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ARTICLE INFO ABSTRACT

Bisphosphonate alendronate (ALN), phytoestrogen 8-prenylnaringenin (8-PN) and the whole body vibration
exert a favorable effect on osteoporotic bone. However, the impact of these treatments and the combination of
pharmacological therapies with biomechanical stimulation on muscle and bone has not yet been explored in
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Vibration . detail. The effect of ALN and 8-PN and their combination with the vibration (Vib) on skeletal muscle and bone
SZ:)EZZT:: healing was investigated in ovariectomized (Ovx) rats.
Muscle 8 Three-month old rats were Ovx (n = 78), or left intact (Non-Ovx; n = 12). Five weeks after Ovx, all rats were

treated according to the group assignment (n = 12/13): 1) Non-Ovx; 2) Ovx; 3) Ovx + Vib; 4) Ovx + ALN; 5)
Ovx + ALN + Vib; 6): Ovx + 8-PN; 7) Ovx + 8-PN + Vib. Treatments with ALN (0.58 mg/kg BW, in food), 8-PN
(1.77 mg/kg BW, daily s.c. injections) and/or with vertical vibration (0.5 mm, 35Hz, 1 g, 15min, 2 x /day, 5x/
week) were conducted for ten weeks. Nine weeks after Ovx, all rats underwent bilateral tibia osteotomy with
plate osteosynthesis and were sacrificed six weeks later.

Vibration increased fiber size and capillary density in muscle, enlarged callus area and width, and decreased
callus density in tibia, and elevated alkaline phosphatase in serum. ALN and ALN + Vib enhanced capillarization
and lactate dehydrogenase activity in muscle. In tibia, ALN slowed bone healing, ALN + Vib increased callus
width and density, enhanced callus formation rate and expression of osteogenic genes. 8-PN and 8-PN + Vib
decreased fiber size and increased capillary density in muscle; callus density and cortical width were reduced in
tibia. Vibration worsened 8-PN effect on bone healing decreasing the callus width and area.

Our data suggest that Vib, ALN, 8-PN, or 8-PN + Vib do not appear to aid bone healing. ALN + Vib improved
bone healing; however application is questionable since single treatments impaired bone healing. Muscle re-
sponds to the anti-osteoporosis treatments and should be included in the evaluation of the drugs.

1. Introduction at-risk patients in fall-prevention programs (Hsu et al., 2014). The

impact of most anti-osteoporosis treatments on the muscle has not yet

Osteoporosis is a bone disease characterized by the deterioration of
bone structure with a consequent increase in bone fragility (Turner
et al., 1994; Hernlund et al., 2013; Frost, 1997). The factors that affect
the bone may also influence the muscle tissue (Burr, 1997; Rolland
et al., 2008). Age-related reductions in bone strength are preceded by
deterioration in muscle strength (Frost, 1997; Burr, 1997; Rolland et al.,
2008). The role of muscle in the development of osteoporosis remains
unclear (Wolfe, 2006); however, bone fractures can be efficiently pre-
vented by assessment of muscle strength and consequential inclusion of
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been explored in detail.

The reduction in the bone mass of osteoporotic patients is most
commonly treated using bisphosphonates. Bisphosphonates inhibit os-
teoclast activity, thereby reducing bone resorption and consequently
improving bone mineral density (Orwoll et al., 2000). Few studies have
investigated the effect of bisphosphonates on muscle tissue. Widrick
et al. (2007) stated that alendronate (ALN) had no effect on muscle
contractility. Uchiyama et al. (2015) observed a reduced muscle cross
sectional area in long-term bisphosphonate users compared with
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controls.

The decline in muscle mass with age is correlated with a decline in
estrogen level. Further, estrogen exerts a positive effect on muscle
through the estrogen receptor (ER) a receptor (Collins et al., 2018).
Consequently, hormone replacement therapy (HRT) was previously
used as an efficient treatment against muscle loss and osteoporosis.
However, there are considerable overall health risks associated with
this treatment that outweigh its benefits in most cases (Anderson et al.,
2004; Gambacciani and Levancini, 2014).

Phytoestrogens may be an alternative to HRT (Luo et al., 2014).
Specifically, 8-prenylnaringenin (8-PN) is one of the most potent phy-
toestrogens known to date with a high affinity for ERa (Milligan et al.,
2002; Keiler et al., 2013). 8-PN is found in hops (Humulus lupulus L.)
and beer. Hops dietary supplements are used by women for post-
menopausal symptom relief. 8-PN exerts favorable effects on osteo-
porotic bone properties and atrophied muscle tissue (Sehmisch et al.,
2008; Mukai et al.,, 2012), with less effects on the uterus and en-
dometrium (Hiimpel et al., 2005a).

Whole body vibration (Vib) positively influences muscle and bone
tissues and is considered as alternative treatment of muscle loss and
osteoporosis (Bosco et al., 1999; Slatkovska et al., 2010). In post-
menopausal women, vibrations (35-40 Hz, 2-5 g) increased hip bone
mineral density and improved muscle strength (Verschueren et al.,
2004). Different vibration regimes have been used in experimental
studies, and vertical vibration of low magnitude and high frequencies
(17-50 Hz, 0.3-3 g acceleration) are reportedly most effective in muscle
and osteoporotic bone of rats (Chow et al., 2011; Oxlund et al., 2003;
Rubinacci et al., 2008; Komrakova et al., 2013). The International Or-
ganization for Standardization (ISO) defined high-intensity vibrations
(those that produce force > 1 g) as hazardous for human beings (ISO,
1997; Wysocki et al., 2011).

Recently, it was shown that vibration increased the favorable effect
of alendronate, estrogen, and raloxifene (Chen et al., 2014; Stuermer
et al., 2014; Wehrle et al., 2015a); however, it had no effect in com-
bination with the strontium ranelate (SR) or 8-PN on osteoporotic bone
tissue (Hoffmann et al., 2016a 2016b). The combined therapy of vi-
bration with parathyroid hormone (PTH) applied at doses of 10 or
40 pg/kg BW did not show any synergetic effect on bone tissue (Lynch
et al., 2011; Campos et al., 2018), whereas bone anabolic effect of PTH
at lower dose (5 ug/kg BW) was enhanced by the vibration treatments
(Campos et al., 2018). A favorable effect of vibration was observed on
muscle structure when vibration was applied in combination with anti-
osteoporosis drugs, such as teriparatide (PTH) and strontium ranelate
(SR) (Komrakova et al., 2016).

The present investigation extends these studies, attempting to ex-
plore the effect of ALN and 8-PN as well as their combination with
vibration on skeletal muscle in ovariectomized (Ovx) rats. Furthermore
the effect of these treatments on bone healing was studied to clarify the
question whether the therapy could be continued after the fracture
occurred. This situation is often observed in clinical practice in cases of
patients under anti-osteoporotic treatment who experience osteoporotic
fracture. The effect of 8-PN and vibration on the spine and femur
structure as a part of this study has been published recently (Hoffmann
et al., 2016b).

2. Materials and methods
2.1. Experimental design

The animal study protocol was approved by the local regional
government in accordance with German animal protection laws prior to
performing the study.

Ninety Sprague-Dawley female rats (Harlan-Winkelmann, Borchen,
Germany), 12 weeks of age, were divided into seven groups (Fig. 1).
After a 5-day acclimatization period, the rats of 6 groups (n = 78) were
bilaterally Ovx under ketamine (Medistar, Aschenberg, Germany) and
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xylazine (Ecuphar GmbH, Greifswald, Germany) anesthesia (115 and
8 mg/kg BW, respectively). During the operation, a microchip (UNO
PICO ID ISO Transponder, 1.25 X 7 mm, UNO BV, Netherlands) was
implanted subcutaneously (s.c.) into each rat for future identification.
When the rats were undergoing Ovx, three rats died due to anesthesia-
related complications. Rats in the Non-Ovx group were anesthetized,
and only electronic chips were implanted (Group 1, n = 12).

Five weeks after Ovx, the Ovx rats developed osteoporosis (Kalu,
1991) that was also confirmed by peripheral quantitative computed
tomography of lumbar spine in this study (Fig. 6D,G). Thereafter, the
treatments were started according to the experimental design (Fig. 1).
The groups were designed as follows: Group 1: untreated Non-Ovx rats,
Group 2: untreated Ovx rats, Group 3: Ovx rats undergoing vibration
treatment (Ovx+ Vib), Group 4: Ovx rats treated with alendronate
(Ovx + ALN), Group 5: Ovx rats treated with ALN and vibration
(Ovx + ALN + Vib), Group 6: Ovx rats treated with 8-PN (Ovx + 8-
PN), and Group 7: Ovx rats treated with 8-PN and vibration (Ovx + 8-
PN + Vib). All rats received standard soy-free diet (Ssniff special diet
GmbH, Soest, Germany) and tap water without restrictions throughout
the experiment. Rats were housed three to four in standard rat cages.
They were allowed to move freely within the cages at all times. Food
intake and body weight of the rats were recorded every week. The rest
of the food in the cage was weighed and average daily food intake was
calculated dividing the weight of the remaining food by 7 days and the
number of rats in the cage (Komrakova et al., 2018).

ALN (Alendronsaure-Ratiopharm®;, Ratiopharm GmbH, Ulm,
Germany) was mixed with food at a concentration of 10 mg/kg soy-free
diet and was given to the rats in Groups 4 and 5. The average daily
dosage was 0.58 mg/kg body weight (BW), which was calculated on the
basis of average daily food intake in the cage and the individual weight
of the rat on the respective day (Fig. 2C). This dosage was reported to
have favorable effect on bone tissue and its healing (Kolios et al., 2010).

Rats in Groups 6 and 7 were treated with 8-PN applied daily s.c. by
injections at a dosage of 1.77 mg/kg BW (Mukai et al., 2012; Hiimpel
et al., 2005a 2005b). The dosages in the previous studies ranged from
1.77 mg/kg to 68 mg/kg (Sehmisch et al., 2008; Mukai et al., 2012;
Hiimpel et al., 2005b; Miyamoto et al., 1998; Stulikova et al., 2018).
The higher dosages, however showed strong estrogenic effect in uterus
and therefore they are not advisable because of the risk for endometrial
cancer is increased via an ER-a receptor-driven mechanism (Hoffmann
et al., 2016b; Zhou and Slingerland, 2014). Therefore, we chose the
lowest cancer-safe dosage as well as application route (s.c.) based on
the previously published data (Hiimpel et al., 2005b). 8-PN (5,7-dihy-
droxy-2-(4-hydroxy-phenyl)-8-(3-methyl-but-2-enyl)-chroman-4-one)
was obtained from the Orgentis Chemicals GmbH (Gatersleben, Ger-
many) as a powder (99% purity). 8-PN was dissolved in 100% ethanol
(0.3278 g 8-PN in 2mL of ethanol), mixed with 160 mL 30% hydro-
xypropyl-beta-cyclodextrin and stored at — 20 °C until usage. For each
injection, thawed 0.3 mL solution containing 0.6 mg 8-PN was applied
to the rat.

Vibration treatments were applied to the Ovx rats in Groups 3, 5,
and 7. The regime was as follows: 0.5 mm amplitude, 35 Hz frequency,
1 g acceleration (measured at the bottom of the cage with the aid of
monitoring system: SWM 3000, REO Elektronic, Berlin, Germany),
15 min duration, 2 times per day, 5 times per week. Transmitted vi-
bration parameters measured at the back of the rat were: 0.08 mm,
35Hz, 0.17 g. This regime has been reported to have a favorable effect
on bone healing (Komrakova et al., 2013), whereas the vibrations of
higher frequencies could have an adverse effect on bone healing
(Komrakova et al., 2013). Rats (7 or 8 at a time) were vibrated with the
aid of the vibration device (Vibta Drehstrom-Vibrationsmotor Typ
HVL/HVE, Offenbach, Germany), as described earlier (Komrakova
et al., 2013; Komrakova et al., 2017).

Four weeks after these treatments (ALN, 8-PN, and Vib), all rats
underwent bilateral osteotomy of the tibiae to mimic the clinical si-
tuation, when fracture occurs in osteoporotic patients treated with anti-
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Group Ovariectomy Treatments Osteotomy Sacrifice n Fig. 1. Schematic flowchart of the experiment. Twelve-

i week-old female rats were either ovariectomized (Ovx) or

1. Non-Ovx 1 left intact (Non-Ovx). Five weeks after the rats were Ovx,

the treatments with alendronate (ALN), 8-pre-

2.0 1 nylnaringenin (8-PN), Vibration (Vib) or combined

- OVX treatments ALN + Vib or 8-PN + Vib were started. Nine

weeks after the rats were Ovx, all the rats underwent

3. Ovx+Vib - — 1 bilateral osteotomy of the tibia. After osteotomy, Vib

! L treatments were interrupted for 5days. Samples were

4. ALN 13 analyzed 6 weeks after the osteotomy.
5. ALN+Vib 1
6. 8-PN 1
7. 8-PN+Vib 12
5d 5 weeks

osteoporosis drugs. Tibia osteotomy was performed transversally at the
metaphysis as described previously (Komrakova et al., 2018; Stuermer
et al., 2010). Briefly, T-shaped titanium plate (57-05140, Stryker
Trauma, Selzach, Switzerland) was fixed to the ventro-medial aspect of
the tibia with the aid of 4 screws (Stryker Trauma). Thereafter the
screws and plate were removed and tibia was osteotomized 7 mm distal
to the knee surface using a pulsed ultrasound saw (Piezosurgery®,
Mectron Medical Technology, Carasco, Italy). The osteotomy gap of
1 mm was created. Finally, the osteotomized bone ends were fixed with
the plate and screws. This method allowed exact reposition of the os-
teotomized bone. The anesthesia during osteotomy was similar to that
used for ovariectomy. Seven rats from different groups died due to
anesthesia or surgery-related complications. The final number of en-
rolled animals is presented in Fig. 1. Treatments with alendronate and
8-PN were continued without interruption, whereas vibration was in-
terrupted for five days after the osteotomy. The welfare of the rats and
loading of hind limbs were assessed 3 days before osteotomy operation
and daily during 11 days after osteotomy and then twice per week until
the end of the experiment as described previously (Komrakova et al.,
2018). The differences between the groups were not revealed (data not
shown).

For bone-healing analysis, four fluorescent dyes were applied s.c. to
the rats (Komrakova et al., 2016). Xylenol orange tetrasodium salt (XO,
AppliChem GmbH, Darmstadt, Germany, 90 mg/kg BW) was applied on
day 12. Calcein green (CG, Waldeck GmbH & Co KG, Muenster, Ger-
many, 10 mg/kg BW) was applied on day 22. Alizarin-3-methylamine-
N-N-diacetic acid dehydrate (AC, Merck, Darmstadt, Germany, 30 mg/
kg BW) was applied on day 32, and tetracycline-hydrochloride (TC, Carl
Roth GmbH + Co. KG, Karlsruhe, Germany, 25 mg/kg BW) was applied
on day 42 after the osteotomy.

2.2. Sample collection

Six weeks after the osteotomy (Fig. 1), the rats were decapitated
under CO, anesthesia. The uterus was extracted and weighed. Blood
serum was collected and stored at —20°C until analyses of alkaline
phosphatase (Alp) using the para-nitrophenyl phosphate method and
creatine kinase (Ck) using the N-acetyl-L-cysteine method according to
the manufacturer's instructions (Architect/Aeroset, Abbott). Serum
analyses were conducted at the Department of Clinical Chemistry,
University Medical Center, Goettingen, using an automated chemistry
analyzer (Architect c16000 analyzer, Abbott, Wiesbaden, Germany).

The musculus gastrocnemius (MG) and musculus soleus (MS) were
extracted, weighed and cut in the middle across the muscle. One-half of
these muscles and the block (1 cm®) of musculus longissimus (ML) were

covered with talcum powder (AppliChem, Darmstadt, Germany) for
histological analyses. Thereafter, the muscles were frozen directly in
liquid nitrogen. For the analysis of enzymes, the muscles of the con-
tralateral side were frozen in N, without talcum powder. Further sto-
rage temperature was —80 °C.

Both tibiae were dissected free of the soft tissues. The osteosynthesis
material was removed. Metaphyseal clips of either the left or right tibia,
which were chosen randomly, were stored at —80 °C for analysis of
gene expression. The contralateral tibia was stored at —20°C until
micro-computed tomographic (micro-CT), biomechanical, and histolo-
gical analyses.

2.3. Muscle analyses

Muscle samples were cut into serial cross sections of 12-um thick-
ness using a cryostat (Frigocut 2800E, Leica Biosystems GmbH,
Nussloch, Germany) and stored at —20 °C. Air-dried muscle sections
were stained for analysis of the capillaries and muscle fibers as de-
scribed previously (Komrakova et al., 2009).

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 10% potassium sulfite solution
(Andersen, 1975). The capillaries and fibers found in two randomly
selected fields (0.5mm? each) within a cross section were counted
(Suppl. Fig. 1D-G). The ratio of capillaries to muscle fibers was calcu-
lated using Excel (MS Office 2010).

For the analysis of muscle fibers, sections were fixed in a 1% par-
aformaldehyde solution (pH 6.6) containing 1% CaCl, and 6% sucrose
and further stained by incubation in a reduced nicotinamide adenine
dinucleotide diaphorase solution (pH7.4). Then samples were sub-
jected to acidic incubation (pH4.2) and incubation in adenosine-5’-
triphosphate solution (pH 9.4) (Horak, 1983). The muscle fibers were
classified as fast-twitch glycolytic (FG), fast-twitch oxidative (FO), and
slow-twitch O (SO) types according to Peter et al. (Peter et al., 1972).
Cross-sectional areas (CSAs) of at least 90 fibers of each type were
determined within three fields of the cross section (1 mm? each) (Suppl.
Fig. 1A-C). In the MS, only SO fibers were measured given that MS
primarily includes these fibers (Hoppeler, 1986).

For the analyses of muscle enzymes, muscle samples were homo-
genized in ice-cold Chappel-Perry medium (0.1 M KCl, 0.05M Tris,
0.01M MgCly6 H,O, 1mM EGTA, pH7.5) using a Potter-S-homo-
genizer (B. Braun Biotech International, Melsungen, Germany). Enzyme
activities were assayed using a photometer (LP6; Hach Lange,
Duesseldorf, Germany) as described previously (Komrakova et al.,
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Fig. 2. (A) Body weight of the rats (g) either ovariectomized (Ovx) or left intact
(Non-Ovx) at week 0 and treated with ALN, 8-PN, and/or vibration (Vib) during
10 weeks. Mean = standard deviation (SD) values of at least eleven replica-
tions. (B) Food intake of the experimental animals (g/rat/day). (C) ALN doses in
ALN treated groups (mg/kg BW/day). Mean = SD values of three replications.
Statistical analysis was done between the treatment groups at the respective
week. Asterisk: means of Non-Ovx rats differ from those of the other groups at
the respective week. (b-e) Ovx + 8-PN + Vib differs vs. Ovx (b), Ovx + Vib (c),
Ovx + ALN (d), Ovx + ALN + Vib (e) (p < 0.05, Scheffé-test).

2016). Assays were performed in triplicate. Lactate dehydrogenase
(LDH) was measured as described previously (Komrakova et al.,
2011a). Citrate synthase (CS) activity was assayed according to Faloona
and Srere (1969). Complex I activity was assayed according to Hatefi
and Stiggall (1978). The enzyme activity was calculated relative to the
protein content. Protein content was determined using aBCATM Protein
Assay Kit (Pierce, Rockford, IL, USA), a multilabel reader (Perkin Elmer
Precisely Victor X4) and software version 4.0 (Perkin Elmer Life and
Analytical Science, Turku, Finland).

2.4. Bone healing analyses

Nondestructive biomechanical analysis was performed using a
testing device (Zwick/Roell, type 145660 Z020/TND, Ulm, Germany),
as described previously (Komrakova et al., 2015). Briefly, the tibia was
loaded at the osteotomy line at the tibial tuberosity. The bending test
was stopped before the plastic deformation ended with the bone
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fracture. Data were recorded with the aid of “testXpert” software
(Zwick/Roell). Stiffness (N/mm), which is a slope of the linear rise of
the curve during elastic deformation, and yield load, which is end point
of elastic deformation (N) defined as a decrease of the curve by more
than two standard deviations, were calculated.

Further, the metaphyseal part of the tibia was scanned using an
eXplore Locus SP-Scanner (GE Healthcare, London, Ontario, Canada).
The scan protocol was as follows: 72kVp, 90 uA, 1600 ms exposure
time, 360° rotation, 0.029 mm voxel size, and 900 projections. Three-
dimensional (3D) reconstruction was performed with the aid of the
MicroView-Program (v2.1.2, GE Healthcare). The measurement area
extended 2.5mm proximally and distally from the osteotomy line
(Suppl. Fig. 2C). The data were converted into bone mineral density
(BMD, mg/cm®) using a linear regression equation formulated by
measuring 5 hydroxyapatite standards of several mineral densities.
BMD and bone volume fraction (BV/TV) were quantified (Bouxsein
et al., 2010).

For histological analyses, the entire tibia was embedded in methyl
methacrylate (Merck, Darmstadt, Germany) and cut longitudinally at a
thickness of 150 um using diamond saw microtome (Leica SP 1600,
Leica Biosystems GmbH, Nussloch, Germany) (Komrakova et al.,
2011b). Three central representative sections were microradiographed
with the aid of faxitron Cabinet X-ray system (Hewlett-Packard, Buffalo
Grove, IL, USA) using Kodak 100 NIF Industrex Film (SR45, Kodak) and
mounted on glass slides with a medium (Eukitt, O Kindler GmbH,
Freiburg, Germany). The sections and the corresponding micro-
radiographs were digitalized with the aid of Leica MZ75 microscope
and Leica DC 200 digital camera (Leica Microsystems CMS GmbH,
Wetzlar, Germany) (Suppl. Fig. 3). The measurements were performed
using the QWin image analysis program (Leica). The measurement area
extended 2.5mm proximally and distally from the osteotomy line
(Suppl. Fig. 2A,B). The osteotomy gap was divided into the following
three regions of interest: 1) craniomedial (cran), plate side 2) caudal
(caud), opposite side, and 3) endosteal (e).

The callus area (um?) was measured according to fluorescence la-
beling (Suppl. Fig. 2A). The XO-labeled area was relatively small;
therefore, it was measured along with the CG-labeled area. Time of the
earliest callus bridging of osteotomy was determined by analyzing the
fluorescence labeled sections (at least 10) according to the regions of
interest (Komrakova et al., 2016).

Using microradiographs, the cortical width (Ct.Wi) and density
(Ct.Dn) distal to the osteotomy line, callus width (CL.Wi) and density
(Cl.Dn) were measured according to the regions of interest (Komrakova
et al.,, 2016) (Suppl. Fig. 2B). Nomenclature used for the histomor-
phometry was according to Dempster et al. (2012).

Gene expression analysis was performed using quantitative real-
time polymerase chain reaction based on SYBR Green detection using
iCycler (CFX96, Bio-Rad Laboratories, Munich, Germany). The fol-
lowing genes were analyzed: alkaline phosphatase (Alp), osteocalcin
(Oc), tartrate-resistant acid phosphatase (Trap), receptor activator of
nuclearfactor k-B ligand (Rankl), and osteoprotegerin (Opg). Ready-to-
use primer pairs were obtained from Qiagen (QuantiTect® Primer
Assays, Hilden, Germany). Samples were initially homogenized using a
microdismembrator S (Sartorius, Goettingen, Germany). Thereafter,
cellular ribonucleic acid (RNA) was extracted using the RNeasyTM
MiniKit (Qiagen, Hilden, Germany), and then reverse transcribed using
SuperscriptTM RNase H-reverse transcriptase (Promega, Mannheim,
Germany). The relative gene expression was calculated using the 2744¢
method (Livak and Schmittgen, 2001). The reference gene was beta-2
microglobulin, and the control group was Non-Ovx.

2.5. pQCT analysis of abdominal CSA and spine
The changes in the abdominal CSA and bone following ovariectomy

and treatments were controlled with the aid of peripheral quantitative
computed tomography (pQCT), performed in vivo in isoflurane-
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anesthetized rats (n =5 per group) using the pQCT device (XCT
Research SA, Stratec Medizintechnik GmbH, Pforzheim, Germany). The
abdomen of the rat including lumbar spine (lumbar vertebral body L4)
was scanned at the beginning of the experiment (prior to Ovx), week 5
after the rats were Ovx (prior to the treatments), week 9 after the rats
were Ovx (prior to osteotomy), and at the end of the experiment
(15 weeks after Ovx). The scan protocol was as follows: 90 mm mea-
surement diameter, 0.2 mm voxel size, 90 s scan time, 0.3 mA anode
current, 50kV high voltage, 180 projections, and 1° angle between
detectors (Komrakova et al., 2016). The bone mineral density (mg/
cm®), stress-strain-index (SSI), and abdominal CSA (mm?) were assessed
with the aid of the XCT-6.20C software (Stratec Medizintechnik GmbH).

2.6. Statistical analyses

Gaussian distribution was tested for each parameter by applying
Kolmogorov-Smirnov test, P'Agostino and Person omnibus test, and
Shapiro-Wilk test using GraphPad Prism (Version 5.04, GraphPad
Software, Inc. San Diego, CA, USA). The data were considered normally
distributed if they passed at least one of the normality tests.

One-way ANOVA and the Scheffé-test (SAS program 9.1, SAS
Institute, Cary, NC, USA) were used (p < 0.05) for normally dis-
tributed variables. For not normally distributed variables non-para-
metric Kruskal-Wallis test and Dunn multiple comparison test
(p < 0.05) (GraphPad Prism) were applied. Data are shown as means
and standard deviations.

3. Results
3.1. Food intake, body weight, and uterus weight

The body weight (BW) of the rats did not differ significantly at the
beginning of the experiment (Fig. 2A). Two weeks after the rats were
Ovx, BW of all the Ovx rats increased significantly and remained ele-
vated until the end of the experiment. One exception was the BW of rats
in the Ovx + 8-PN + Vib group. These rats exhibited a decrease in BW
after the 3-week treatment, and the BW was further reduced during the
additional treatments weeks. Directly after osteotomy, the BW de-
creased in all groups; however, weights returned to levels noted prior to
osteotomy within the later 3 weeks (Fig. 2A).

The food intake of the Ovx rats increased during the first 2 weeks
after they were Ovx (Fig. 2B). Thereafter, it decreased steadily to reach
that of Non-Ovx rats. At the beginning of the treatments (5 weeks after
the rats were Ovx), the food intake did not differ between the groups.
Osteotomy caused a drop in the food intake of all rats. After 2 weeks,
the intake increased to the level recorded prior to the operation
(Fig. 2B).

The average daily dosage corresponded to the average food intake
of the rats throughout the experiment (Fig. 2C). The differences be-
tween Ovx + ALN and Ovx + ALN + Vib groups were not significant
and the ALN dose averaged 0.58 mg/kg BW.

The uterus weights of the Non-Ovx rats were significantly higher
(652 + 158 mg) than that of all the Ovx groups (Ovx: 108 = 19mg,
Ovx + Vib: 103 += 24 mg, Ovx + ALN: 101 + 35, Ovx + ALN + Vib:
109 = 32mg, Ovx+ 8PN: 156 = 25mg, Ovx + 8-PN + Vib:
172 + 31 mg). The differences between the all Ovx groups were not
significant (published partly in Hoffmann et al., 2016b).

3.2. Muscle analyses

The capillary ratio of ML was higher in the Ovx + Vib than in the
Non-Ovx and Ovx rats (Table 1). Similarly, capillary density was also
enhanced in Ovx + ALN group, whereas ALN + Vib treatment did not
change it. 8-PN alone did not affect capillarization, whereas 8-PN + Vib
treatment decreased capillary density. In MS, the ratio of the capillaries
reached significantly higher levels in the Ovx + ALN and
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Ovx + ALN + Vib and in the Ovx + 8-PN and Ovx + 8-PN + Vib
groups compared with the Non-Ovx, Ovx and Ovx + Vib groups. In MG,
the differences were not detectable.

The changes in the cross sectional area (CSA) of muscle fibers are
presented in Fig. 3(A-G). In MG, the CSA of fast-twitch oxidative (FO)
and fast-twitch glycolytic (FG) muscle fibers was reduced in the
Ovx + 8-PN and Ovx + 8-PN + Vib rats compared with other ovar-
iectomized groups (Fig. 3B, C). In ML, Ovx + Vib rats exhibited the
largest CSA of slow-twitch (SO) fibers (Fig. 3D). The CSA of FG was
increased in the Ovx + Vib and Ovx + ALN groups compared with Non-
Ovx rats. In the Ovx + 8-PN group, the CSA of FG was reduced com-
pared with the Ovx + Vib group (Fig. 3F). In MS, the CSA of SO did not
differ between the groups (Fig. 3G).

Enzyme analysis revealed enhanced activity of lactate dehy-
drogenase (LDH) in the MS of the Ovx + ALN and Ovx + ALN + Vib
groups (Table 1). Citrate synthase (CS) and Complex I activities did not
differ between the treatment groups in any of the three muscles studied
(Table 1).

The weight of MG was lower in the Non-Ovx and Ovx + 8-PN + Vib
groups compared with the other groups (Fig. 3G). Similarly, the weight
of MS was reduced in these groups; however, it did not reach a sig-
nificant level (Fig. 3H).

3.3. Bone healing analyses

Biomechanical parameters of the tibia were not significantly dif-
ferent between the groups, probably due to high standard deviations
(Table 2).

Micro-CT analysis of tibia at the osteotomy site revealed lower BMD
and BV/TV in all the Ovx groups compared to those in the Non-Ovx
group (Fig. 4A,B). The exception was the Ovx + ALN + Vib group. In
this, BV/TV increased to the level observed in the Non-Ovx rats
(Fig. 4A).

An analysis of microradiographs is shown in Fig. 4(C-I). Ovx ne-
gatively affected most of the bone parameters. Vib alone increased the
callus width and decreased its density (Fig. 4F,I). ALN had no effect on
the callus width and density (Fig. 4E-I), while caudal cortical width was
decreased (Fig. 4C). Combined treatment ALN + Vib caused increased
callus width and density with decreased cortical width (Fig. 4C-E,H,G).
8-PN treatment enlarged the callus width, whereas cortical width and
callus density were diminished (Fig. 4C-E,G,I). 8-PN + Vib decreased
the cortical width compared to 8-PN (Fig. 4D). Callus density was lower
in Ovx + 8-PN + Vib compared with the Non-Ovx and Ovx groups
(Fig. 4I). Cortical density did not differ significantly among the treat-
ment groups (overall mean craniomedial: 98.2% + 0.5% and caudal:
98.7% + 0.4%).

Analysis of the fluorochrome-labeled sections showed that in Non-
Ovx rats, a significantly larger callus area was built endosteally during
the first 22 days of healing compared with that in the other groups
(Fig. 5C, CG staining). Vib treatment alone enlarged total caudal area in
Ovx rats (Fig. 5D). ALN increased craniomedial callus formation during
the last 20 days of bone healing (Fig. 5A, AC and TC staining). Com-
bined treatment ALN + Vib increased AC callus areas endosteal com-
pared with that in Non-Ovx group (Fig. 5C) and the total callus area
compared with Non-Ovx and Ovx groups (Fig. 5D). Similarly, 8-PN
alone treatment caused a significant enlargement of total callus area
(Fig. 5D). In both groups (Ovx + ALN + Vib and Ovx + 8-PN), this
effect was observed mostly on the formation of the caudal callus during
the first 32 days following osteotomy (CG and AC staining, Fig. 5B).
Combined 8-PN and Vib treatment reduced callus formation
(Fig. 5B-D).

Bridging of osteotomy was observed in all rats. It occurred earlier in
the Non-Ovx rats compared with all Ovx rats irrespective of the treat-
ments (Table 2).

Alp gene expression was enhanced in the Ovx + ALN and
Ovx + ALN + Vib groups compared with the Non-Ovx and Ovx + Vib
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Table 1

Muscle analyses. Activity of the muscle enzymes: lactate dehydrogenase (LDH), citrate synthase (CS), and Complex I, and number of capillaries per muscle fiber in
muscularis longissimus (ML), muscularis soleus (MS), and muscularis gastrocnemius (MG) of Non-Ovx or Ovx rats treated with ALN, 8-PN, and/or vibration (Vib)
during 10 weeks.

Parameters Non-Ovx Ovx Ovx + Vib Ovx + ALN Ovx + ALN + Vib Ovx + 8-PN Ovx + 8-PN + Vib
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
ML
LDH 3.40 0.56  3.72 0.94  3.59 1.23 4.24 0.93 4.36 1.22 3.61 0.96 3.74 0.56
cs 58.3 10.5  56.9 153  57.2 22.6 65.1 20.9 64.4 14.5 54.4 13.6 66.1 17.9
Complex I 10.5 21 11.4 3.0 9.8 4.5 10.0 4.7 8.7 4.3 7.6 2.6 11.2 3.8
Capillaries/fiber ~ 1.13 0.22 1.16 0.24 1.30% 0.23 1.34% 0.31 1.26 0.18 1.23 0.24 1.09°def 0.16
MS
LDH 0.87 0.22 1.04 020 097 0.14 1.28% 0.32 1.18° 0.24 0.99¢ 0.25 0.96¢ 0.22
cs 85.1 20.4  86.8 16.6  94.3 17.7 99.4 22.3 87.9 17.5 95.7 12.8 96.9 7.5
Complex I 21.2 5.7 18.3 11.4 186 7.4 19.1 5.6 17.2 7.7 13.2 4.5 16.5 3.8
Capillaries/fiber ~ 1.19 022  1.27 029  1.34 0.15 1.68  0.29 1.78%¢ 0.3 1.80"  0.20 1.80%¢ 0.40
MG
LDH 3.52 1.07 412 070  3.34 0.59 4.25 0.69 3.38 0.69 3.67 0.42 3.56 0.58
cs 66.8 20.7 628 19.5  66.1 31.6 67.1 26.5 68.6 15.8 79.5 28.6 71.0 17.2
Complex I 13.2 4.9 11.2 45 8.6 5.6 11.4 6.1 11.8 8.2 7.3 3.7 10.4 3.7
Capillaries/fiber ~ 1.32 026  1.35 038  1.35 0.32 1.43 0.28 1.39 0.38 1.42 0.39 1.34 0.35

At least ten replications per group were done. SD: standard deviation.
Mean with superscripts differ significantly: *vs. Non-Ovx, bys. Ovx, °vs. Ovx + Vib, dvs. Ovx + ALN, ®vs. Ovx + ALN + Vib, fvs. Ovx + 8-PN (p < 0.05). Dunn-test:
Complex I in MS, LDH in MG. Scheffé-test: all other parameters.
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Fig. 3. Cross-sectional area of slow-twitch oxidative (SO) (A,D,G), fast-twitch oxidative (FO) (B,E), and fast-twitch glycolytic (FG) (C,F) muscle fibers in musculus
soleus (MS), musculus gastrocnemius (MG), and musculus longissimus (ML), as well as the weight of MS (H) and MG (I). Mean + standard deviation (SD) values of
at least eleven replications. (a) Means differ vs. Non-Ovx, (b) vs. Ovx, (c) vs. Ovx + Vib, (d) vs. Ovx + ALN, (f) vs. Ovx + 8-PN, (g) vs. Ov + -PN + Vib (p < 0.05).
Dunn-test: A,C,E. Scheffé-test: B,D,F-1.
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Table 2
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Tibia analyses. Biomechanical analysis, day of osteotomy bridging, serum analysis and gene expression analysis in Non-Ovx rats or Ovx rats treated with ALN, 8-PN,

and/or vibration (Vib) during 10 weeks.

Parameters Non-Ovx Ovx Ovx + Vib Ovx + ALN Ovx + ALN + Vib Ovx + 8-PN Ovx + 8-PN + Vib
Mean SD Mean SD Mean SD Mean  SD Mean SD Mean SD Mean SD

Biomechanics

Stiffness (N/mm) 90 50 55 31 49 36 48 40 51 19 51 19 47 27

Yield load (N) 59 35 53 31 38 32 36 26 32 10 31 12 35 19

Day of bridging 21 7 26 7 25 9 29 10 25 5 27 7 27 8

Serum analyses

Total Alp (U/L) (Hoffmann et al. 2016b) 91 15 113 18 150 34 112°¢ 12 150°° 19 137¢ 28 1367 8

Ck (U/L) 7903 1679 8220 2127 7506 1339 7466 1715 8078" 1371 6517 1655  5269° 2483

Gene expression (2724CT) at the osteotomy site

Alp 1.03 0.22 1.39 0.56  0.99 0.27 1.93* 048 1.85*¢ 0.76 1.38  0.60 1.55 1.10

Oc 0.88 0.64 0.84 0.30 0.41 0.10 0.60 0.36  0.74 0.31 1.18 0.38 0.89 0.55

Trap 1.08 0.52 1.40 0.63 1.02 0.34 1.15 0.68 1.96 1.24 1.31 0.77 0.97%d 0.49

Opg 1.07 041 0.92 0.27 1.16 0.40 0.72 0.41  1.59°% 0.78 0.69° 0.37 1.01°¢ 0.34

Rankl 1.07 041 280° 1.01 211° 117 220° 0.69 2.92° 1.32 1.22%¢ 043  1.64* 0.52

Opg/Rankl 1.17«  0.60 0.36 0.17 0.61 0.22 0.35 0.10 0.57 0.23 0.56 0.21 0.64 0.18

At least ten replications per group were done. SD: standard deviation.
Mean with superscripts differ significantly: *vs. others, ®vs. Non-Ovx, “vs. Ovx, ‘vs. Ovx + Vib, %vs. Ovx + ALN, °vs. Ovx + ALN + Vib (p < 0.05). Dunn-test:

Stiffness, Ck. Scheffé-test: all other parameters.

groups (Table 2). Opg mRNA expression was at the highest level in the
Ovx + ALN + Vib group. Rankl gene expression was higher in the Ovx,
Ovx + Vib, Ovx + ALN, and Ovx + ALN + Vib groups compared with
the Non-Ovx group. In contrast, Ovx + 8-PN and Ovx + 8-PN + Vib
treatments lowered it to the level observed in the Non-Ovx rats. The
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Fig. 4. Analyses of micro-CT (A,B) and the microradiographs (C-I) of tibiae made at the osteotomy site divided into craniomedial (cran), caudal (caud) and endosteal
(e) regions in Non-Ovx and Ovx rats treated with ALN, 8-PN and/or Vib during 10 weeks. Cl: Osseous callus tissue, Ct: Cortical bone, Wi: Width, Dn: Density, BV/TV:
Bone volume fraction, Total BMD: Total bone mineral density. Means *+ SD of at least eleven replications. (a) means differ vs. Non-Ovx, (b) vs. Ovx, (c) vs. Ovx + Vib,
(d) vs. Ovx + ALN, (e) vs. Ovx + ALN + Vib, (f) vs. Ovx + 8-PN, (g) vs. Ovx + 8-PN + Vib (p < 0.05). Dunn-test: E-G. Scheffé-test: A-D,H,I.
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Fig. 5. Callus area (um?) measured in fluorescence-labeled sections of the tibia divided into craniomedial (A), caudal (B), and endosteal (C) regions in Non-Ovx and
Ovx rats treated with ALN, 8-PN and/or Vib. (D) Total callus area (pmz). CG: calcein green stained callus area built within 0-22 days, AC: alizarin complexon stained
area built within 23-32 days, TC: tetracycline stained area formed within 33—-41 days after osteotomy. Means + SD of at least eleven replications. Asterisk: means
differs from all other groups, (a) vs. Non-Ovx, (b) vs. Ovx, (c) vs. Ovx + Vib, (d) vs. Ovx + ALN, (e) vs. Ovx + ALN + Vib, (f) vs. Ovx + 8-PN, (g) vs. Ovx + 8-
PN + Vib (p < 0.05). Scheffé-test: CG endosteal, CG caudal, total caudal. Dunn-test: all other parameters.

3.4. pQCT analysis of the abdominal CSA and the spine

Abdominal CSA at the beginning of the study did not differ between
the groups and was 1361 + 101 mm? on average (n = 5 per group).
Five weeks after the rats were Ovx, all the Ovx rats had a larger CSA
than the Non-Ovx rats (Fig. 6A). Nine and fifteen weeks after the rats
were Ovx, the highest CSA remained only in the Ovx group (Fig. 6B,C).
In the Ovx + 8-PN and Ovx + 8-PN + Vib groups, the CSA was similar
to that in the Non-Ovx rats. At the end of the experimental period, all
the treatments (excluding Ovx) caused a significant reduction in CSA.
The lowest CSA was noted in the Ovx + 8-PN + Vib group (Fig. 6C).

Total BMD and SSI of the lumbar vertebral body did not differ be-
tween the groups prior to Ovx averaging 506 + 25mg/cm® and
11 *+ 2mg/cm?, respectively (n = 5 per group). At the beginning of
the treatments (5 weeks after the rats were Ovx), these parameters were
significantly lower in all the Ovx groups than in the Non-Ovx group
(Fig. 6D,G). Four weeks of treatments did not change these differences
(Fig. 6E,H). After ten weeks of treatments, the BMD and SSI of the Non-
Ovx rats remained at the highest level (Fig. 6F,I). In the Ovx + Vib and
Ovx + 8-PN groups, these parameters were reduced.

3.5. Serum analyses

The serum Ck was significantly lower in the 8-PN + Vib group than
that in the Ovx group (Table 2). Between other groups the differences
were not significant. Serum Alp increased significantly in Ovx and ALN
groups treated with Vib (Table 2). In the non-vibrated Ovx and ALN
groups, it was at the level of the Non-Ovx group (Hoffmann et al.,
2016b). In both 8-PN treated groups, the serum Alp level was higher
than that in Non-Ovx group (Hoffmann et al., 2016b).

4. Discussion

We investigated the changes in the muscle structure and bone
healing in ovariectomy-induced osteopenic rats treated with ALN or 8-
PN alone or in combination with vibration. Ovariectomy was confirmed
by reduced uterus weight, increased body weight (Hoffmann et al.,
2016b) and increased abdominal CSA in Ovx rats compared with Non-
Ovx rats. Impaired bone parameters of lumbar spine and increased body
weight and abdominal CSA were observed 5weeks after the ovar-
iectomy, i.e., prior to treatment initiation. These changes have been
previously reported in mature female rat after ovariectomy (Kalu, 1991;
Komrakova et al., 2009; Lei et al., 2009).

Depletion of hormones caused an increase in the muscle weight of
the Ovx rats, whereas the treatments did not affect weight in general.
The exception was the combined treatment of 8-PN and vibration. In
these rats, the weight of MG decreased to a level similar to that in intact
Non-Ovx rats. These observations could be explained by the changes in
BW. A strong correlation of body weight and muscle weight has been
previously reported (Komrakova et al., 2016).

In Ovx rats, bone healing was impaired. We observed decreased BV/
TV, BMD, cortical width, callus density, and endosteal callus formation
in Ovx rats. These findings are in agreement with previous reports of
impaired mineralization and callus structure and diminished bio-
mechanical properties in the Ovx rats (Komrakova et al., 2016;
Namkung-Matthai et al., 2001; Yingjie et al., 2007). The bone bio-
mechanical properties of the Ovx rats in the present study were also
diminished at the osteotomy site; however, the differences did not
reach statistical significance.

The application of vibration alone increased the CSA of the muscle
fibers and the capillary density in ML. In other muscles, the effect of the
vibration was less pronounced. Our results confirm previous reports
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Fig. 6. Results of the peripheral quantitative computed tomography (pQCT) measurements of the vertebrae (D-I) and abdominal CSA (A-C) in vivo at the beginning
of the study, at 5 (A,D,G), 9 (B,E,H) and 15 (C,F,I) weeks. At the beginning of the study, CSA: 1361 + 101 mm?, total BMD: 506 * 25mg/cm?, SSI: 11 * 2.
Asterisk: means of Non-Ovx rats differed from those of the other groups, (a) vs. Non-Ovx, (b) vs. Ovx, (c) vs. Ovx + Vib, (d) vs. Ovx + ALN, (e) vs. Ovx + ALN + Vib

(p < 0.05, Scheffé-test).

that have demonstrated a significant increase in the muscle fiber size
and blood supply following treatments with vibrations (Komrakova
et al., 2013, 2016; Xie et al., 2008) and different responses of various
muscles to these treatments (Komrakova et al., 2016). Vibration exerts
beneficial effects on the neuromuscular system; this may be attributed
to the enhanced electrical activity of the muscles (Karacan et al., 2017).
Furthermore, in addition to ER, the receptors of muscle spindle, golgi
tendon organs, or somatosensory receptors respond to oscillatory sti-
muli (Fallon and Macefield, 2007).

In osteotomized tibia, vibration caused an enlargement of the
periosteal callus area and width, a decrease in the callus density and an
increase in serum Alp activity. These observations indicate that the
vibration applied in the present study interferes with early bone healing
that is in accordance with some of the studies (Komrakova et al., 2016;
Wang et al., 2017). However, other studies showed a positive effect of
vibration on bone healing (reviewed in Wang et al. (2017)). In the
previous studies, the parameters such as fracture model and fixation
type (diaphysis or metaphysis, tibia, femur, fibula or rib, external or
internal), age of the animals (4 weeks to 9 months), vibration regimes
(frequency, duration) and time point of bone healing studied (9 to
56 days) were various and also different from those applied in our study
(Wang et al., 2017). In the present study, the vibration treatment had
an impact not only on the osteotomized bone but also diminished bone
parameters of the lumbar spine as it was shown by pQCT analysis and
previous structural analysis (Hoffmann et al., 2016b).

ALN enhanced the capillary density in ML and MS and the activity
of LDH in MS, and reduced abdominal CSA. The effect of ALN on body
and muscle weight and muscle fiber CSA was not observed. The com-
bined treatment of ALN and vibration did not change the effect of ALN.

The effect of ALN on muscle structure and muscle capillarization has
been not reported to date. In contrast to our findings, other in vitro and
in vivo studies have suggested that bisphosphonates elicit anti-angio-
genic effects through several mechanisms that could explain their anti-
tumoral action (Giraudo et al., 2004; Ferretti et al., 2005; Petcu et al.,
2012). Treatments with bisphosphonates induce inhibition of insulin-
like growth factor 1 (IGF-1) and reduction in vascular endothelial
growth factor (VEGF), basic fibroblast growth factor (FGF-2), matrix
metalloproteinase-2 (MMP-2) and matrix metallopeptidase 9 (MMP-9)
in breast cancer cells and angiogenic endothelial cells in patients with
metastatic breast cancer and in biopsies of bisphosphonate-related os-
teonecrosis of jaw (Giraudo et al., 2004; Ferretti et al., 2005; Petcu
et al., 2012). Another adverse effect of ALN therapy is muscle pain
(Tienboon and Jaruwangsanti, 2014). In the present study, LDH en-
zyme activity was enhanced in MS after both ALN treatments. It was
also enhanced in the other two muscles studied; however, this increase
was not statistically significant. LDH is involved in anaerobic glycolysis.
The elevated activity of LDH has been reported in numerous muscle
disorders characterized by myonecrosis (Valberg, 2008). Thus, our
findings indicate that anti-osteoporosis therapy with ALN affects muscle
capillarization and metabolism. However, the effect remains unclear
and warranted further investigations.

In the tibia, ALN treatment enhanced the late callus formation and
diminished cortical width at the end of the study. The occurrence of
bone bridging in ALN group was observed at the latest date. This
finding may indicate delayed bone healing which occurred at the early
stages of healing and was compensated by enhanced callus formation at
the late stages. Different effects of bisphosphonates on bone healing
have been reported. Some researchers found that alendronate strongly
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suppressed remodeling of the callus, resulting in a large amount of
woven bone in Ovx rats (Cao et al., 2002); however, others suggest that
alendronate improves callus properties (Kolios et al., 2010). Currently,
bisphosphonates are not prescribed for patients with fractures during
bone healing.

ALN applied in combination with vibration significantly increased
the callus width and density, enhanced callus formation during the
earlier stage of healing, and reduced cortical width. Corresponding to
the changes in the bone, serum Alp activity was enhanced and Alp, Opg,
and Rankl gene expression was up regulated. This finding may indicate
accelerated bone resorption and formation rates in Ovx + ALN + Vib
rats. These results confirm a previous report of significant enhancement
in the ALN effect by vibration via improvements in the biomechanical
and structural properties of the non-osteotomized tibia of the Ovx rats
(Chen et al., 2014). In addition, lumbar spine BMD and SSI were un-
altered after both the ALN treatments in the present study.

Thus, both ALN treatments affected muscle tissue by enhancing
capillarization and LDH activity. ALN applied alone slowed bone
healing, whereas the combined therapy of ALN and vibration improved
it.

In both the 8-PN groups, a decrease in the CSA of the FO and FG
muscle fibers in MG and in the abdominal CSA as well as an increase in
the capillary density in MS was observed, irrespective of the vibration
treatment. 8-PN is a phytoestrogen (Mukai et al., 2012), and its effect
observed on muscle structure and abdominal CSA may be attributable
to its estrogenic activity. Estrogen reportedly stimulates angiogenesis in
the skeletal muscles (Kyriakides et al., 2001) and has an effect on BW
and body composition independently of food intake (Komrakova et al.,
2009; Toth et al., 2001). However, the combination of 8-PN and vi-
bration changed the effect of 8-PN on some other muscle parameters.
This difference is demonstrated by reduction in BW, muscle weight,
abdominal CSA, capillary density in ML, and serum Ck activity to the
level observed in the Non-Ovx rats. Both 8-PN and vibration treatments
stimulate ERa, which are found in the skeletal muscle (Milligan et al.,
2002; Keiler et al., 2013; Wiik, 2008; Wehrle et al., 2015b). It could be
assumed that vibration, in combination with 8-PN exerted a synergistic
effect by stimulating the ERa in the muscle of the Ovx rats. Further-
more, estrogen influences BW, and vibration exercises suppress fat ac-
cumulation in adult rats (Maddalozzo et al., 2008). Reduced Ck levels
potentially resulted from the reduced muscle mass (Rosalski, 1998) in
the 8-PN + Vib group in the present study. The enhanced serum Ck
level is instead indicative of various muscle pathological processes,
such as injury, myocardial infarction, and muscular dystrophy. Differ-
ences in the responses of capillary density of limb muscle (MG) and
back muscle (ML) to the combined treatment of 8-PN and vibration
could be due to the differences in the muscle functions, different
transmissions of the vertical vibration, and/or to the possible effect of
tibia osteotomy on the surrounding muscle tissue.

In tibia, 8-PN increased the callus width. However, the callus den-
sity and cortical width were decreased after this treatment. Analysis of
the fluorescence-labeled callus revealed a larger callus area at the
caudal aspect during early healing (CG and AC staining). 8-PN has been
reported to promote osteoblastic bone formation and inhibit osteo-
clastic bone resorption; its effect is reported to be mediated by ERa in
vitro (Luo et al., 2014). In fact, Rankl mRNA expression was reduced in
both the 8-PN groups. This feature may decelerate callus remodeling by
inhibiting osteoclastogenesis. pQCT analysis of the lumbar spine in the
present study and additional data in its detailed analyses (Hoffmann
et al., 2016b) revealed unfavorable effects of 8-PN on bone parameters
in the Ovx rats applied in this study as osteoporosis therapy. In previous
studies that showed favorable effect of 8-PN on bone tissue, it was
applied as osteoporosis prophylaxis, i.e., immediately after Ovx
(Sehmisch et al., 2008; Hiimpel et al., 2005b). This could explain the
different effects of 8-PN treatments on bone of Ovx rats.

The combined 8-PN and vibration treatment demonstrated an effect
contradictory to that of 8-PN alone in tibia; it decreased the callus
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width and area. It may be hypothesized that the loading of the callus
was different in these two groups given the reduced body and muscle
weight of the Ovx + 8-PN + Vib rats compared to the Ovx + 8-PN
group rats. Weight bearing and mechanical loading are important for
adequate fracture healing and callus formation (Komrakova et al.,
2018; Rueff-Barroso et al., 2008). The loss of BW is associated with the
loss of visceral fat that influences the levels of circulating estrogen and
other sex hormones; it may also reduce bone mass and density (Shapses
and Riedt, 2006) and influence bone healing. On the other hand, these
rats were exposed to vibration that stimulated callus remodeling so that
the formed callus was resorbed at a higher rate.

In summary, in both the 8-PN groups, the CSA of the muscle fibers
was reduced, whereas the capillary density was increased. These results
underscore the positive effect of 8-PN on the muscle tissue in Ovx rats.
In the tibia, callus density, cortical width, and Rankl gene expression
were reduced at the osteotomy site irrespective of the changes in callus
width and area. This finding indicates an unfavorable effect of 8-PN on
bone healing.

5. Conclusion

Vibration, applied as a single therapy, was beneficial for muscle
structure; however, it tended to interfere with early bone healing. ALN
enhanced capillary density and LDH activity in muscles, thus having an
impact on the muscle blood supply and metabolism irrespective of the
vibration treatment. Further studies are warranted to investigate how
these changes can affect muscle function. In the tibia, ALN slowed bone
healing. 8-PN alone exerted favorable effects on muscle structure but
proved disadvantageous for bone healing.

Although the vibration regime in the present study was identical for
all rats, its effect differed if the vibration was applied as a single therapy
or in combination with ALN or 8-PN. ALN + Vib improved bone
healing; however, 8-PN + Vib worsened the effect of 8-PN treatment
alone on the bone. The drastic loss of body and muscle weight in the
Ovx + 8-PN + Vib group likely exerted a negative effect on the mus-
culoskeletal system in the Ovx rats.

Thus, vibration, ALN, 8-PN, or 8-PN + Vib treatments do not seem
advisable during the early bone-healing period. Though our data sug-
gest that ALN + Vib treatment may be continued after a fracture, there
is a concern about its application since the single treatments showed
negative effects on bone healing.

In conclusion, we demonstrated that the muscle tissue responded to
the anti-osteoporosis treatments, and the responses differed in some
aspects, based on the effects observed in the bone. Therefore, analyses
of not only the bone tissue but also the muscle tissue are recommended
for the evaluation of anti-osteoporosis drugs. Improvements in the bone
and musculature would prevent falls and reduce the fracture risk,
thereby improving the quality of life and mobilization of osteoporotic
patients. Further studies including continuous monitoring at different
time points of bone and muscle structure, function and metabolism may
help our understanding of the effect of different treatments on muscu-
loskeletal system.

6. Limitations

In the present study, 8-PN was injected s.c., whereas other treatment
groups received no injections. Although the welfare of the rats treated
with 8-PN did not differ from other animals in general, it is important to
note that excessive handling required for the animals in 8-PN treated
groups might have an effect on limb loading and fracture healing pro-
gression.

The biomechanical test was performed using frozen-thawed tibiae
according to the experimental protocol and related workflow. Though
all samples were handled in the same way, the storage of bone could
affect the results and may contribute to the high variation in the bio-
mechanical data.
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