006 0.217 ± 0.005 0.085 ± 0.003 406.6 ± 6.2 374.2 ± 6.8

Propranolol (SP) 0.522 ± 0.011* 0.253 ± 0.011 0.238 ± 0.006* 0.096 ± 0.003* 372.3 ± 6.3** 354.1 ± 5.5

Ovariectomized rats

Control (O) 0.505 ± 0.011 0.229 ± 0.009 0.214 ± 0.002 0.078 ± 0.002 371.4 ± 6.7 339.0 ± 6.9

Propranolol (OP) 0.540 ± 0.017 0.265 ± 0.013* 0.235 ± 0.006*** 0.093 ± 0.004** 379.1 ± 7.7 345.2 ± 14.2

Ovariectomized rats + estradiol (100 µg/kg po)

Control  (OE) 0.525 ± 0.014 0.254 ± 0.008 0.226 ± 0.004 0.087 ± 0.004 402.8 ± 12.6 357.4 ± 6.7

Propranolol (OEP) 0.522 ± 0.011 0.256 ± 0.012 0.228 ± 0.006 0.092 ± 0.003 400.3 ± 8.5 344.2 ± 3.8

One-way ANOVA S S S S S S

Two-way ANOVA
(interaction)

NS NS NS NS NS NS

Results are presented as the means ± SEM (n = 6-11). Propranolol hydrochloride (10 mg/kg po daily) was administered for 4 weeks. # Two-way
ANOVA concerned groups: O, OP, OE and OEP. Significant differences from the appropriate control group: * p < 0.05, ** p < 0.01, *** p <
0.001. S – p < 0.05, NS – not significant

Tab. 4. Effects of propranolol on bone histomorphomeric parameters in female rats

Parameter

Group

Width of
tibial

endosteal
osteoid
(µm)

Tibial transverse
growth (µm)

Tibial transverse
cross-sectional area (mm2)

Tibial marrow
cavity/diaphysis

transverse
cross-sectional

area ratio

Width of
trabeculae in
the femoral
metaphysis

(µm)

Width of
the femoral
epiphysal
cartilage

(µm)

Periosteal Endosteal Marrow cavity Diaphysis

Sham-operated rats

Control (S) 9.7 ± 0.5 51.1 ± 2.0 21.6 ± 0.9 0.97 ± 0.04 4.42 ± 0.05 0.220 ± 0.006 47.3 ± 0.2 65.4 ± 4.4

Propranolol (SP) 9.5 ± 0.5 56.9 ± 1.6 22.4 ± 0.5 1.10 ± 0.04* 4.69 ± 0.07** 0.235 ± 0.007 46.6 ± 0.8 72.4 ± 3.3

Ovariectomized rats

Control (O) 8.3 ± 0.6 50.5 ± 1.0 17.9 ± 0.4 1.04 ± 0.03 4.47 ± 0.08 0.232 ± 0.006 44.9 ± 0.7 72.8 ± 2.1

Propranolol (OP) 7.9 ± 0.8 46.0 ± 2.0* 23.5 ± 1.8** 1.10 ± 0.08 4.83 ± 0.19* 0.228 ± 0.012 47.4 ± 0.8* 76.3 ± 4.8

Ovariectomized rats + estradiol (100 µg/kg po)

Control  (OE) 9.9 ± 0.3 51.7 ± 2.4 21.1 ± 1.2 1.06 ± 0.05 4.79 ± 0.12 0.219 ± 0.006 46.6 ± 0.4 66.2 ± 4.0

Propranolol (OEP) 8.5 ± 0.6 48.1 ± 2.0 20.6 ± 1.3 1.00 ± 0.04 4.66 ± 0.05 0.215 ± 0.007 47.3 ± 1.0 68.0 ± 2.3

One-way ANOVA NS S S S S NS S NS

Two-way ANOVA
(interaction)

NS NS NS NS NS NS NS NS

Results are presented as the means ± SEM (n = 6–11). Propranolol hydrochloride (10 mg/kg po daily) was administered for 4 weeks. # Two-way
ANOVA concerned groups: O, OP, OE and OEP. Significant differences from the appropriate control group: * p < 0.05, ** p < 0.01. S – p < 0.05,
NS – not significant



ovariectomized rats. No significant interaction in
two-way ANOVA was demonstrated.

Effects of propranolol on bone histomor-

phometric parameters

Estrogen deficiency caused a decrease in the meta-
physeal trabeculae width in the femur and an insig-
nificant increase in the ratio of transverse cross-
section area of the marrow cavity to transverse cross-
section area of the diaphysis in the tibia of the
ovariectomized control rats in comparison with the
sham-operated controls (Tab. 4). Endosteal transverse
growth was decreased. These effects were counter-
acted by administration of estradiol.

Administration of propranolol to sham-operated
rats did not affect cancellous bone of the femur, but
increased the width of trabeculae of the femoral meta-
physis in ovariectomized rats and in ovariectomized
rats treated with estradiol in comparison with the
ovariectomized control rats. In compact bone of the
tibia, propranolol increased the endosteal transverse
growth in ovariectomized rats and the transverse
cross-section area of the tibial diaphysis, both in
sham-operated rats and ovariectomized rats. There

was no significant effect of propranolol in the ovar-
iectomized rats treated simultaneously with estradiol.
No significant interaction in two-way ANOVA was
demonstrated.

Effects of propranolol on bone mechanical

properties

Administration of propranolol to sham-operated and
ovariectomized rats did not affect the strength of the
femoral neck (Tab. 5).

In the ovariectomized control rats, extrinsic stiff-
ness of the femur was statistically significantly lower
than in the sham-operated control rats. There was no
effect on the ultimate load sustained by the femur, but
the deformation of the bone caused by the ultimate
load was significantly higher. Administration of pro-
pranolol did not significantly affect the mechanical
parameters of the whole femur in sham-operated rats,
but it tended to improve the extrinsic stiffness in
ovariectomized rats. Propranolol did not further im-
prove the mechanical properties of the femur in the
ovariectomized rats administered with estradiol (in
fact, the ultimate and breaking loads were lower than
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Tab. 5. Effects of propranolol on mechanical properties of the femur in female rats

Parameter

Group

Load at fracture
of the femoral

neck (N)

Extrinsic
stiffness
(N/mm)

Load (N) Deformation (mm)

Ultimate Breaking At ultimate load At breaking load

Sham-operated rats

Control (S) 77.6  ± 2.8 210.4 ± 5.6 76.3 ± 2.0 70.1 ± 2.7 0.444 ± 0.008 0.510 ± 0.018

Propranolol (SP) 78.7  ± 8.0 218.8 ± 7.9 77.0 ± 2.6 71.4 ± 1.4 0.438 ± 0.020 0.502 ± 0.012

Ovariectomized rats

Control (O) 73.9  ± 1.7 190.9 ± 7.4 76.0 ± 2.5 67.7 ± 2.3 0.486 ± 0.012 0.524 ± 0.020

Propranolol (OP) 73.2  ± 4.3 209.7 ± 9.0 77.1 ± 3.0 71.7 ± 4.1 0.440 ± 0.028 0.494 ± 0.034

Ovariectomized rats + estradiol (100 µg/kg po)

Control  (OE) 81.7 ± 5.9 213.8 ± 7.6 78.6 ± 2.0 74.7 ± 1.6 0.448 ± 0.012 0.486 ± 0.016

Propranolol (OEP) 73.8 ± 2.0 212.5 ± 7.2 71.8 ± 1.8* 66.1 ± 1.9** 0.422 ± 0.020 0.454 ± 0.020

One-way ANOVA NS NS S S NS NS

Two-way ANOVA
(interaction)

NS NS NS NS NS NS

Results are presented as the means ± SEM (n = 6–11). Propranolol hydrochloride (10 mg/kg po daily) was administered for 4 weeks. # Two-way
ANOVA concerned groups: O, OP, OE and OEP. Significant differences from the appropriate control group: * p < 0.05, ** p < 0.01. S – p < 0.05,
NS – not significant



in the estradiol-treated control rats). No significant in-
teraction in two-way ANOVA was demonstrated.

Effects of propranolol on the formation

of osteoclasts in vitro

Addition of estradiol (10–9 – 10–7 M) to the culture
media inhibited the formation of osteoclasts in the
murine bone marrow cell cultures, with the maximum
effect at 10–8 M (Figs. 1 and 2). Propranolol at con-
centrations of 10–7 – 10–5 M significantly decreased
the number of osteoclasts formed in the presence of
very low concentration of estradiol resulting from the
fetal bovine serum. Propranolol (10–6 M) and estradiol
(10–8 M) together caused slightly weaker inhibitory
effect on murine osteoclast formation than each of the
agents alone.

Effects of propranolol on the expression

of mRNA in osteoblasts in vitro

Genes related to bone resorption

Estradiol and propranolol (in the absence and pres-
ence of additional estradiol) tended to decrease the
RANKL mRNA to OPG mRNA expression ratio (data
not shown).

Genes related to bone formation
and mineralization

Estradiol and propranolol (independently of the pres-
ence of estradiol) did not significantly affect mRNA
expression of genes related to bone formation (colla-
gen, osteocalcin and osteopontin) and bone minerali-
zation (ALP, ENPP1 and their ratio) in murine osteo-
blasts (not shown).

Genes related to adrenergic signalling

Propranolol (10–7 – 10–5 M) did not affect the expres-
sion of adrenergic receptor b2 (Adrb2) mRNA (Fig.
3). Estradiol (10–9 – 10–8 M) tended to decrease the
expression of Adrb2, both in the absence and pres-
ence of propranolol.

Estradiol alone, and to less extent, in combination
with propranolol, increased the expression of G
protein-coupled receptor kinase-2 (GRK2) mRNA.
Propranolol (10�7 M) tended to increase the expres-

sion of GRK2 mRNA and at higher concentrations did
not affect it.

Genes related to steroid receptor signalling

Addition of estradiol and/or propranolol to the culture
media did not affect the expression of mRNA of estro-
gen receptors (not shown). Propranolol alone de-
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Fig. 1. Effects of estradiol (10�8 M) and propranolol (10�6 M) on osteo-
clast formation in mouse bone marrow cell cultures in vitro. Repre-
sentative cultures are shown: control culture (A), and cultures con-
ducted in the presence of estradiol (B), propranolol (C) and estradiol
with propranolol (D)
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Fig. 2. Effects of estradiol and propranolol on number of osteoclasts
formed in mouse bone marrow cell cultures in vitro. P+E – propranolol
(10�6 M) with estradiol (10�8 M). Results are presented as the means
± SEM (n = 3). Significant differences from the controls: * p < 0.05,
** p < 0.01



creased and estradiol alone strongly tended to decrease
steroid receptor coactivator-3 (SRC-3) mRNA expres-
sion, whereas together they had weaker effect than
those of propranolol or estradiol alone (Fig. 4). Propra-
nolol abolished the estradiol tendency to increase the
CREB binding protein (CBP) mRNA expression.

Discussion

A decrease of estrogen level in postmenopausal
women leads to an increased rate of bone turnover
with bone resorption exceeding bone formation, and
a general loss of bone mass and development of post-
menopausal osteoporosis [31, 37]. Rat model of bilat-
eral ovariectomy, used in the present study, shares
similarities with the skeletal changes developing in
early postmenopausal women: increased rate of bone
turnover with resorption exceeding formation, and
greater loss of cancellous than cortical bone [20, 47].

Propranolol has been already reported to favorably
affect bones of rats with estrogen deficiency-induced
osteoporosis [2–4]. Bonnet et al. [4] observed that ef-
fect of propranolol on the skeletal system of ovariec-
tomized rats depended on the dose used. They re-
ported the best results in counteracting the develop-
ment of osteoporosis after administration of a low
dose (0.1 mg/kg sc), weaker effects after a dose of
5 mg/kg sc and practically no effects after the highest
dose (20 mg/kg sc). The effects of the lowest dose
were consistent with those observed by Minkowitz et
al. [26] and results of Sato et al. [38], however, posi-
tive effects of propranolol were reported after its use
in the drinking water (0.5 g/l) in rats [21]. On the
other hand, in our previous study on male rats, unfa-
vorable skeletal effects of propranolol hydrochloride
at a dose of 10 mg/kg ip were demonstrated [12]. The
dose used in the present study (10 mg/kg po) was ef-
fective enough to exert positive effects on the investi-
gated skeletal parameters. In the present study, pro-
pranolol increased bone formation in compact bone of
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the tibia, and inhibited bone resorption in cancellous
bone of the femur of ovariectomized rats. In both
non-ovariectomized and ovariectomized rats propra-
nolol increased bone mass and the mass of bone min-
eral substances, not increasing, however, bone miner-
alization (the ratio of bone mineral mass to bone
mass).

Since we previously observed that effects of fe-
noterol, a b2-receptor agonist, on the skeletal system
of female rats depended on the estrogen status [41], in
the present study, we studied the effects of propra-
nolol in rats with low, intermediate and normal estro-
gen levels (i.e., ovariectomized rats, ovariectomized
rats treated with estradiol and sham-operated rats).

Estrogens regulate skeletal homeostasis in men and
women. Estrogen effects are mediated via interactions
with two estrogen receptor subtypes, a and b (ERa

and ERb). Both ERa and ERb are classic nuclear re-
ceptors and are present in bones [7]. b-Adrenergic
receptors belong to G protein-coupled receptors
(GPCRs). Both families of receptors play crucial roles
in regulating of bone homeostasis. However, there are
also membrane estrogen receptors and their mecha-
nism of activation is connected with G proteins [1,
32]. Interactions between the downstream pathways
of b2-adrenergic and estrogen receptors on the intra-
cellular level may take place.

Estradiol is a full estrogen receptor agonist in all
tissues and it binds to ERa and ERb [7]. Propranolol
is a nonselective antagonist of b-adrenergic receptors.
In murine bones (osteoblasts), the presence of b2-
receptors was reported [43]. However, favorable ef-
fects on the skeletal system were reported in humans
also after administration of antagonists of b1-rece-
ptors (cardioselective b-blockers) [14, 16].

Propranolol used at a dose of 10 mg/kg po slightly
affected the osseous tissue in non-ovariectomized ani-
mals, whereas it counteracted some skeletal changes
developing due to estrogen deficiency in ovariecto-
mized rats. Administration of propranolol with estra-
diol to ovariectomized rats did not cause significantly
different effects on the development of osteoporosis
in comparison with the effects of each of the drugs ad-
ministered separately. Taken together, we did not ob-
serve significant interaction between propranolol and
estradiol in vivo. However, the interactions between
estradiol and propranolol can not be excluded based
on the studies performed on bone cell cultures in vitro.

In the present study, in the bone cell cultures per-
formed with the addition of both estradiol and propra-

nolol, the attenuation of some effects induced by the
drugs added separately were observed (namely, con-
cerning osteoclastogenesis and the mRNA expression
of GRK2 and SRC-3), which indicates the possibility
of antagonistic interaction.

Propranolol (10�7 – 10�5 M) significantly inhibited
the process of osteoclast formation. Inhibition of os-
teoclastogenesis induced by propranolol is consistent
with the reported in vivo inhibition of periodontal dis-
ease, in which excessive bone resorption occurs [27].
Also estradiol (10�9 – 10�7 M) decreased osteoclasto-
genesis. However, the use of propranolol with estra-
diol did not further decrease osteoclastogenesis.

Expression of mRNA of some genes involved in
adrenergic signaling and steroid receptor signaling
was also investigated.

Propranolol significantly inhibited steroid receptor
coactivator-3 (SRC-3) mRNA expression. Although
estradiol also strongly tended to decrease SRC-3
mRNA expression, addition of both propranolol and
estradiol induced smaller effect than the drugs sepa-
rately. Proteins of the SRC family belong to key nu-
clear coactivators of steroid hormone receptors, in-
cluding estrogen receptors [48, 49]. Inhibition of
SRC-3 mRNA expression could result in the inhibi-
tion of genomic estradiol effects. On the other hand,
a stimulatory effect of estradiol on the expression of
G protein-coupled receptor kinase-2 (GRK2) mRNA
was observed. GRK2 is responsible for phosphoryla-
tion of b2-adrenergic receptors, leading to their desen-
sitization [30, 46]. An increase in GRK2 mRNA ex-
pression may result in inhibition of intracellular ad-
renergic effects.

No interactions between propranolol and estradiol
were observed concerning osteoblastic mRNA ex-
pression of genes connected with bone formation and
mineralization. ALP (tissue nonspecific alkaline
phosphatase) and ENPP1 (ectonucleotide pyrophos-
phatase phosphodiesterase 1) are involved in process
of mineralization, regulating the extracellular inor-
ganic pyrophosphate (PPi) concentration and exerting
opposite effects [17, 18]. The lack of effect of propra-
nolol on the ratio of ALP to ENPP1 is consistent with
the observed in vivo lack of positive effect on bone
mineralization (on the other hand, estradiol tended to
increase the ratio [40]).

In conclusion, propranolol hydrochloride (10 mg/
kg po) favorably affected the rat skeletal system in

vivo, independently of the estrogen status. In vitro
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studies indicate a possibility of antagonistic relations
between the estradiol and propranolol effects.
studies indicate a possibility of antagonistic relations
between the estradiol and propranolol effects.
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