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Abstract The aim of the present study was to study the

effect of combined therapy of teriparatide (PTH) or

strontium ranelate (SR) with whole-body vibration (WBV)

on bone healing and muscle properties in an osteopenic rat

model. Seventy-two rats (3 months old) were bilaterally

ovariectomized (Ovx), and 12 rats were left intact (Non-

Ovx). After 8 weeks, bilateral transverse osteotomy was

performed at the tibia metaphysis in all rats. Thereafter,

Ovx rats were divided into six groups (n = 12): (1) Ovx—

no treatment, (2) Ovx ? vibration (Vib), (3) SR, (4)

SR ? Vib, (5) PTH, and (6) PTH ? Vib. PTH (40 lg/kg

BW sc. 59/week) and SR (613 mg/kg BW in food daily)

were applied on the day of ovariectomy, vibration treat-

ments 5 days later (vertical, 70 Hz, 0.5 mm, 29/day for

15 min) for up to 6 weeks. In the WBV ? SR group, the

callus density, trabecular number, and Alp and Oc gene

expression were decreased compared to SR alone. In the

WBV ? PTH group, the cortical and callus widths,

biomechanical properties, Opg gene expression, and Opg/

Rankl ratio were increased; the cortical and callus densities

were decreased compared to PTH alone. A case of non-

bridging was found in both vibrated groups. Vibration

alone did not change the bone parameters; PTH possessed a

stronger effect than SR therapy. In muscles, combined

therapies improved the fiber size of Ovx rats. WBV could

be applied alone or in combination with anti-osteoporosis

drug therapy to improve muscle tissue. However, in

patients with fractures, anti-osteoporosis treatments and the

application of vibration could have an adverse effect on

bone healing.
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Introduction

Osteoporosis and osteoporosis-related fractures as well as

bone and muscle loss with age are current problems in

human society. The maintenance of bone strength and

density with aging is highly dependent on the maintenance

of adequate muscle mass and function. The loss of muscle

strength leads to physical frailty, which increases the risk

of osteoporotic fracture. However, the role of muscle is

often underappreciated in osteoporotic studies [63].

There are only a few therapeutic options for the treat-

ment of osteoporosis. Bisphosphonate, estrogen, selective

estrogen receptor modulators, denosumab, and a newly

investigated drug Odanacatib (an inhibitor of cathepsin K,

an enzyme involved in bone resorption), which decelerates

bone resorption improving bone mineral density (BMD).

The other drugs are parathyroid hormone (PTH, teri-

paratide) with a bone anabolic effect [14, 23], strontium

ranelate (SR), which promotes bone formation and reduces

bone resorption [12, 40], and an investigated anabolic
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treatment which is based on inhibition of sclerostin, a key

negative regulator of bone formation [36].

The healing of an osteoporotic fracture is characterized

by the impaired mineralization and structure of callus and

diminished biomechanical properties [43, 64]. However,

the anti-osteoporosis drugs have not yet been prescribed

during fracture healing [35].

PTH has been reported to promote fracture healing in a

number of experimental studies [2, 29, 44], whereas muscle

tissue was not influenced [29]. Recently, the effect of

teriparatide on bone healing has been under investigation in

a phase 3 clinical trial in severe osteoporotic women (Eli

Lilly and Company, Indianapolis, IN, USA).

In animal studies, a positive effect of SR on bone repair

has been reported [20, 33, 37, 45]. A few case reports have

shown a favorable effect of SR on fracture healing and

fracture non-union in patients [1, 56]. The effect on muscle

is unknown. SR treatment of osteoporotic patients is now

restricted, and it is recommended only for patients who

have no alternative treatment [15].

Whole-body vibration (WBV) has recently been gaining

interest as a non-pharmacological therapy for osteoporosis

[51]. Vibration treatment primarily evokes reflexive muscle

contractions, improving movement velocity, muscle force,

and power in humans [8]. A meta-analysis of scientific

papers for over 60 years showed that WBV ameliorated

muscle properties and improved hip bone mineral density

in older women [51]. In contrast, the recent clinical study

showed no benefit of WBV on BMD of hip and spine in

elderly women [34]. However, it is known that mechanical

stimulation at the fracture site is essential for bone repair.

In experimental studies, WBV improved bone healing

[31, 53].

Therefore, a combination therapy of anti-osteoporotic

drugs that promotes fracture healing with WBV, which

improves both muscle properties and bone healing, may

have an additive effect, providing benefit to the muscu-

loskeletal system of the osteoporotic organism.

There are few reports on the combination therapy of

WBV with anti-osteoporosis drugs in the literature

[11, 39, 55, 60]. The vibration intensified the positive effect

of alendronate [11] and estrogen or raloxifene [55] on bone

in osteopenic rats. In contrast, WBV did not enhance the

effects of PTH in intact adult mice [39] or the effect of

estrogen in Ovx mice [60]. In the latest study, the vibration

therapy administered as a single or dual treatment with

PTH or SR did not improve lumbar vertebrae and femur in

Ovx rats [24].

The aim of the present study was to reveal the effect of

combination therapy of PTH or SR with WBV on bone

healing and muscle properties in an ovariectomy-induced

osteopenic rat model.

Materials and Methods

Eighty-four 3-month-old female Sprague–Dawley rats

were obtained from Harlan Winkelmann (Borchen, Ger-

many). After a 1-week acclimatization period, 72 rats

were bilaterally ovariectomized (Ovx), whereas twelve

rats were left intact (Non-Ovx) (Fig. 1). After 8 weeks,

bilateral transverse osteotomy was performed at the tibia

metaphysis 7 mm distal to the knee surface in all rats

[29, 54]. Initially, a 5-hole T-shaped titanium plate (57-

05140, Stryker Trauma, Selzach, Switzerland) was fixed

at the ventro-medial aspect of the tibia with the aid of

two screws (proximally and distally), and the other two

holes were drilled but left empty. This procedure

allowed the correct repositioning of the osteotomized

bone. Thereafter, the distal screw was removed, the plate

was moved to the side, and an osteotomy gap of 0.5 mm

was generated using a pulsed ultrasound saw (Piezo-

surgery�, Mectron Medical Technology, Carasco, Italy).

Finally, the osteotomized bone ends were fixed by the

plate and four screws: two proximal (7 and 6 mm in

length) and two distal screws (4 and 5 mm in length).

Ovariectomy and osteotomy were performed under

intraperitoneal ketamine (Medistar, Aschenberg, Ger-

many) and xylazine (Ecuphar GmbH, Greifswald, Ger-

many) anesthesia [100 and 7 mg per kg of body weight

(BW), respectively]. During osteotomy, rats were treated

subcutaneously with a single dosage of 0.25 mL antibi-

otics (Veracin�-compositum, Albrecht GmbH, Aulendorf,

Germany), 4 mg/kg BW perphenazine (Decentan, Merck,

Darmstadt, Germany), and 5 mg/kg BW carprofen (Ri-

madyl�, Pfizer GmbH, Berlin, Deutschland). Carprofen

was given once a day for 2 days post osteotomy.

Rats received a soy-free diet (Ssniff special diet GmbH,

Soest, Germany) throughout the experiment. All animals

had free access to food and water throughout the experi-

ment. Body weight (BW) and food intake were recorded on

a weekly basis.

After osteotomy, Ovx rats were divided into six groups,

each of 12 rats: (1) Ovx—no treatments, (2) Ovx ? vi-

bration treatment (Vib), (3) SR, (4) SR ? Vib, (5) PTH,

and (6) PTH ? Vib (Fig. 1). The Non-Ovx group was left

untreated. Treatments with PTH and SR were started on the

day of ovariectomy, whereas vibration treatments 5 days

later.

SR (Protelos, Servier, France) was added to the soy-free

diet (10.5 g/kg of food) at the established dose [20, 33, 37]

by Ssniff special diets GmbH. A daily dosage of SR

averaged 217 ± 32 mg/rat in the SR group and

228 ± 31 mg/rat in the SR ? Vib group (613 mg/kg BW

on average in both groups).

M. Komrakova et al.: The Effect of Vibration Treatments Combined with Teriparatide… 409

123



PTH (teriparatide, 1–34 human, Sigma-Aldrich Chemie

GmbH, Schnelldorf, Germany) was initially dissolved in

1 % acetic acid, diluted with 0.9 % saline, and applied at a

daily dosage of 40 lg/kg BW [29], s.c. in 0.2 ml volume

59/week.

Vertical vibration treatments were started 5 days after

osteotomy using the following vibration regime: 70 Hz

frequency, 0.5 mm amplitude, twice a day for 15 min for

37 days (79/week). The rats were vibrated in a plastic cage

fixed to the vibration desk with two alternating current

engines (Vibra Maschinenfabrik Schultheis GmbH & Co,

Offenbach, Germany) [32]. Non-vibrated rats from Non-

Ovx and Ovx groups were maintained in the same room

during vibration sessions and placed in the vibration

apparatus while it was in the off state. The acceleration

measured on the cage bottom was 3 g, whereas the trans-

mitted acceleration rate was 0.3 g recorded on the back of

the rat. The measurements were done using a handheld

vibration monitoring system (SWM 3000, REO Electronic,

Berlin, Germany) as described previously [32]. The applied

vibration regime has intensified the effect of raloxifene and

estrogen, improving bone healing in Ovx rats [55].

To control the changes in bone following ovariectomy,

peripheral quantitative computed tomography (pQCT) was

performed in vivo in isoflurane-anesthetized rats (five rats

per group) using the pQCT device (XCT Research SA,

Stratec Medizintechnik GmbH, Pforzheim, Germany). The

forth lumbar vertebral body (L4) was scanned at the

beginning of the experiment (prior to Ovx), at week 8 after

Ovx (prior to osteotomy), and at the end of the experiment

(6 weeks after osteotomy). The scan protocol was as fol-

lows: 90 mm measurement diameter, 0.2 mm voxel size,

90 s scan time, \0.3 mA anode current, 50 kV high volt-

age, 180 number of projections, and 1� angle between

detectors. The total bone mineral density (BMD, mg/cm3)

was assessed with the aid of the XCT-6.20C software

(Stratec Medizintechnik GmbH, Pforzheim, Germany) at a

threshold of 280 mg/cm3. The tibia could not be analyzed

because of the osteosynthesis material (titan plate and

screws).

Fluorescent dyes were applied in vivo to label the new

bone formation. Xylenol orange (XO, 90 mg/kg BW),

calcein green (CG, 10 mg/kg BW), alizarin complexon

(AC, 30 mg/kg BW), and tetracycline (TC, 25 mg/kg BW)

were applied subcutaneously on days 12, 22, 32, and 42

after osteotomy, respectively. One hour after tetracycline

injection (day 42 post osteotomy), CO2-anesthetized rats

were decapitated.

Serum was collected for further analyses. Total alkaline

phosphatase (Alp) and creatine kinase (Ck) were measured

at the Department of Clinical Chemistry, Medical

University, Goettingen, Germany. The analyses were done

using Architect c16000 analyzer (Abbott, Wiesbaden,

Germany). Alp activity was measured by the para-nitro-

phenyl phosphate method at 404 nm, and creatine kinase

was assayed by the N-acetyl-L-cysteine method at 340 nm

according to the manufacturer’s instructions (Architect/

Aeroset, Abbott). Collagen type 1 cross-linked C-telopep-

tide, Ctx (RatLapsTM CTX-I EIA, Immunodiagnostic

Systems GmbH, Frankfurt am Main, Germany), was

measured by enzyme-linked immunosorbent assays

(ELISA) intended to use for rat serum.

The musculus soleus (MS), M. gastrocnemius (MG),

and M. longissimus (ML) were chosen randomly (left or

right) for histological or enzyme analysis. The entire MG

and MS were weighed and cut into two parts in the middle

across the muscle. One half of the muscle and the block of

ML (1 cm3) were immersed in liquid nitrogen and stored at

-80 �C until further analyses. One tibia chosen randomly

was stored at -20 �C until micro-computed tomographic,

Day 0              Day 12                      Day 22                  Day 32             Day 42 

Ovariectomy Osteotomy                                          Fluorochromes
XO                          CG                         AC                       TC 

Sacrifice 

Groups
1

2 
3 
4 
5 
6 
7 

Non-Ovx 
 Ovx  

Age 12 wks                                                   20 wks                                                                                                                                 26 wks

Ovx                                       Vib                     
Ovx                                       SR                     
Ovx                                       SR+Vib                     
Ovx                                       PTH                     
Ovx                                       PTH+Vib                     

Fig. 1 Schematic flowchart of the experiment. Rats (12 weeks old)

were either ovariectomized (Ovx) or left intact; after 8 weeks, they

underwent bilateral tibia osteotomy and were divided into groups

(n = 12): 1 Non-Ovx, 2 Ovx—no treatments, 3 Ovx ? vibration

treatment (Vib), 4 SR, 5 SR ? Vib, 6 PTH, and 7 PTH ? Vib.

Treatments with PTH (40 lg/kg BW/day) and SR (613 mg/kg BW)

were started on the day of ovariectomy, with vibration 5 days later.

Fluorochrome labeling of new bone formation was performed on days

12, 22, 32, and 42 after osteotomy (XO, CG, AC, and TC). Arrows

indicate the labeling of the callus which was built during the

corresponding time period
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biomechanical, and histological analyses. Metaphyseal

clips of other tibia containing callus tissue were stored at

-80 �C for gene expression analyses. The uterus was

extracted and weighed.

Bone Healing Analyses

Tibia stiffness and yield load were determined by a 3-point

bending test using a Zwick devise (type 145660 Z020/

TND, Zwick/Roell, Ulm, Germany), as described previ-

ously [55].

The test was automatically stopped by the software

(testXpert, Zwick/Roell) before structural destruction of

the callus occurred.

Micro-computed tomographical analysis was performed

using an eXplore Locus SP-Scanner (GE Healthcare,

Ontario, Canada), as reported earlier [33, 55]. Briefly, the

scan protocol was as follows: 72 kVp, 90 lA, 1600 ms

exposure time, 360� rotation, 0.029 mm pixel size, and 900

views. The 3D reconstruction was performed with the aid

of the MicroView-Program (v2.1.2, GE Healthcare). The

3D measurement area extended 2.5 mm proximally and

distally from the osteotomy line. The standard thresholds

for the callus and cortical bone were applied for all sam-

ples. The following parameters were quantified: total vol-

ume (TV), bone volume (BV), bone volume fraction (BV/

TV), cortical and callus volumes (Ct.V and Cl.V), total

mineral density (Tt.BMD), and callus and cortical densities

(Cl.BMD, Ct.BMD) [9].

For histological analyses, 150-lm-thick longitudinal

sections of tibia embedded in methyl methacrylate (Merck)

were prepared [29]. The time of the incidence of osseous

bridging of the osteotomy gap was determined visually

(Leica microscope, Leitz DM RXE) by analyzing fluo-

rochrome-labeled callus tissue using at least 10 sections of

each tibia. The three central sections were further analyzed

quantitatively [29] using the QWin image analysis program

(Leica, Bensheim, Germany). The measurement area was

similar to that assessed in micro-CT analysis. Additionally,

it was divided into three regions of interest: (1) ventral

(plate side), (2) dorsal, and (3) endosteal parts of the tibia.

The callus area (lm2) was measured according to the flu-

orescence labeling. The xylenol orange-labeled area was

relatively small and, therefore, measured along with the

calcein-labeled area. The total callus (Tt.Cl) area was

calculated as a sum of the three regions of interest.

The microradiographs of the three central sections were

done using the Faxitron Cabinet X-ray system (Hewlett-

Packard, Buffalo Grove, IL, USA) and Kodak Industrex

film (SR45, 100 NIF, Kodak, Paris, France). Using

microradiographs, the cortical width (Ct.Wi) and density

(Ct.Dn) distal to the osteotomy line, the periosteal callus

width (Cl.Wi) and density (Cl.Dn), the trabecular density

(Tb.Dn), the trabecular width (Tb.Wi), and the trabecular

number (Tb.N/mm2) were measured with the aid of QWin

image analysis program. The density was determined as a

percentage of calcified tissue area to the total area of cer-

tain bone region [29, 53]. The nomenclature used for the

histomorphometry was that used by Dempster et al. [13].

Expression of the following genes was analyzed: alka-

line phosphatase (Alp), osteocalcin (Oc), tartrate-resistant

acid phosphatase (Trap), receptor activator of nuclear

factor j-B ligand (Rankl), and osteoprotegerin (Opg).

Analysis was done by quantitative real-time polymerase

chain reaction based on SYBR Green detection using

iCycler (CFX96, Bio-Rad Laboratories, Munich, Ger-

many). Frozen samples were homogenized using a micro-

dismembrator S (Sartorius, Goettingen, Germany). Total

cellular RNA was extracted using the RNeasyTM MiniKit

(Qiagen, Hilden, Germany) and then (50 ng) was reverse-

transcribed using SuperscriptTM RNase H-reverse tran-

scriptase (Promega, Mannheim, Germany). Ready-to-use

primer pairs were obtained from Qiagen (QuantiTect�

Primer Assays, Hilden, Germany). The relative gene

expression was calculated using the 2�DDCt method [38] for

each gene of interest (DDCt = (Ct treatment group

gene - Ct reference gene b-2 microglobulin) - (Ct Non-

Ovx group gene - Ct reference gene).

Fifty micrograms of homogenized metaphyseal clip of

the tibia was used for the assessment of calcium and

strontium contents. The analysis was done using an atomic

absorption spectrometer (4100, PerkinElmer, Germany).

Samples were prepared according to CEN [10].

Muscle Analyses

Frozen cross sections of muscles (12 lm) were stained

using two methods, as described previously [28]. Stained

sections were analyzed at a magnification of 109 (micro-

scope Eclipse E 600) using a digital camera (DVC 1310 C,

DVC Company) and image analysis program (Lucia G,

Laboratory Imaging, Version 4.82).

Muscle capillaries were analyzed using sections fixed in

100 % ethanol/chloroform/glacial acid (16:3:1), incubated

in 0.3 % a-amylase (from porcine pancreas), stained in

Schiff’s reagent solution (Roth, Karlsruhe, Germany), and

treated with a 10 % potassium sulfite solution [3]. The

capillaries and fibers found in two randomly selected fields

(0.5 mm2 each) within a cross section were counted. The

ratio of capillaries to the muscle fibers was calculated using

Excel (MS Office 2010).

For the analysis of muscle fibers, sections were fixed in

a 1 % paraformaldehyde solution (pH 6.6) containing 1 %

CaCl2 and 6 % sucrose and further stained by incubation in

a reduced nicotinamide adenine dinucleotide diaphorase
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(NADH diaphorase) solution (pH 7.4), followed by acidic

incubation (pH 4.2) and incubation in adenosine-50-
triphosphate solution (pH 9.4) [26].

The classification of muscle fibers as fast-twitch gly-

colytic (G), fast-twitch oxidative (O), and slow-twitch O

types was done according to Peter et al.’s method [46].

Cross-sectional areas (CSAs) of at least 90 (G) and 90 fast-

twitch O along with slow-twitch O fibers were determined

within three fields of the cross section (1 mm2 each). In the

MS, only O fibers were measured, as the MS mainly con-

sists of these fibers [25].

Muscle enzyme activity was measured using a pho-

tometer (LP6; Hach Lange, Duesseldorf, Germany), as

described previously [30]. Briefly, muscle samples were

powdered using the micro-dismembrator S and then

homogenized in ice-cold Chappel–Perry medium (0.1 M of

KCl, 0.05 M of Tris, 0.01 M of MgCl2�6H2O, 1 mM of

EGTA, pH of 7.5).

Lactate dehydrogenase (LDH) activity was assessed as

described previously [30]. Citrate synthase (CS) activity

was assayed according to Faloona and Srere’s approach

[16]. Complex I activity was assayed according to Hatefi

and Stiggall’s method [21]. Protein content was determined

using a BCATM Protein Assay Kit (Pierce, Rockford, IL), a

multilabel reader (PerkinElmer Precisely Victor X4), and

software version 4.0 (PerkinElmer Life and Analytical

Science, Turku, Finland). The activity of the enzymes was

calculated relative to the protein content.

Myostatin was measured in MG. Frozen muscle samples

were powdered, PBS was added, and then they were used

for ELISA analysis according to the manufacturer’s

instructions (USCN, Life Science Inc. Wuhan, China).

Powdered samples (50 mg) of MG were used for the

assessment of calcium and strontium contents [10].

Statistical Analyses

Statistical analyses were conducted using the SAS program

(SAS version 9.1; SAS Institute, Cary, NC). One-way ANOVA

(F test, P\0.05) was applied to reveal the impact of the

treatments on the respective variables. Differences between

individual means were estimated using the t test (P\0.05) for

multiple comparisons (GLM procedure with Lsmeans/pdiff

statements). Correlation analysis was performed using Graph-

Pad Prism (Version 5.0, San Diego, CA, USA).

Results

Animal Model

The BW remained at a significantly lower level in the Non-

Ovx group compared to all Ovx rats from the second week

onward (Fig. 2a). During the last 4 weeks, the BW in the

SR group was higher than those in Ovx ? Vib and

PTH ? Vib groups.

Food intake in the Non-Ovx group was lower than that

in all untreated Ovx rats, reaching a significant level in the

SR, SR ? Vib, PTH, and PTH ? Vib groups at week 3

and in PTH ? Vib at week 4 after ovariectomy (Fig. 2b).

In the PTH ? Vib group, the food intake was observed at a

lower level than in the SR ? Vib at weeks 10 and 11 after

osteotomy.

A drop in BW and food intake was observed after week

8 when osteotomy was performed.

The uterus weight was significantly lower in all Ovx

groups than that in the Non-Ovx group [24].
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t/d
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450

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

g 
Non-Ovx Ovx Ovx+Vib SR
SR+Vib PTH PTH+Vib

* 
* * 

* * * * 
* * * * 

* * 

g 
cg cg g 

defg   g   e 

 e 
 e 

   0 

Osteotomy 

a 

b 

Fig. 2 a BW (g) and b average food intake (g/rat/day) of ovariec-

tomized (Ovx) or Non-Ovx (week 0) rats treated after osteotomy

(week 8) with either PTH or SR and/or vibration for up to 6 weeks

(week 14). Data are presented as means and SD, (*) differ versus all

other groups, (c) versus Ovx ? Vib, (d) versus SR, (e) versus

SR ? Vib, (f) versus PTH, and (g) versus PTH ? Vib (P\ 0.05,

t test for multiple comparisons)
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Serum Analyses

The Alp level was higher in all Ovx rats than that in the

Non-Ovx rats (Table 1). Vibration treatments significantly

increased the Alp level in rats treated with SR. Ctx and Ck

levels did not differ significantly among the groups

(Table 1).

Bone Analyses

pQCT analyses of L4 made in vivo revealed that at the

beginning of the experiment, the total BMD did not differ

among the rats. The average total BMD was 500 mg/cm3.

At week 8 after ovariectomy, all Ovx rats had a lower

total BMD than Non-Ovx rats (Fig. 3a). At the end of the

experiment, the total BMD improved in all rats treated with

SR and PTH, irrespective of the vibration treatments

(Fig. 3b). In general, the vibration had no effect on bone

density in L4.

Callus bridging of osteotomized bone ends was detected

from week 3 onwards among the groups (Table 2; Fig. 4).

In the Non-Ovx, Ovx, Ovx ? Vib, and PTH groups, the

first callus bridging occurred within 20 and 22 days. In SR-

treated rats and PTH ? Vib group, it was within 24 and

26 days. The differences were not significant between the

groups (P[ 0.05). A case of non-bridging of bone was

observed in both SR and PTH groups that were exposed to

the vibration treatments (Table 2).

Biomechanical properties were diminished in the

Ovx ? Vib, SR, SR ? Vib, and PTH groups compared to

Non-Ovx and PTH ? Vib rats (stiffness) (Table 3). In the

PTH ? Vib group, the yield load did not differ from that in

the Non-Ovx, Ovx, and SR groups. No differences in

stiffness and yield load between the Non-Ovx and Ovx

groups were detected. The standard deviation was very

high in biomechanical test results.

The Ovx and Ovx ? Vib groups had lower Tt.BMD and

BV/TV than the other groups based on micro-CT analysis

(Table 3). SR treatments improved Ct.BMD, irrespective

of vibration treatments, whereas Cl.BMD was higher in the

Non-Ovx, PTH, and PTH ? Vib groups than the others.

Vibration did not change the bone parameters.

The analysis of microradiographs showed that Ct.Wi

increased when PTH was applied in combination with

Table 1 Muscle weight (soleus: MS and gastrocnemius: MG), ratio

of muscle weight to body weight (BW), Alp, Ctx and Ck in serum,

myostatin level in MG, Ca content in MG and at the osteotomy site,

and mRNA expression of bone genes in Non-Ovx rats or Ovx rats

treated either with SR or PTH and/or vibration during 6 weeks of tibia

healing

Parameters Non-Ovx Ovx Ovx ? Vib SR SR ? Vib PTH PTH ? Vib

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

MS W (mg) 138 17 151 24 156 18 167a 23 144 24 153 22 146 19

MG W (mg) 1956 168 2343a 189 2202 150 2153 302 2192 230 2257a 175 2215 203

MS W/BW (mg/g) 0.44 0.05 0.41 0.07 0.44 0.05 0.43 0.05 0.39 0.06 0.42 0.05 0.41 0.05

MG W/BW (mg/g) 6.29 0.37 6.31 0.38 6.18 0.37 5.55 0.60 6.03 0.54 6.22 0.54 6.29 0.55

Total Alp (U/L) 56.0 9.3 99.7a 30.8 110.0a 16.1 107.3ae 24.6 149.7abc 35.4 116.1ae 30.9 132.4a 49.1

Ctx (ng/mL) 6.75 1.11 7.66 1.37 6.80 1.24 8.76 1.74 8.20 1.74 7.98 2.24 6.89 1.33

Ck (U/L) 5712 2045 6264 3593 7428 1949 6425 1655 7790 4235 7296 1313 5208 1343

Myostatin (ng/mL) 29.3 4.9 29.5 3.2 30.4 7.9 27.4 4.4 31.3 4.8 29.7 2.1 30.3 4.0

Ca (mg/g tibia sample) 79.4 7.9 71.3 13.2 69.9 12.5 83.1 22.5 70.0 13.3 79.1 9.3 84.2 21.5

Ca (mg/g MG) 0.58 0.13 0.52 0.15 0.65 0.17 0.65 0.22 0.66 0.22 0.79 0.43 0.58 0.15

mRNA expression (2�DDCt ) at the osteotomy site

Alp 1.12 0.57 2.92a 1.24 3.94a 1.83 5.25ab 2.23 1.29bcd 0.76 3.26ade 1.18 3.0ade 0.98

Oc 1.07 0.45 1.32 0.92 1.95 0.94 2.66ab 1.36 1.45df 0.74 2.83ab 1.23 2.57ab 0.87

Trap 1.07 0.31 1.09 0.63 1.0 0.33 1.0 0.45 1.27 0.57 1.46 0.30 1.10 0.40

Opg 1.08 0.40 0.70 0.22 1.05 0.23 0.98 0.29 0.64ac 0.24 0.91 0.36 1.57* 0.69

Rankl 1.05 0.24 1.16 0.57 2.43ab 0.75 1.85ab 0.58 1.72ac 0.70 1.50c 0.46 1.20c 0.62

Opg/Rankl 1.03 0.32 0.68 0.28 0.49a 0.26 0.57a 0.19 0.40a 0.17 0.59a 0.06 1.47* 0.85

At least ten replications per group were done

SD standard deviation

Means with superscripts differ significantly: aversus Non-Ovx, bversus Ovx, cversus Ovx ? Vib, dversus SR, eversus SR ? Vib, fversus PTH,
gversus PTH ? Vib, *versus others (P\ 0.05, t test for multiple comparisons)
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vibration (PTH ? Vib) more than that in the PTH, Ovx,

Non-Ovx, and SR ? Vib groups (ventral aspect, Table 3).

In the Ovx-Vib and two SR groups, it was higher than that

in Non-Ovx rats. Ct.Dn decreased in vibrated Ovx and PTH

rats. SR did not affect Ct.Dn at ventral and dorsal aspects.

Cl.Wi did not change among the groups, whereas Cl.Dn

improved after PTH treatments; however, it was at a lower

level in the PTH ? Vib group (dorsal, endosteal, Table 3).

In the Ovx group, vibration decreased the callus density as

well (ventral). After SR treatments, Cl.Dn remained at the

lower level in Ovx rats and vibration decreased it

(endosteal).

Tb.Dn, Tb.Wi, and Tb.N were lower in all Ovx groups

than those in the Non-Ovx group, irrespective of treatments

(Table 3). In the SR ? Vib group, Tb.Dn decreased sig-

nificantly compared to the SR non-vibrated group. In

general, PTH had a stronger anabolic effect than SR on

bone parameters (Ct.Wi, Cl.Dn, Tb.Dn, Tb.Wi, Tb.N).

The analysis of fluorochrome-labeled sections revealed

the significant effect of treatments during the first 3 weeks

of healing (CG and AC) (Fig. 5b, c). An increase in the

callus area was observed in Ovx rats after vibrations at the

dorsal aspect and by the analysis of the total callus

(Fig. 5b, d). At the ventral aspect, no differences were

observed (Fig. 5a). A strong anabolic effect of PTH was

observed by the assessment of dorsal, endosteal, and total

callus areas. SR did not change the callus area compared to

the Ovx group. In SR and PTH groups, vibration had less of

an effect on the callus areas studied.

Alp mRNA production was significantly higher in

almost all groups (excepting SR ? Vib) than that in the

Non-Ovx group (Table 1). Oc gene expression was

enhanced in the SR, PTH, and PTH ? Vib groups com-

pared to the Non-Ovx and Ovx groups. Vibration decreased

both Alp and Oc gene expression in the SR group.

Expressions of the Opg gene and the Opg/Rankl ratio were
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a b Fig. 3 Results of the pQCT

measurements made in vivo.

Total BMD a of L4 prior to the

treatments (week 8) and b at the

end of the experiment (week

14). Means with superscripts

differ significantly: aversus

Non-Ovx, bversus Ovx, and
cversus Ovx ? Vib (P\ 0.05,

t test for multiple comparisons).

Dashed line total BMD

(500 mg/cm3) at the beginning

of the experiment (week 0)

Table 2 Day at which first osseous callus bridging occurs in Non-Ovx rats or Ovx rats treated either with SR or PTH and/or vibration during

6 weeks of tibia healing determined using fluorochrome-labeled sections of tibia

Non-Ovx Ovx Ovx ? Vib SR SR ? Vib PTH PTH ? Vib

Day of bridging 20 27 20 25 23 18 19

20 20 23 22 20 22 20

14 16 34 20 24 20 20

20 20 21 32 40 21 41

14 14 18 24 20 25 34

19 21 19 14 19 26 None

29 26 24 42 32 21 30

22 22 21 20 20 18 14

20 24 23 None 20 18

24 21 34 30 20 20

21 20 30 20

Average (range) 20 (14–29) 21 (14–27) 22 (18–34) 25 (14–42) 26 (19–40) 21 (18–26) 24 (14–41)

Total n 8 10 11 11 10 11 9
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the highest in the PTH ? Vib group, whereas in the

SR ? Vib group these parameters were lower than those in

the Non-Ovx group. Rankl gene expression significantly

increased in the Ovx ? Vib group; Trap mRNA production

did not differ among the groups (Table 1).

Ca content did not change between the groups (Table 1).

SR content was 1.07 ? 0.26 and 0.95 ? 0.22 mg/g sample

in the SR and SR ? Vib groups, respectively.

Muscle Analyses

In general, MW was higher in all Ovx rats than that in Non-

Ovx rats, reaching a significant level in the SR group for

MS and in the Ovx and PTH groups for MG (Table 1).

After MW was expressed relative to BW, the differences

between the groups were not detected. Correlation analysis

revealed a significant relationship between MW and BW

for both muscles weighed (MS and MG) (Table 4).

In ML, the CSA of glycolytic fibers increased signifi-

cantly in the SR groups compared to the Non-Ovx,

Ovx ? Vib, and PTH rats (Table 5). The CSA of oxidative

fibers as well as capillary density did not differ between the

groups.

In MS, the CSA of oxidative fibers was larger in Ovx,

SR, and PTH groups than that in Non-Ovx group (Table 5).

After vibration treatments in the PTH ? Vib group, the

CSA decreased compared to that in the PTH, Ovx, and SR

groups. Capillary density did not differ between the groups.

In MG, the CSA of oxidative fibers increased in the Ovx

and PTH ? Vib groups compared to the Non-Ovx group,

whereas after PTH treatment alone a smaller CSA was

observed (vs. PTH ? Vib and Ovx) (Table 4). The size of

glycolytic fibers did not change among the groups. The

capillary density was higher in the Ovx, SR, and SR ? Vib

groups than that in the Non-Ovx group (Table 5). After

PTH treatment of Ovx rats, it increased significantly. In

vibrated Ovx rats, capillary density decreased to the level

of Non-Ovx groups, being significantly different from all

Ovx groups. Vibration in the SR and PTH groups did not

change the capillary density.

Correlation analysis of CSA and capillary density with

BW showed a significant relationship between these vari-

ables in MG and MS (Table 4). In ML, a significant rela-

tionship was detected between the CSA of glycolytic fibers

and BW, whereas other parameters did not correlate

significantly.

a b 

c d 

Fig. 4 Representative images of callus bridging in fluorescence-

labeled sections of the tibia. White rectangle indicates the site of the

first bridging: a day 14—CG bridging, group Non-Ovx; b day 27—

AC bridging, group Ovx; c day 34—TC bridging, group SR, and

d day 40—TC bridging, group SR ? Vib
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The analysis of enzymes LDH, CS, and Complex I

revealed no significant differences among the treatment

groups in all 3 muscles studied (Table 5).

The myostatin level in serum did not change signifi-

cantly among the groups (Table 1). The Ca content did not

differ between the groups (Table 1). SR was not detected in

MG.

Discussion

The present study examined the effect of WBV applied in

combination with anti-osteoporosis drugs, PTH or SR, on

bone healing and muscle tissue in ovariectomy-induced

osteopenic rats. Ovariectomy was confirmed by a lower

uterus weight in Ovx rats [24], whereas bone loss was

confirmed by pQCT analysis of lumbar vertebral bodies.

Bone Healing

The present study showed that the vibration treatments

combined with SR therapy decreased the callus density,

trabecular number, and expression of Alp and Oc genes,

whereas other bone parameters were not changed. When

the vibration was applied in PTH-treated rats, the cortical

and callus widths were enlarged, biomechanical properties

were improved, and Opg gene expression and Opg/Rankl

ratio were increased. In the lumbar spine, vibration com-

bined with PTH or SR did not change the bone parameters.

In a previous study, we have shown that the same

vibration regime intensified the effects of estradiol and

Table 3 Biomechanical, micro-CT, and microradiographic analyses of the tibia at the osteotomy site at the ventral, dorsal, and endosteal regions

in Non-Ovx rats or Ovx rats treated either with SR or PTH and/or vibration during 6 weeks of tibia healing

Parameters Non-Ovx Ovx Ovx ? Vib SR SR ? Vib PTH PTH ? Vib

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Biomechanics

Stiffness (N/mm) 120.2 72.2 83.4 31.6 57.9ag 22.7 71.8ag 28.2 61.5ag 36.8 77.5ag 38.0 114.2 66.0

Yield load (N) 69.8 44.0 46.3 24.0 37.3ag 12.4 52.3 24.7 44.5ag 22.7 45.7g 18.5 71.3 32.9

Micro-CT

Tt. BMD (mg/cm3) 617bc 83 509 46 500 33 585bc 57 566bc 33 606bc 58 572bc 86

BV/TV 35bc 11 22 7 20 5 33bc 8 32bc 5 33bc 11 29bc 13

Ct.BMD (mg/cm3) 927 32 909 26 902 20 945bc 39 949bc 16 915de 25 911de 40

Cl.BMD (mg/cm3) 416 27 364a 16 368a 23 372afg 28 354afg 17 421bc 16 340bc 35

Microradiography

Ventral

Ct.Wi (mm) 0.73 0.18 0.77 0.20 0.87a 0.22 0.87a 0.23 0.80g 0.14 0.80g 0.22 0.92ab 0.26

Ct.Dn (%) 99.9 0.2 99.8 0.6 99.1ab 1.2 99.3 2.0 99.6 0.9 99.9cg 0.2 99.2ab 1.2

Cl.Wi (mm) 0.75 0.23 0.84 0.29 0.93 0.45 0.71 0.21 0.77 0.26 0.80 0.29 0.72 0.21

Cl.Dn (%) 83.9 6.9 79.8 9.2 70.4ab 12.1 74.0a 15.5 74.5af 14.1 85.7cd 12.7 80.6cd 12.2

Dorsal

Ct.Wi (mm) 0.91 0.18 0.82 0.21 0.88 0.23 0.87 0.20 0.94 0.26 0.99 0.28 0.91 0.19

Ct.Dn (%) 100.0 0 99.7 0.6 99.9 0.2 99.9 0.2 99.7 1.1 99.8 0.8 100.0 0.1

Cl.Wi (mm) 0.99 0.43 1.14 0.48 1.58ab 0.66 1.15cg 0.60 1.28c 0.36 1.18cg 0.35 1.50ab 0.57

Cl.Dn (%) 87.9 4.9 79.3a 11.7 78.2afg 11.1 80.0afg 14.6 74.6afg 13.5 93.0b 2.9 85.6bf 7.5

Endosteal

Cl.Dn (%) 87.7 12.4 78.8a 13.2 83.0 9.6 81.5e 14.1 70.1abc 15.9 91.9cde 7.8 84.3ef 13.7

Tb.Dn (%) 59.5 22.8 16.4a 12.5 20.3a 20.7 25.6a 22.6 13.8ad 8.2 19.1a 13.5 24.9ae 22.9

Tb.Wi (lm) 7.2 2.0 4.1a 1.8 4.1a 1.8 4.7a 2.0 3.6ag 1.2 4.4a 1.4 5.0a 3.0

Tb.N/mm2 4.2 1.6 1.0a 1.2 1.0a 1.0 1.6a 1.5 0.8ag 0.8 1.1a 1.0 1.5a 1.4

At least eight replications per group were done

SD standard deviation

Mean with superscripts differ significantly: aversus Non-Ovx, bversus Ovx, cversus Ovx ? Vib, dversus SR, eversus SR ? Vib, fversus PTH,
gversus PTH ? Vib (P\ 0.05, t test for multiple comparisons)
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raloxifene, increasing the cortical and cancellous bone

volume at the osteotomy site in osteopenic rats [55], which

was determined by micro-CT analysis. Although micro-CT

is accepted as a modern method for analyses of bone

structure and biomechanical tests could provide additional

data on bone quality, histological evaluation is indispens-

able, particularly for the analysis of bone healing.

In the present study, the detailed histological analyses

revealed that PTH therapy combined with vibration

decreased cortical and callus densities. Moreover, a case of

non-bridging was recorded after both combination thera-

pies (PTH ? Vib and SR ? Vib). Biomechanical proper-

ties were improved only when compared with the PTH

group and did not differ from impaired Ovx tibia.

Biomechanical analysis of the callus produced highly

variable results (a coefficient of variation over 40 %). This

is a known phenomenon for experimental fracture models

[33].

There are few other reports on the impact of combina-

tion therapy on bone [11, 39, 60]. WBV and PTH in

combination did not enhance the bone anabolic effects of

PTH in intact adult mice [39]. The vibration enhanced the

positive effect of alendronate on the bone structure and

strength of intact tibiae in ovariectomized rats [11]. In

estrogen-supplemented Ovx mice, vibration did not

improve fracture healing, but rather counteracted the pos-

itive effect of estrogen on bone [60]. The vibration

regime applied in the present study in combination with

PTH or SR did not affect lumbar spine and femur param-

eters [24].

The hormonal level was shown to influence the response

of fracture healing to the vibration. Estrogen-deficient rats

were more sensitive to the mechanical stimulations than
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Fig. 5 Callus area (lm2) measured in fluorescence-labeled sections

of the tibia divided into ventral (a), dorsal (b), and endosteal

(c) regions in Non-Ovx and Ovx rats treated either with PTH or SR

and/or vibration. d Total callus area (lm2). CG calcein green stained

area, AC alizarin complexon, TC tetracycline. Means differ signifi-

cantly: (a) versus Non-Ovx, (b) versus Ovx, (c) versus Ovx ? Vib,

(d) versus SR, (e) versus SR ? Vib, (f) versus PTH, (g) versus

PTH ? Vib (P\ 0.05, t test for multiple comparisons)

Table 4 Correlations of weight (W) of muscles

Correlations Pearson r P

ML (n = 76)

CSA G—BW 0.378 \0.0001

CSA O—BW 0.129 0.07

Capillary ratio—BW 0.190 0.09

MG (n = 74)

MG W—BW 0.620 \0.0001

CSA G—BW 0.234 0.001

CSA O—BW 0.145 0.04

Capillary ratio—BW 0.379 0.0006

MS (n = 76)

MS W—BW 0.503 \0.0001

CSA O—BW 0.346 \0.0001

Capillary ratio—BW 0.241 0.02

ML, M. longissimus; MG, M. gastrocnemius; MS, M. soleus; CSA,

cross-sectional area, capillary density, and BW assessed by Pearson’s

coefficient (r), two-tailed P value
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intact rats [53]. In healthy mice, vibration disturbed frac-

ture healing, whereas in Ovx mice it was improved [60]. It

has been suggested that the osteoanabolic effect of vibra-

tion in Ovx mice might be mediated by estrogen receptor

(ER) a, whereas ERb might be responsible for impairments

of bone healing in Non-Ovx mice [60]. Furthermore, Opg

gene, as a target gene of WNT-b-catenin signaling, which

is crucial for bone formation and healing, was found to be

down-regulated in the impaired bone healing of Ovx mice

[4, 60]. In the present study, combined treatment of PTH

and vibrations increased the expression of osteoclast reg-

ulatory gene Opg and the Opg/Rankl ratio. These findings

do not correspond to the changes found in the structure and

the biomechanical properties of tibiae in these rats because

this may cause an inhibition of osteoclastogenesis and lead

to slower healing.

SR ? Vib treatments decreased osteoblast activity (Alp

and Oc mRNA) at the osteotomy site, whereas serum total

Alp activity was enhanced after vibration in SR rats. The

differences in the expression of serum markers of bone

turnover and mRNA expression of bone genes have been

previously reported [29, 31, 33]. First, the measurements

are limited to one point in time and the dynamics remain

unknown. Second, mRNA expression does not always

correspond directly to the level of protein synthesis

[41, 59]. Third, total Alp was measured in serum as a

commonly used laboratory test, which includes not only

bone-specific Alp [48].

When vibration was applied alone, bridging and most of

other bone parameters were not affected; solely the callus

area and its width were increased at the dorsal aspect of the

tibia (the site opposite to the plate fixation). No effect of

vibration on bridging has previously been observed in Ovx

rats [31]. Periosteal callus formation could be stimulated by

micro-movements produced by the vibration treatments,

which are known to be essential for sufficient callus for-

mation [52]. Increased periosteal growth of cortical bone

has also been reported for Ovx rats [57].

Table 5 Cross-sectional area (CSA) of glycolytic (G) and oxidative

(O) fibers and number of capillaries per muscle fiber in M.

longissimus (ML), M. soleus (MS), and M. gastrocnemius (MG) of

Non-Ovx or Ovx rats treated with either SR or PTH and/or vibration

(Vib) during 6 weeks of tibia healing

Parameters Non-Ovx Ovx Ovx ? Vib SR SR ? Vib PTH PTH ? Vib

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

ML

CSA, G (lm2) 4923 1108 5381 1258 4980d 891 5919a 1832 5310 1062 5022d 896 5379 1284

CSA, O (lm2) 2067 559 2080 618 1796 284 1984 679 1759 429 1834 331 1949 411

Capillaries/fiber 1.81 0.20 2.12 0.19 1.98 0.24 1.96 0.32 2.04 0.14 1.96 0.23 2.00 0.31

LDH (U/mg) 24.3 5.5 25.7 3.3 27.6 4.7 24.8 4.4 26.1 4.7 25.9 6.6 28.4 5.1

CS (U/g) 49.9 18.8 47.0 19.3 55.8 13.4 49.9 11.7 45.6 15.7 48.1 16.9 47.8 20.2

Complex I (U/g) 3.3 1.5 3.3 1.6 3.7 1.9 3.6 0.6 4.4 2.4 3.0 1.4 3.0 1.8

MS

CSA, O (lm2) 3299 633 3949a 858 3614 697 3757a 715 3634 577 3692ag 690 3346bd 671

Capillaries/fiber 2.52 0.20 2.96 0.34 2.79 0.44 2.79 0.36 2.80 0.23 2.79 0.41 2.73 0.35

LDH (U/mg) 5.1 1.3 6.2 1.0 6.2 1.4 6.1 1.0 6.4 0.8 6.2 1.6 5.7 1.3

CS (U/g) 53.4 13.2 56.6 21.2 67.4 21.5 73.0 23.2 64.8 17.2 71.5 13.5 68.0 12.1

Complex I (U/g) 10.9 3.5 11.6 4.6 12.7 1.6 12.2 3.9 12.2 2.1 11.8 2.4 10.4 1.6

MG

CSA, G (lm2) 4176 1238 4486 1163 4796 842 4490 1011 4797 1001 4810 829 4915 1549

CSA, O (lm2) 2004 409 2336a 688 2233 296 2187 442 2197 364 2034bg 388 2401a 514

Capillaries/fiber 1.60 0.24 2.14a 0.33 1.80b 0.17 2.25ac 0.39 2.25ac 0.34 2.43bc 0.36 2.50bc 0.35

LDH (U/mg) 21.9 6.0 26.1 45.0 22.5 7.6 22.5 4.6 22.7 5.8 27.1 7.4 23.9 4.3

CS (U/g) 49.1 17.6 52.3 24.0 54.8 22.7 69.1 28.7 73.6 36.3 63.4 30.1 59.8 19.6

Complex I (U/g) 3.8 2.3 4.3 1.7 4.2 2.0 5.8 2.5 5.1 3.2 4.3 2.9 2.7 1.7

At least ten replications per group were done

SD standard deviation

Mean with superscripts differ significantly: aversus Non-Ovx, bversus Ovx, cversus Ovx ? Vib, dversus SR, eversus SR ? Vib, fversus PTH,
gversus PTH ? Vib (P\ 0.05, t test for multiple comparisons)
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In the lumbar spine, no effect of vibration on BMD was

revealed in Ovx rats, which is consistent with previous

research [32].

After single SR or PTH therapy, improved total BMD

and BV/TV were observed. Cortical BMD was ameliorated

in SR-treated Ovx rats, whereas callus BMD and calcified

callus areas labeled by fluorochromes were increased after

PTH treatments. Similarly to the osteotomy site, in the

lumbar vertebral body, improved total BMD was observed

after SR and PTH therapy.

Comparing SR and PTH therapy alone, PTH was found

to be more potent than SR in improving osteoporotic bone

and its healing, which is inconsistent with the findings of

Habermann et al. [20]. The differences in these results may

be explained by the lower dose of PTH (20 lg/kg BW),

another fracture model being used (femoral mid-diaphysis),

and the treatment period after fracture (4 weeks) applied in

the studies done by Habermann et al. [20].

The different results obtained by the use of PTH and SR

may be due to their different effects on bone tissue.

Whereas PTH is known to have an anabolic effect on bone

tissue, increasing bone formation [23], SR both stimulates

new bone formation and reduces bone resorption [40].

In bone, calcium ions are substituted by strontium ions,

however at a relatively low rate (less than 1 calcium ions

out of 10) [7]. In the present study, no differences in cal-

cium content were detected between the groups, although

strontium has been incorporated into the tibia metaphysis

in SR-treated groups.

Muscle Tissue

Different effects of vibration were observed in different

muscles. Vibration combined with SR decreased the CSA

of O and G fibers in ML and MS to the level observed in

intact Non-Ovx rats. Combined treatment of PTH and

vibration produced similar results in MS. However, in MG

the effect on CSA was quite opposite: vibration increased

the CSA of O fibers (PTH ? Vib group). This may be

explained by the different muscle function. While MS is

primarily concerned with posture, MG is involved with

locomotion [50]. When the vibration treatment was applied

combined with anti-osteoporosis drugs (PTH and SR), no

effect on capillary density was observed.

After vibration treatment alone, the enhanced capillary

density in Ovx rats was reduced in MG. PTH alone

increased the capillary density in MG; SR did not change

the capillary density and enlarged the CSA of O fibers in

ML. Murfee et al. [42] also reported a reduction in the

number of vessels per muscle fiber in the M. soleus in adult

male mice exposed to WBV (45 Hz, 15 min/day, for

6 weeks). In our previous study, when vibrations were

applied at various frequencies (35, 50, 70, or 90 Hz,

15 min/day) for 5 weeks, we did not find capillary density

changes [31]. On the other hand, it was also shown that

physical exercise as well as WBV treatments (90 Hz,

15 min/day, 29/day, for 5 weeks) induced vascular

remodeling and increased capillary density [47, 53].

Enhanced capillary density after PTH treatments has

been previously reported in the MG of Ovx rats during tibia

healing [30]. This could be explained, on the one hand, by

the PTH action [61] and, on the other hand, by the wound

fluid and certain prostaglandins that have been shown to be

angiogenic [17].

Correlation analysis showed a significant relationship

between BW and CSA and capillary density. An increase in

BW as well as partially in food intake was detected in all

Ovx rats prior to osteotomy and in rats treated with SR

after osteotomy. Increased body weight in Ovx rats is a

known effect of hormone depletion [28]. The anti-osteo-

porosis drug Protelos contained, in addition to SR, aspar-

tame, maltodextrin, and mannitol, which may have an

impact on food intake and, as a consequence, on BW as

well.

In muscles, calcium plays a crucial role in their function,

plasticity, and disease [6]. Both strontium and calcium

induce the contractive activation of muscle fibers. The

study of the contractile properties of different types of

skinned muscle fibers is based on this function of both ions

[19, 22]. However, the information on the effect of the anti-

osteoporosis drug SR on muscle tissue and SR incorpora-

tion into muscle is rare. Wohl et al. [62] measured stron-

tium from soft tissues, including muscle, by X-ray

fluorescence (XRF) excitation. However, the XRF measure

of strontium from soft tissues was very low compared to

the bone strontium measures: 0.02–0.26 for the tibialis

anterior muscle and 40–48 for the tibia. We failed to

measure strontium by atomic absorption spectrometry in

the M. gastrocnemius.

Teriparatide (PTH) induces an increase in calcium

concentration in muscle cells that may be destructive for

structure and impair the metabolism of muscle cells [5, 58].

However, the effect of continuous and intermittent expo-

sure to PTH is well known [18]. The muscle weight and

size of muscle fibers have been reported to be unaffected

by intermitted PTH administration in castrated rats as well

as in intact male and female rats [29, 30].

The activity of enzymes, the Ca content, and the

amount of myostatin in the muscle as well as the Ck

level in the blood did not change among the groups,

which indicates that muscle metabolism, function, and

growth were not affected negatively by the treatments.

Previously, it was shown that intermittent PTH treatment

had no effect on the activity of muscle metabolic

enzymes [29]. CS was found to be significantly enhanced

in MS when this vibration frequency (70 Hz) was applied
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once a day for 5 weeks and muscle samples were col-

lected 1 day after vibration [31]. The CS level depends

on the timing of muscle sampling after the last exercise.

After acute exercise, the CS level was unchanged in rat

muscle, whereas 24 h after exercise, it increased to 30 %

[27, 49]. In the present study, samples were collected

within 2–3 h after vibration treatments.

The precise mechanism of the vibration action on

musculoskeletal tissue and its vascularization has not been

elucidated so far. Vibration stimuli evoke muscle con-

tractions, and muscle cells require additional energy and

oxygen supply; this causes vascular adaptation at the cap-

illary level [53, 54]. On the other hand, the estrogen level

contributes to the muscle sensitivity to the vibration

treatments [53, 54]. Additionally, an increase in BW as a

consequence of Ovx is correlated with an increase in

muscle fiber size as well as in capillary density. In the

present study, mechanical stimulation that leads to the

decrease of these parameters in Ovx rats to the level

observed in healthy rats seems to be favorable for muscle

tissue.

Conclusion

The fact that in the vibrated PTH group, the cortical and

callus areas and biomechanical properties were improved

compared to PTH alone may suggest that vibration has the

potential to be used in combination with PTH. However,

the decreased cortical and callus densities, enhanced

expression of Opg, and the incidence of non-bridging

indicate that the applied vibration regime was not optimal

for bone healing. Vibration with SR had no advantage for

bone healing and instead tended to disturb the healing

processes. Vibration applied alone did not change the bone

parameters. PTH alone had a stronger effect than single SR

therapy on bone healing in Ovx rats.

Although the muscle response to mechanical stimulation

depends on the vibration regimes, the findings of the pre-

sent and previous studies indicate that WBV can modulate

muscle structure and, being noninvasive, could be applied

therapeutically alone or in combination with anti-osteo-

porosis drug therapy to improve muscle tissue. Improve-

ments in muscle tissue would lower the fracture risk in

osteoporotic patients and facilitate the mobilization of

fracture patients. However, in patients with bone fractures,

anti-osteoporosis treatments and the application of vibra-

tion could have an adverse effect on bone healing. Further

studies including the analyses of bone healing at several

time points are needed to better understand how combined

therapies of different anti-osteoporotic drugs and WBV

affect bone healing.
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