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Abstract:
Glucocorticoid-induced osteoporosis is the most frequently occurring type of secondary osteoporosis. Antagonists of b-adrenergic
receptors are now considered to be potential drugs under investigation for osteoporosis. The aim of the present study was to investigate the effects of propranolol, a nonselective b-receptor antagonist, on the skeletal system of mature male rats and on the development of bone changes induced by glucocorticoid (prednisolone) administration. The experiments were performed on 24-week-old
male Wistar rats. The effects of prednisolone 21-hemisuccinate sodium salt (7 mg/kg, sc daily) or/and propranolol hydrochloride
(10 mg/kg, ip daily) administered for 4 weeks on the skeletal system were studied. Bone and bone mineral mass in the tibia, femur
and L-4 vertebra, length and diameter of the long bones, mechanical properties of tibial metaphysis, femoral diaphysis and femoral
neck, bone histomorphometric parameters and turnover markers in serum were determined. Prednisolone-induced unfavorable
skeletal changes led to disorders in bone mechanical properties. Propranolol not only did not improve bone parameters, but even
caused deleterious effects on the skeletal system. Concurrent administration of propranolol with prednisolone did not counteract the
changes induced by prednisolone. The results of this study may help to understand the equivocal results of human studies on the effects of b-blockers on the skeletal system. It is possible that the drugs exert biphasic effects on the skeletal system, both favorable and
deleterious, depending on the dose or individual susceptibility.
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Introduction
An excess of glucocorticoids is a factor that is well
known to damage the skeletal system, predominantly
due to the inhibition of bone formation [11]. Glucocorticoid-induced osteoporosis is the most frequently
occurring type of secondary osteoporosis [9, 40]. For
the treatment of glucocorticoid-induced osteoporosis,
usually bisphosphonates, which are antiresorptive
agents, are used [10, 11, 40]. However, anabolic treatment with teriparatide seems to be an attractive alternative treatment option [40].
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b-Blockers are now considered to be potential
drugs under investigation for osteoporosis and fracture healing [18]. It was demonstrated that activation
of b -adrenergic receptors in osteoblasts and stromal
cells leads to the inhibition of bone formation and intensification of bone resorption [36, 37]. Propranolol,
a nonselective b-receptor antagonist, was reported to
be effective in counteracting bone damage in different
experimental models of bone disorders [1, 6, 22, 31,
34, 35, 42]. Results of some, but not all, human studies [5, 12, 23, 27–30, 32, 41] confirm the hypothesis
that b-blockers may decrease the fracture rate.
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The effects of b-receptor antagonists on bone damage caused by an excess of glucocorticoids have not
been reported so far. The aim of this study was to investigate the effects of b-adrenergic receptor blockade
by propranolol on the skeletal system of mature male
rats and on the development of bone changes induced
by glucocorticoid (prednisolone) administration.

Materials and Methods
Experiments were performed on mature 24-week-old
male Wistar rats obtained from the Center of Experimental Medicine, Medical University of Silesia. The
rats were fed a standard diet ad libitum. The protocol
for the experiments on animals was approved by Local Ethics Commission, Katowice, Poland.
Drugs used: propranolol hydrochloride (SigmaAldrich, at a dose of 10 mg/kg, ip daily), prednisolone
21-hemisuccinate sodium salt (Sigma-Aldrich, at a dose
of 7 mg/kg, sc daily).
The animals were divided into 4 groups: I, control
rats (n = 10); II, rats receiving prednisolone (n = 9);
III, rats receiving propranolol (n = 8); IV, rats receiving prednisolone and propranolol (n = 8). The drugs
were administered once daily for 4 weeks. Each rat
was given two injections: sc (prednisolone or the
0.9% NaCl vehicle, at a volume of 1 ml/kg) and ip
(propranolol or the 0.9% NaCl vehicle, at a volume of
1 ml/kg).
The animals were given tetracycline hydrochloride
(20 mg/kg, ip) to mark the calcification front one day
before the start and on the last day of drug or vehicle
administration. The day following the last drug administration, the animals were anesthetized with ketamine and xylazine. After collection of blood samples
by heart puncture, animals were sacrificed. The tibias,
femurs and L-4 vertebra were excised. In the bones
isolated from the left side, the mass and macrometric
parameters were determined (length and diameter of
the diaphysis at mid-length). The vertebrae were
weighed. The left femurs and tibias, and proximal part
of the right femurs, were wrapped in gauze moisturized with 0.9% NaCl solution and kept below –20°C
until the mechanical tests were performed [39]. The
mass of the adrenal glands was also determined.

Bone mechanical property studies

Mechanical properties of the tibial metaphysis and
femoral diaphysis in bending tests and the femoral
neck in a compression test were studied using an Instron 3342 500N apparatus. The data were analyzed
by Bluehill 2 version 2.14 software (Instron).
Mechanical properties of the diaphysis of the left
femurs were studied using a bending test with threepoint loading [39]. The distance between the supporting points was 20 mm. The load was applied perpendicularly to the long axis of the femur at the mid-length
of the bone. To obtain steady positioning, five cycles of
pre-conditioning (displacement rate of 0.01 mm/s, 4 N
limit) were performed, and then the mechanical test
was started (displacement rate of 0.02 mm/s, sampling
rate of 100 Hz). The load-displacement curves obtained for each bone, representing the relationships
between the load applied to the bone and the displacement in response to the load, were analyzed. Maximal
load, displacement for the maximal load and energy
for the maximal load were determined.
The mechanical strength of the femoral neck was
studied using a compression test. The bone was prepared for measurement by fixing the diaphysis, which
was cut at the mid-length of the femur, in a methacrylate plate [16]. The load was applied to the head of the
femur along the long axis of the femur (preload of
1 N, displacement rate of 0.01 mm/s). The load causing the fracture of the femoral neck (maximal load)
was determined.
The mechanical properties of the proximal metaphysis of the left tibia were studied using a bending
test with three-point loading as described by Stürmer
et al. [33], after a preload of 1 N, with a displacement
rate of 0.02 mm/s. The maximal load, displacement
for the maximal load and energy for the maximal load
were assessed.
Bone mineralization studies

The L-4 vertebra, left tibia and femur were lyophilized for 5 days to determine the dehydrated bone
mass. To determine the mass of bone mineral, the L-4
vertebra, left tibia and femur were mineralized at
640°C for 48 h in a muffle furnace and weighed. To
determine whether the changes in bone mass parameters were related to the changes in the body mass
caused by the treatments, results concerning bone
mass, lyophilized bone mass and mass of bone minPharmacological Reports, 2011, 63, 10401049
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eral were also determined as ratios to body mass. The
ratios of bone mineral mass to bone mass and to lyophilized bone mass were determined as substitutes
for bone mineral density measurements.
Calcium content in the mineralized bones dissolved
in 6 M HCl and then diluted in distilled water was determined colorimetrically, using a kit produced by
Pointe Scientific, Inc.
Bone histomorphometric studies

The histological specimens were prepared from right
femoral and tibial bones as previously described [14,
15]. Histomorphometric measurements were made
using an Optiphot-2 microscope (Nikon), connected
through an RGB camera (Cohu) to a personal computer (program Lucia G 4.51, Laboratory Imaging),
with final magnifications of 200 and 500 times, and
a lanameter (magnification 50 times).
The periosteal and endosteal transverse growth and
the width of the endosteal osteoid were determined in
transverse cross-sections made from the tibial diaphysis. The area of the transverse cross-section of the cortical bone and the area of the transverse cross-section
of the marrow cavity were measured in transverse
cross-sections made from the femoral diaphysis at the
mid-length of the femur. In the longitudinal preparation from the femur, the width of epiphyseal cartilage
and the width of trabeculae in the epiphysis and metaphysis were measured.
Biochemical studies

Serum osteocalcin levels were determined using an
enzyme immunoassay (Rat-MID™ Osteocalcin EIA,
Immunodiagnostic Systems Ltd.). Osteoclast-derived

serum tartrate-resistant acid phosphatase form 5b
(TRACP 5b) levels were determined by a solid-phase
immunofixed enzyme activity assay (RatTRAP™ Assay, Immunodiagnostic Systems Ltd.).
Statistical analysis

Results are presented as the mean ± SEM. One-way
ANOVA followed by Duncan’s test or, when appropriate, Kruskal-Wallis ANOVA followed by MannWhitney U test were used to evaluate the statistical
significance of the results. The results obtained in
each experimental group were compared with those of
the control rats. Moreover, the results obtained in rats
receiving prednisolone and propranolol concurrently
were compared with those of rats receiving prednisolone
or propranolol alone.

Results
Effects of prednisolone

After a 4-week administration of prednisolone 21hemisuccinate sodium salt (7 mg/kg, sc daily) to male
rats, body mass gain and adrenal gland mass significantly decreased (Tab. 1). The mass of bones immediately after isolation, mass of lyophilized bones, mass
of bone mineral and calcium content in the bone mineral were not significantly affected in comparison to
the control group (data not shown). The ratios of bone
mass, lyophilized bone mass and bone mineral mass
to the body mass and the ratio of bone mineral mass to
bone mass slightly tended to increase or were unaffected (Tab. 2, data for the tibia not shown).

Tab. 1. Effects of prednisolone 21-hemisuccinate sodium salt (7 mg/kg, sc daily) and propranolol hydrochloride (10 mg/kg, ip daily) administered for 4 weeks on body mass gain and mass of adrenal glands and in rats

Parameter/Group

Control

Prednisolone

Propranolol

Body mass at the start of drug administration (g)

365.1 ± 8.9

370.4 ± 12.6

363.6 ± 9.1

15.9 ± 5.3

–7.9 ± 4.5*

11.6 ± 4.5

0.046 ± 0.003

0.034 ± 0.003*

0.047 ± 0.005

Body mass gain after 4 weeks (g)
Adrenal mass (g)

Prednisolone + propranolol
364.3 ± 7.9
–22.3 ± 3.2*** = >>>
0.038 ± 0.003

Results are presented as the mean ± SEM (n = 8–10). One-way ANOVA followed by Duncan’s test or, when appropriate, Kruskal-Wallis ANOVA
followed by Mann-Whitney U test was used to evaluate the significance of the results. * p < 0.05, *** p < 0.001 when compared to the control
rats. = p < 0.05 when compared to the rats receiving prednisolone, >>> p < 0.001 when compared to the rats receiving propranolol
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Tab. 2. Effects of prednisolone 21-hemisuccinate sodium salt (7 mg/kg, sc daily) and propranolol hydrochloride (10 mg/kg, ip daily) administered for 4 weeks on bone mass and mineralization in rats

Parameter/Group

Control

Prednisolone

Propranolol

Prednisolone +
propranolol

Femur

0.283 ± 0.004

0.288 ± 0.003

0.270 ± 0.006*

0.308 ± 0.003*** == >>>

L-4 vertebra

0.090 ± 0.002

0.093 ± 0.002

0.084 ± 0.004

0.092 ± 0.003

Femur

0.197 ± 0.003

0.203 ± 0.002

0.189 ± 0.003

0.219 ± 0.002*** === >>>

L-4 vertebra

0.057 ± 0.001

0.060 ± 0.002

0.053 ± 0.002

0.062 ± 0.002>>

Femur

0.120 ± 0.002

0.124 ± 0.001

0.116 ± 0.002

0.133 ± 0.002** == >>>

L-4 vertebra

0.032 ± 0.001

0.034 ± 0.001

0.031 ± 0.001

0.036 ± 0.001* >>>

Femur

0.426 ± 0.004

0.432 ± 0.004

0.432 ± 0.008

0.432 ± 0.006

L-4 vertebra

0.362 ± 0.006

0.364 ± 0.004

0.362 ± 0.006

0.391 ± 0.010* == >

Femur

0.611 ± 0.007

0.614 ± 0.005

0.615 ± 0.004

0.608 ± 0.008

L-4 vertebra

0.565 ± 0.006

0.562 ± 0.005

0.572 ± 0.006

0.577 ± 0.009

Femur length (mm)

40.42 ± 0.26

39.98 ± 0.29

39.95 ± 0.35

40.34 ± 0.24

Femur diameter (mm)

3.90 ± 0.04

3.84 ± 0.04

3.64 ± 0.07**

3.88 ± 0.06>>

Bone mass/body mass (g/100 g
of body mass)

Lyophilized bone mass/body mass
(g/100 g of body mass)

Bone mineral mass/body mass
(g/100 g of body mass)

Bone mineral mass/bone mass ratio

Bone mineral mass/lyophilized bone
mass ratio

Results are presented as the mean ± SEM (n = 8–10). One-way ANOVA followed by Duncan’s test or, when appropriate, Kruskal-Wallis ANOVA
followed by Mann-Whitney U test was used to evaluate the significance of the results. * p < 0.05, ** p < 0.01, *** p < 0.001 when compared to
the control rats. == p < 0.01, === p < 0.001 when compared to the rats receiving prednisolone, > p < 0.05, >> p < 0.01, >>> p < 0.001 when compared to the rats receiving propranolol

Tab. 3. Effects of prednisolone 21-hemisuccinate sodium salt (7 mg/kg, sc daily) and propranolol hydrochloride (10 mg/kg, ip daily) administered for 4 weeks on bone mechanical properties in rats

Parameter/Group

Femoral diaphysis

Control

Prednisolone

Propranolol

Prednisolone +
propranolol

Maximal load (N)

155.04 ± 5.23

150.48 ± 6.07

148.67 ± 7.05

157.89 ± 7.85

Displacement for maximal load (mm)

0.698 ± 0.028

0.695 ± 0.031

0.658 ± 0.038

0.716 ± 0.038

Energy for maximal load (J)

0.069 ± 0.005

0.067 ± 0.006

0.061 ± 0.006

0.074 ± 0.007

124.23 ± 5.52

131.44 ± 4.82

115.10 ± 5.06

117.34 ± 5.84

Maximal load (N)

99.82 ± 5.58

88.17 ± 5.68

83.70 ± 7.00

82.45 ± 4.61

Displacement for maximal load (mm)

1.230 ± 0.089

0.925 ± 0.085

1.025 ± 0.111

1.022 ± 0.122

Energy for maximal load (J)

0.075 ± 0.008

0.049 ± 0.004*

0.055 ± 0.007

0.054 ± 0.007

Femoral neck – maximal load (N)

Tibial metaphysis

Results are presented as the mean ± SEM (n = 8–10). One-way ANOVA followed by Duncan’s test was used to evaluate the significance of the
results. * p < 0.05 when compared to the control rats
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Tab. 4. Effects of prednisolone 21-hemisuccinate sodium salt (7 mg/kg, sc daily) and propranolol hydrochloride (10 mg/kg, ip daily) administered for 4 weeks on bone histomorphometric parameters in rats

Parameter/Group

Control

Prednisolone

Propranolol

Prednisolone +
propranolol

8.29 ± 0.21

7.49 ± 0.22*

6.20 ± 0.37***

6.80 ± 0.24***

Periosteal

23.15 ± 2.62

14.13 ± 1.27*

17.14 ± 1.36

13.41 ± 1.18**

Endosteal

8.12 ± 0.31

8.09 ± 0.27

7.50 ± 0.11

9.90 ± 1.32

Transverse cross-sectional area of the cortical
bone in the femoral diaphysis (mm )

6.66 ± 0.25

6.52 ± 0.20

6.08 ± 0.17

6.75 ± 0.40

Transverse cross-sectional area of the marrow
cavity in the femoral diaphysis (mm )

4.28 ± 0.12

3.89 ± 0.18

3.65 ± 0.11**

3.98 ± 0.27

0.392 ± 0.009

0.373 ± 0.012

0.375 ± 0.008

0.371 ± 0.014

Epiphysis

55.0 ± 0.60

43.07 ± 0.82***

44.34 ± 0.98***

43.84 ± 0.70***

Metaphysis

43.84 ± 0.86

36.76 ± 0.74***

37.07 ± 1.22***

36.58 ± 1.01***

83.97 ± 3.62

78.74 ± 4.98

71.34 ± 3.18

69.21 ± 3.56

Width of endosteal osteoid in the tibia (µm)
Transverse growth of the tibia (µm)

Femoral marrow cavity/diaphysis area ratio
Width of trabeculae in the femur (µm)

Width of epiphyseal cartilage in the femur (µm)

Results are presented as the mean ± SEM (n = 8–10). One-way ANOVA followed by Duncan’s test or, when appropriate, Kruskal-Wallis ANOVA
followed by Mann-Whitney U test was used to evaluate the significance of the results. * p < 0.05, ** p < 0.01, *** p < 0.001 when compared to
the control rats

Tab. 5. Effects of prednisolone 21-hemisuccinate sodium salt (7 mg/kg, sc daily) and propranolol hydrochloride (10 mg/kg, ip daily) administered for 4 weeks on serum bone turnover markers in rats

Parameter/Group

Control

Prednisolone

Propranolol

Prednisolone + propranolol

Osteocalcin (ng/ml)

267.0 ± 19.0

238.0 ± 13.8

214.7 ± 10.3*

181.8 ± 8.6*** ==

TRACP 5b (U/l)

3.05 ± 0.12

2.45 ± 0.20*

2.78 ± 0.14

2.38 ± 0.24**

Results are presented as the mean ± SEM (n = 8–10). One-way ANOVA followed by Duncan’s test or, when appropriate, Kruskal-Wallis ANOVA
followed by Mann-Whitney U test was used to evaluate the significance of the results. * p < 0.05, ** p < 0.01, *** p < 0.001 when compared to
the control rats. == p < 0.01 when compared to the rats receiving prednisolone

The excess of glucocorticosteroids significantly
impaired the mechanical properties of the cancellous
bone of the tibial metaphysis: the energy for the maximal load was decreased, and the maximal load and the
displacement for the maximal load tended to decrease
in comparison to the control rats (Tab. 3). Prednisolone administration did not significantly affect the
mechanical properties of the femoral diaphysis and
the femoral neck.
Histomorphometric analysis of the compact bone
showed a decreased osteoid width, periosteal transverse
growth in the tibia and a tendency to decrease the transverse cross-sectional area of the femoral marrow cavity
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after prednisolone administration in relation to the
control group (Tab. 4). In the cancellous bone of the
femur, the width of trabeculae was also decreased.
The serum levels of TRACP 5b significantly decreased and those of osteocalcin tended to decrease
after prednisolone administration in comparison to the
controls (Tab. 5).
Effects of propranolol

Administration of propranolol hydrochloride (10 mg/
kg, ip daily) did not affect the body mass gain and the
mass of the adrenal glands (Tab. 1). The mass of
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bones immediately after isolation, mass of lyophilized
bones, mass of bone mineral (data not shown) and the
ratios of bone mass, lyophilized bone mass and bone
mineral mass to the body mass slightly tended to decrease in comparison to the control group (Tab. 2,
data for the tibia not shown). The ratio of the bone
mass to the body mass and the diameter of the femur
significantly decreased in comparison to the control
rats. Calcium content in the bone mineral was not significantly affected (data not shown).
After administration of propranolol, mechanical
properties of the tibial metaphysis tended to be worse
in comparison to controls (Tab. 3). The maximal load
and the energy for maximal load were strongly decreased; however, the changes did not reach statistical
significance. The unfavorable effects of propranolol
on the mechanical properties of the femoral diaphysis
and neck were not significant.
In the compact bone of the tibia, propranolol decreased the osteoid width and strongly tended to decrease transverse growth. In the femur, propranolol
decreased the transverse cross-sectional area of the
marrow cavity and tended to decrease that of the cortical bone (Tab. 4). Propranolol also decreased the
width of trabeculae (significantly) and epiphyseal cartilage.
Administration of propranolol did not markedly affect serum TRACP 5b levels, but it significantly decreased osteocalcin concentration (Tab. 5).
Effects of concurrent administration of propranolol and prednisolone

Propranolol hydrochloride (10 mg/kg, ip daily) significantly intensified the catabolic effect of prednisolone 21-hemisuccinate sodium salt (7 mg/kg, sc daily)
on body mass, but did not augment adrenal gland atrophy (Tab. 1).
Concurrent administration of propranolol and prednisolone did not significantly affect the mass of bones
immediately after isolation, mass of lyophilized bones
and mass of bone mineral (data not shown) in relation
to controls. However, the ratios of bone mass, lyophilized bone mass and bone mineral mass to the body
mass were increased in comparison to all other groups
of rats (Tab. 2, data for the tibia not shown). In addition, the ratio of bone mineral mass to bone mass in
L-4 vertebra was markedly increased. Calcium content in the bone mineral was not significantly affected
(data not shown).

The effects of concurrent administration of propranolol and prednisolone on mechanical properties of
the tibial metaphysis and femoral neck were similar to
those of propranolol alone (Tab. 3). In addition, the
histomorphometric parameters of rats receiving both
drugs remained similar to those of rats receiving each
of the treatments alone (Tab. 4). Both TRACP 5b and
osteocalcin levels were significantly decreased in
comparison to the control rats (Tab. 5).

Discussion
Suppression of bone formation is a central feature in
the pathogenesis of glucocorticoid-induced osteoporosis. In humans, it occurs in two phases: a rapid,
early phase in which bone mineral density is reduced
possibly due to increased bone resorption, and
a slower, progressive phase in which bone mineral
density decreases due to impaired bone formation [9].
However, low-dose prednisone was reported to decrease bone formation markers and to decrease the
bone resorption marker free urinary deoxypyridinoline in postmenopausal women, indicating the possibility of inhibition of bone resorption [38].
Although glucocorticoid-induced osteoporosis is
the most common type of secondary osteoporosis, and
glucocorticoid excess is one of the most frequently
identified causes of male osteoporosis [20], its experimental rat model is not well established [21]. A recent
study of Ogoshi et al. [25] demonstrated that 6-monthold female rats treated with 20 mg/kg prednisolone
sodium succinate (sc) for 4 weeks were suitable models
for glucocorticoid-induced osteoporosis, with a dominant cancellous bone decrease and reduced bone turnover, both formation and resorption. Our observations
from the current study on male rats of a similar age
(24 weeks) given prednisolone 21-hemisuccinate sodium salt at a dose of 7 mg/kg daily for 4 weeks are
consistent with their results. In our previous study, we
used prednisolone (5 mg/kg, im) in young adult male
rats, which caused changes in bone histomorphometric parameters, including a decrease in bone formation and an increase in bone resorption, but also a too
profound decrease in body mass [14]. Administration
of prednisolone 21-hemisuccinate sodium salt (7 mg/kg,
sc daily) to 6-week-old male rats resulted in only
a moderate decrease in body mass gain and changes in
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some bone histomorphometric parameters, but not in
bone mass and mineralization [17].
In the present study, prednisolone caused adrenal
atrophy due to the inhibition of the hypothalamuspituitary-adrenal axis and exerted a catabolic effect,
that is, a decrease in the body mass. Prednisolone did
not significantly affect bone mass, the mass of bone
mineral and their ratio to the body mass or bone mineralization, but it induced significant changes in the
rat skeletal system, leading to a decline of the mechanical properties of cancellous bone (tibial metaphyses). Because the decrease in body mass induced
by prednisolone was moderate, although the body
mass gain was significantly different from the control
rats, the observed skeletal changes were probably not
the result of body wasting. In histomorphometric
measurements, inhibition of compact bone formation
was demonstrated, including a decrease in periosteal
transverse growth and in the width of the osteoid in
the tibial diaphysis. Bone resorption of the compact
bone seemed to be inhibited because the crosssectional area of the femoral marrow cavity tended to
decrease. In the cancellous bone of the femur, the
width of the trabeculae was profoundly decreased,
which could be due to a decrease in bone formation
and/or an increase in bone resorption. Serum osteocalcin levels, a marker of bone formation, tended to
decrease, and serum TRACP 5b levels significantly
decreased. TRACP 5b is an osteoclastic enzyme; its
level indicates the number of osteoclasts rather than
their activity. The decreased TRACP 5b level can indicate both decreased bone resorption due to a lower
osteoclast number, and a lower number of osteoclasts
due to the bone loss induced by prednisolone treatment. In conclusion, 4-week prednisolone administration caused inhibition of both bone formation and resorption, consistent with a previous study [25].
At present, bisphosphonates (antiresorptive drugs)
are considered to be the first line option for the treatment of glucocorticoid-induced osteoporosis [9–11].
However, because the dominant bone-damaging mechanism in glucocorticoid-induced osteoporosis is the
inhibition of bone formation, we decided to study effects of propranolol, a drug that should stimulate bone
formation and inhibit bone resorption. Propranolol
blocks both b- and b -adrenergic receptors and does
not have any intrinsic sympathomimetic activity [18].
Recent data indicate that the sympathetic nervous system takes part in the regulation of bone metabolism
[13, 19, 36]. In murine osteoblasts, only the presence
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of b -receptors has been reported [36], and the positive effects of b-blockers on the skeletal system in experimental conditions are attributed to b -receptors
[18]. However, in humans, favorable effects on the
fracture rate were reported also after administration of
cardioselective b-blockers (b-receptor antagonists)
[18, 19].
In the present study, we used propranolol hydrochloride at a dose of 10 mg/kg, ip daily. Previously, we
used propranolol hydrochloride at a dose of 10 mg/kg,
po in ovariectomy-induced osteoporosis, which counteracted some changes developing in the skeletal system due to estrogen deficiency [34]. However, to our
surprise, propranolol induced deleterious effects in
the skeletal system of 24-week old male rats.
Administration of propranolol did not affect the
body mass gain in rats, and the ratios of bone mass
and lyophilized bone mass to body mass tended to decrease in comparison to the control rats. However,
there was not a deleterious effect on bone mineralization, because the ratios of bone mineral mass to bone
mass or lyophilized bone mass and calcium content in
the bone mineral were not affected. Histomorphometric measurements demonstrated that propranolol decreased compact bone formation (a decrease in osteoid
width and a strong tendency to decrease periosteal
transverse growth), and bone resorption (a decrease in
transverse cross-sectional area of the marrow cavity).
Serum bone turnover marker measurements confirmed
the inhibition of bone formation (a significant decrease in osteocalcin levels) and demonstrated a slight
tendency to decrease osteoclast number as shown by
TRACP 5b levels. The decrease in trabeculae width
could be due to the inhibition of bone formation and/or
intensification of bone resorption in the cancellous bone.
The changes in bone structure caused a decline in the
mechanical properties of the cancellous bone in tibial
metaphysis. Taken together, the results of the present
study demonstrated a damaging effect of propranolol
hydrochloride (10 mg/kg, ip) on the skeletal system of
mature male rats.
To our knowledge, the deleterious skeletal effects
of propranolol have not been reported so far. The reasons for the damaging skeletal effects of the b-adrenergic blockade can only be speculated. Bonnet et al.
[6] observed that the effect of propranolol on the
skeletal system of ovariectomized rats depended on
the dose used. The best results in counteracting the
development of osteoporosis were demonstrated after
administration of a very low dose (0.1 mg/kg, sc);
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there was a weaker effect with 5 mg/kg, sc and practically no effect with the highest dose (20 mg/kg, sc).
The effect of the lowest dose was consistent with the
early observation of Minkowitz et al. [24] and subsequent studies of Bonnet et al. [3, 4]. There was an attenuated antiosteoporotic effect of propranolol at 10
mg/kg/day po compared to 0.1 and 1 mg/kg/day po in
spontaneously hypertensive rats; however, no deleterious effect of propranolol at 50 and 100 mg/kg/day
po on the trabecular microarchitecture of bones was
reported [31]. Positive effects of propranolol were reported after its use in drinking water (500 mg/l) in rats
with bone changes induced by mechanical unloading
[22] and in other rat studies [1, 42]. In rapidly growing 6-week-old male rats, propranolol hydrochloride
(10 mg/kg/day po) increased bone mineralization
[17]. Propranolol is almost completely absorbed after
oral administration, but it undergoes hepatic first-pass
metabolism [26]. It is possible that impact of the propranolol hydrochloride dose of 10 mg/kg, ip was actually larger than that of 10 mg/kg, po and that propranolol has biphasic effects on the skeletal system,
where it is protective at lower doses and harmful at
higher ones.
Although propranolol nonselectively blocks adrenergic receptors, it seems to have a larger affinity to the
b - than the b-receptor [2]. The role of each receptor
type in bones is not precisely known; however, it was
demonstrated that mice lacking b -receptors and mice
depleted of b-, b - and b!-receptors had higher bone
mass, whereas mice lacking b- and b -receptors had
decreased bone formation indices and lowered cortical bone volume [7, 8, 19]. It seems likely that propranolol at lower doses may block mainly b -receptors in
bone cells and favorably affect the skeletal system,
whereas at higher doses, propranolol may block band b -receptors and decrease bone formation. In fact,
the effects of propranolol in the present study seem to
resemble the phenotype of mice lacking b- and b receptors [7]. The unfavorable effects of propranolol
in the present study could be also connected with its
cardiovascular (hypotensive) effects, which might
have decreased the blood supply to the bone.
Concurrent administration of propranolol and
prednisolone strongly intensified the catabolic effect
of prednisolone on body mass. The dual treatment also
augmented the deleterious effects of both treatments
alone on some skeletal parameters. Profound changes
in the ratios of bone mass and bone mineral mass to

body mass in relation to all other groups of rats resulted mainly from the changes in body mass, yet
slight tendencies observed for rats receiving prednisolone alone in relation to the control group became
strongly significant after the simultaneous administration of both drugs. However, mineralization of the
cancellous bone increased, as measured as the ratio of
bone mineral mass to bone mass in the vertebra. Bone
formation was significantly inhibited and the mechanical properties tended to decline in relation to
control rats. Taken together, propranolol at the dose
used in the present study did not counteract the development of prednisolone-induced changes in the skeletal
system in rats.
The results of the present study, showing the damaging effects of propranolol on the rat skeletal system,
may help to understand the equivocal results of clinical trials. Although favorable associations between
b-blocker use and bone mineral density or fracture
risk were reported in the majority of the human studies [5, 27, 30, 32], some studies found no effect or unfavorable associations [28, 29]. It is possible that badrenergic receptor antagonists exert biphasic effects,
favorable and deleterious, on the skeletal system not
only in rats, but also in humans, depending on the
dose or individual susceptibility.
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