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ABSTRACT 

 

Introduction: 

Bone is an organ that interacts with surrounding environments and has adaptability to 

change its microstructure in the presence of mechanical loading. Such a mechanism is 

well demonstrated in the case of space flight crew or patients in bed resting for long-

terms as they experience significant loss of bone quality. The mechanical loading 

produced from resistance training may bring positive effects on bone quality. However, 

the effect of progressive resistance ladder climbing exercise on bone quality following a 

period of hindlimb suspension has not been thoroughly demonstrated. Furthermore, 

fibroblast growth factor-2 (FGF-2) is a myokine that has been demonstrated to induce 

an osteogenic effect on bone and its potential role is needed to be investigated.  

Therefore, this study has been conducted to investigate the effect of hindlimb 

suspension and progressive resistance exercise on the restoration of bone quality of 

debilitated bone from a period of hindlimb suspension treatment. Furthermore, in order 

to investigate its potential mediator between muscle and bone, the expression of 

fibroblast growth factor-2 (FGF-2 or bFGF) was performed and analyzed.  

 

Methods:  

Fifty 9-week-old growing male Sprague-Dawley rats were randomly assigned to 

each of the following groups: HS, hindlimb suspension for 2 weeks (n=10); CO, control 

group against HS (n=10); HEX, hindlimb suspension intervened for 2 weeks followed 

by 4 weeks of resistance ladder climbing exercise (n=10); HCO, control group against 
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HEX, hindlimb suspension intervened for 2 weeks followed by 4 weeks of weight 

bearing spontaneous recovery (n=10); CON, control group against HCO. Following 1 

week of adaptation, the tail of rats in group HS, HEX, HCO were taped for hindlimb 

suspension. The rats were hindlimb suspended for 2 weeks and then distributed to the 

regular cages. Following the HS intervention, the ladder climbing resistance exercise 

was performed for 4 weeks in a progressive manner by progressively increasing the 

weight loads. For bone quality measurement, Na18F PET/CT, micro-CT and DXA were 

scanned and serum bone turnover markers were analyzed. For muscle FGF-2 mRNA 

and protein level analysis, Real-Time PCR and Western Blot analysis were performed 

in soleus and extensor digitorum longus muscles.  

 

Results: 

Following 2 weeks of hindlimb suspension intervention, there were significant losses 

in bone quality indices of whole body BMC, BMD, bone density, BV/TV and aBMD 

of the right tibia. Also, in blood serum bone formation marker, P1NP, there was a 

significant reduction found. 4 weeks of progressive ladder climbing resistance exercise 

demonstrated significant increases in bone quality in bone density, BV/TV and aBMD 

of the right tibia, even surpassing those of the age-matched control. From PET/CT 

analysis, abnormal bone turnover rate was found in HCO group, whereas that of HEX 

group was down-regulated back to that of CON group from the effect of training. There 

was no significant result found in the protein and mRNA expression of FGF-2 in soleus 

and extensor digitorum longus muscles among all groups, but in decreased mRNA level 

following exercise in EDL muscle.  
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Conclusion: 

2 weeks of hindlimb suspension clearly demonstrated debilitating effect on bone 

quality in growing rats and 4 weeks of progressive ladder climbing resistance exercise 

exerted beneficial effects on the recovery of the tibia of the growing rats. The further 

study is needed to demonstrate the potential role of FGF-2 between muscle and bone.  

 

Keywords: Hindlimb suspension, Bone quality, Progressive resistance ladder climbing, 

FGF-2 
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I. INTRODUCTION 

 

 

1.  Significance of the study 

 

  Bone is an organ that interacts with surrounding environments and has adaptability to 

change its microstructure according to demands that are present. (Volpon et al., 2015) 

Such a mechanism is known as mechanosensory mechanism and this makes bone to 

reach its high mass when there is a presence of mechanical resistance or loading. (Cowin, 

1998) This mechanism and the adaptability of bone to mechanical loading is well 

demonstrated in the case of space flight crew. It has been found that International Space 

Station (ISS) crewmembers are suffering from loss of bone quality and it raises concerns 

as many bone parameters do not show a tendency to recover fully. (Dana Carpenter, 

LeBlanc, Evans, Sibonga, & Lang, 2010) It was also found that such a loss is more 

prominent in trabecular bone than that of cortical bone as it tends to retain the damage 

for quite extended periods for about 2.5 to 4 years. (Dana Carpenter et al., 2010; Leblanc 

et al., 2013)  

The condition of absence of mechanical loading is demonstrated in animal models 

for research. Rat hindlimb suspension is a model that has been developed to demonstrate 

this unloading and has been used as a widely known model for inducing bone 

deterioration secondary to disuse. (Basso, Jia, Bellows, & Heersche, 2005; Keen, 2003; 
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Long et al., 2011) The applied mechanical unloading condition to rat via hindlimb 

suspension has been shown to bring more pronounced trabecular bone loss in trabecular 

bone than that of cortical bone. (Shiiba, Arnaud, Tanzawa, Kitamura, & Yamauchi, 2002; 

Vico et al., 2000) Furthermore, it has been found that subsequent spontaneous normal 

weight bearing recovery does not bring fully-recovered condition of tail suspended rats 

in trabecular bone resorption. (Sakata et al., 1999) 

Mechanical loading, contrastively, may provide bone a way to promote its formation 

to counteract the debilitated condition from a period of unloading. The role of exercise 

and the effect, particularly, of resistance exercise in bone quality has been found to be 

great. It was found that high impact exercise and jumping are more effective in 

improving bone health than aerobic activities such as running or walking. (Kohrt, 

Bloomfield, Little, Nelson, & Yingling, 2004)  

While bone is known to interact with internal and external environments, its 

surrounding skeletal muscle has been also known to contribute to bone quality. 

According to Novotny et al., increased muscle mass is associated with increased bone 

diameter. The study demonstrates it by showing increased midshaft diameter of the 

radius against increased triceps brachii mass from myostatin knock-out mice, a model 

that is constructed to induce rats’ skeletal muscle mass to grow. (Novotny, Warren, & 

Hamrick, 2015) As such, decline in muscle mass may directly give an impact on bone 

as it has been found that bone size and mechanical properties react allometrically to the 

mechanical loading from peak muscle forces. (Rubin & Lanyon, 1984) Thus, 

mechanical loading produced from resistance training may bring positive effects on 

bone both directly and indirectly via its effect on skeletal muscle.  

Therefore, this study has been conducted to investigate the effect of progressive 
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resistance exercise on the restoration of bone quality that is designed to be debilitated 

from a period of hindlimb suspension treatment. 

 

 

2. Purpose of the study 

This study was aimed to investigate the effect of progressive resistance training on 

bone quality in hindlimb suspended growing rats and to investigate the role of FGF-2 as 

a potential mediator between muscle and bone. 

 

 

3. Research hypothesis 

1) 2 weeks of hindlimb suspension treatment would induce a decrease in hindlimb 

muscle and bone quality in growing rats. 

2) 4 weeks of progressive resistance exercise following 2 weeks of hindlimb 

suspension would accelerate restoration of bone quality in growing rats than weight 

bearing spontaneous recovery. 

3) The FGF-2 protein would be expressed in greater amount in the groups that undergo 

4 weeks of progressive resistance exercise following 2 weeks of hindlimb suspension.  

4) There would be an association between exercise-induced FGF-2 and bone quality.  
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II. LITERATURE REVIEW 

 

 

1. Hindlimb suspension 

 

     

1.1 Hindlimb suspension and bone quality 

 

Hindlimb suspension is a well-known model that is used to stimulate the microgravity 

effects on the skeletal system. (LeBlanc et al., 1985; Morey-Holton & Globus, 1998; 

Wronski & Morey-Holton, 1987) Also, hindlimb suspension technique for rodent has 

been widely used as a ground-based model for investigating musculoskeletal changes 

that occur during space flight. (Bikle, Halloran, & Morey-Holton, 1997; Jee, Wronski, 

Morey, & Kimmel, 1983; Morey-Holton & Globus, 1998; Wronski, Morey-Holton, & 

Jee, 1981) Following the chronic unloading treatment, it has been shown that number of 

bone quality indices are affected as in bone mass, density, mineralization, trabecular 

thickness and osteoblastic activity. (Bloomfield, Allen, Hogan, & Delp, 2002; Dehority 

et al., 1999; Globus, Bikle, Halloran, & Morey-Holton, 1986; Roer & Dillaman, 1990) 

It was found that bone loss with architectural disarray, tissue deterioration and osteopenia 

are occurred due to decrease or absence of mechanical loading. (Ohira et al., 2006)  
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Figure 1. The deleterious effect of suspension on the trabecular bone stained with 

hematoxylin-eosin qualitatively showing loss in trabecular bone after 21 days of 

suspension. (B – Suspended rats), when compared to age-matched control rats (A – 

Control). (Volpon et al., 2015) 

 

Interestingly, such a bone loss from hindlimb suspension is investigated to be 

occurred from diminished vasculature in the tibia of hindlimb unloaded rats. (Colleran 

et al., 2000; Fei, Peyrin, Malaval, Vico, & Lafage-Proust, 2010) Particularly, it has been 

found that bone blood flow is significantly reduced following 14 days of unloading as it 

is shown in figure 2, 3. (Stabley, Prisby, Behnke, & Delp, 2013)  

 



6 

 

Figure 2. Effects of 7 and 14 days of hindlimb unloading (HU) on regional femoral 

blood flow during standing (reloading). (Stabley et al., 2013) 

 

  

Figure 3. Cross-sectional view of femoral principal nutrient arteries from control (A) 

and 14 days of hindlimb unloaded (B) rats. (Stabley et al., 2013) 
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From the results in Stabley et al. in 2013, they concluded that such skeletal unloading 

induces the decreased ability to increase blood flow which reduces nutrient delivery to 

bone tissue and marrow. The detrimental effect of hindlimb suspension on bone is 

particularly expressed in trabecular bone compared to that of cortical bone. (Shiiba et al., 

2002; Vico et al., 2000) This could be caused from more rapid bone turnover rate in 

trabecular bone due to its bigger surface area than that of cortical bone. (Lane, Riley, & 

Wirganowicz, 1997)  

It was found that this pronounced loss of trabecular bone is incompletely recovered 

during the reloading period after suspension treatment in mice despite the recovery of 

trabecular bone formation and suppression of increased trabecular bone resorption. 

(Sakata et al., 1999) Ju et al. discusses that reconnection of the trabecular bone 

architecture after the first disruption is quite difficult as it may remain in permanently 

damaged condition even though the restoring effect has been imposed on trabecular 

bone subsequently following the reloading. (Ju, Sone, Ohnaru, Choi, & Fukunaga, 2012)  
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2. Exercise 

 

 

2.1 Resistance exercise and bone 

 

Mechanical loads from exercise that is created through muscle give impact on bone 

and improve bone mineral density and it is recommended that exercise as a bone mineral 

density inducer in young adolescents during their growth period. (Hamrick, 2011)  

As a means of allowing bigger mechanical loading on bone, resistance exercise is 

regarded as an effective exercise on maintaining muscle mass and bone. Regarding bone, 

high impact exercise and jumping are more effective in bone health and in promoting 

bone formation than aerobic activities such as running or walking. (Judex & Zernicke, 

2000; Kohrt et al., 2004; Umemura, Ishiko, Yamauchi, Kurono, & Mashiko, 1997) 

Similar effects are well demonstrated in animal studies as it was demonstrated that bone 

mass gain from running exercise is usually lost following the termination of the exercise 

intervention. (Iwamoto, Yeh, & Aloia, 2000; Wu, Wang, Higuchi, Yamada, & Ishimi, 

2004; Yeh & Aloia, 1990) In comparison to such a fading effect on bone from aerobic 

exercise, jump exercise that is one form of resistance showed a lasting effect of bone 

mass following the termination of exercise. (Honda, Sogo, Nagasawa, Kato, & 

Umemura, 2008; Umemura, Nagasawa, Sogo, & Honda, 2008)  

This high impact exercise and resistance exercise are shown to be effectively increase 

bone mass. (Fuchs, Bauer, & Snow, 2001; Kelley, Kelley, & Tran, 2001; Kohrt et al., 

2004; Martyn-St James & Carroll, 2006; Nichols, Sanborn, & Love, 2001; Ryan et al., 
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1994; Singh, Schmitz, & Petit, 2009) In mature rats, the mechanical loading from 

intermittently performed high intensity resistance training resulted increases in 

trabecular bone microarchitecture (Westerlind et al., 1998) and bone formation rate on 

the endocortical surface.(Macias et al., 2012)  

The effectiveness of resistance exercise on bone is well demonstrated from its effect 

on peak loads and loading rates on bone which affects more significantly than the 

number of repetition in sustaining bone mineral density. (Rubin & Lanyon, 1985) 

Furthermore, progressive high-intensity resistance training has been recognized as an 

effective strategy for stimulating osteogenic response and preserving bone mineral 

density in older adults. (Ryan et al., 1994) 
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3. Fibroblast growth factor 2 (FGF-2) 

 

 

3.1 FGF-2 and bone 

 

Fibroblast growth factor-2, also known as FGF-2 or basic FGF-2, is an 18 kDa 

multifunctional cytokine that involves in proliferation and differentiation in broad 

spectrum of cell types. (Delrieu, 2000) Also, FGF-2 is known to exist in multiple forms 

of different molecular weights, which include 21 kDa and 24kDa, all of them origins 

from a single gene through different translational initiation sites. (Moscatelli, Joseph-

Silverstein, Presta, & Rifkin, 1988) It was found that extracellular FGF-2 is an important 

bone growth factor. (Grounds, 1998; Olwin, Hannon, & Kudla, 1994) And higher cell 

count in human bone like cell was found when cultured by FGF-2 and this shows a 

positive effect in bone formation. (Pri-Chen, Pitaru, Lokiec, & Savion, 1998) It indicates 

the downstream of FGF-2 and FGF-2 receptor activating transcription. Also, it was 

found that FGF-2 can be used to measure bone mineral density by confirming in vitro 

cell culture experiment. (Noff, Pitaru, & Savion, 1989)  
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Figure 4. Role of bFGF in the proliferation of hSBMC (human stromal bone marrow 

cells) primary cultures. (Pri-Chen et al., 1998) 

   

From one study that injected FGF-2 systematically, the effect of FGF-2 on bone 

mineral density was investigated by histomophometry. It used overiectomized female 

rats and the study reported a significant decrease in osteoclast in proximal and distal bone 

following FGF-2 injection. (Liang, Pun, & Wronski, 1999) At the same time, osteoblast 

and osteoid that are shown to have a positive relationship, showed a significant increase 

in their counts. (Liang et al., 1999) The study also showed dose-dependent manner of 

FGF-2 effects on osteoblast and osteoclast as well. (Liang et al., 1999) Liang et al. 

described that FGF-2 as a potent regulator of bone formation. (Liang et al., 1999)   

Recently, exercise-derived FGF-2 has been well demonstrated from Hamrick et al. In 

Hamrick et al. they demonstrated that FGF-2 is released from muscle injury which 

would be caused from exercise as shown in Figure 5. This released circulating muscle-

derived FGF-2 can be delivered to receptors (FGFR2) that are expressed from endosteal 

bone-forming cells that line along the marrow cavity. (Hamrick, 2011) Thus, muscle-

derived or exercise-derived growth factors like FGF-2 can stimulate their receptors in 
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osteoprogenitor cells and osteoblasts via endocrine and paracrine ways. (Hamrick, 2011)  

 

 

Figure 5. Cross-section of a proximal limb segment of skeletal muscle surrounding bone 

and enlarged section of the muscle-bone interface (Hamrick, 2011) 
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III. METHODS 

1. Animal 

Fifty growing male Sprague-Dawley rats were purchased (Orient Bio Co., Korea) and 

used for this study. All rats were age-matched in 9-week-old and housed in a controlled 

environment in 12:12-h light-dark cycle with room temperature maintained at 22°C. All 

rats were fed with water and food (Rodent NIH-31 Open Formula Auto, Zeigler Bros 

Inc., USA) ad libitum. Animal experiments were approved by the Institutional Animal 

Care and Use Committee (IACUC) of Seoul National University. The IACUC number 

is SNU-150820-4-4. For those that were to be tail-suspended, two rats were housed in a 

hindlimb suspension cage (length-60 cm x width-30 cm x height-40 cm) and were 

separated by a barricade in order to avoid occurrence of any interaction in between. Each 

rat was able to roam freely at its wish in its own space (30 cm x 30 cm) by attaching their 

tail to a pulley which was made to spin 360-degree and to make the pulley to freely move 

along the steel bar. For those that were to be housed in a regular cage (40 cm x 25 cm x 

18 cm), no more than three rats were allocated per cage in order to avoid stress that may 

result from over-crowdedness.  

The researcher for this study completed “Animal experiment workshop” by Institute 

of Laboratory Animal Resources (ILAR) of Seoul National University. The certification 

number is 2011-14-05-181.  

 

 

 



14 

2. Study Design 

To investigate the regulatory effect of FGF-2, fifty 9-week-old rats were randomly 

assigned to each of the following groups: HS, hindlimb suspension intervened for 2 

weeks (n=10); CO, control group against HS (n=10); HEX, hindlimb suspension 

intervened for 2 weeks followed by 4 weeks of resistance ladder climbing exercise 

(n=10); HCO, control group against HEX, hindlimb suspension intervened for 2 weeks 

followed by 4 weeks of weight bearing spontaneous recovery (n=10); CON, control 

group against HCO. All rats were provided chow ad libitum and food intake was 

measured twice a week. During the intervention period, grip strength was measured in 

order to check the difference in strength of forelimb and hindlimb of rats every two 

weeks.  

Prior to the onset of intervention, 1 week of adaptation was allowed for rats to be 

familiarized to hindlimb suspension cage and exercise training. At the beginning of the 

intervention, the tail of rats (in group HS, HEX, HCO) were taped for hindlimb 

suspension. The rats were tail-suspended to the installed metal harness which holds rats 

in hindlimb suspended position by connecting taped-tail to the pulley. During the 

intervention, daily condition of rats were recorded and continuous taping was intervened 

to the rats if disengagement of taping is ever found. Also, enforcement in taping was 

performed continuously in order to hold the rats in the fully tail-suspended position. 

Following the 2 weeks of hindlimb suspension intervention, taping was taken out from 

the tail and the rats were distributed to the regular cages. For HS and CO group, rats 

were taken into PET/micro-CT scanning followed by sacrifice. For HEX group, after 

receiving one day of recovery, ladder climbing exercise was performed three times a 
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week and rats in HCO group set off weight bearing spontaneous recovery.  

The ladder climbing resistance exercise was performed by attaching weights to rats’ 

tail with clip. The exercise intensity was progressively increased by adding increasing 

weight loads to their tail, accordingly. Following the 4 weeks of exercise intervention, 

rats in group HEX, HCO and CON were taken to PET/micro-CT scanning and sacrifice 

procedure was followed afterward. 

   

 

 

Figure 6. Study design 
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3. Hindlimb Suspension Protocol 

 

3.1 Taping 

 

 

In order to make hindlimb of rats to be suspended, taping was performed on the rats’ 

tail for the tail to be attached to metal harness which is located high above the ground 

surface. The detailed taping procedure is as follows.  

After preparing Kinesio tape in suitable length according to the target rat’s size, it was 

folded in three in its long side. In each end, after selecting a suitable length, the tape was 

cut until it meets the folded line from each side. The three-line-seamed middle part of 

the tape was folded and scotch-taped and then a pulley was added to be put in the middle 

line of the tape.  

When the tape is prepared, a rat was prepared by holding its body in a restrainer and 

by taking its tail out of the restrainer. Then, one end of the tape was attached to the tail 

of a rat after applying an adhesive spray to taping to reinforce stickiness. After applying 

one end, the other end of the tape was attached to make a ring shape. Lastly, the pulley 

that had been already placed inside of the tape was hung on the steel bar with the rats in 

fully hindlimb suspended position against the base surface.  
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Figure 7. Taping steps for hindlimb suspension 
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3.2 Suspension & Caging 

 

 

For those that were to be tail-suspended, two rats were housed in a hindlimb 

suspension cage (length-60 cm x width-30 cm x height-40 cm) and were separated by 

an opaque barricade in order to eliminate any interaction in between. Each rat was able 

to roam freely around at its wish in its own space (30 cm x 30 cm) by attaching their tail 

to a pulley which was made to spin 360-degree and to make the pulley to freely move 

along the steel bar. The height of the taping was continuously adjusted by clipping the 

end of tape to make it shorter according to a rat’s size, which it makes a rat to stay in 

fully hindlimb suspended position. 
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Figure 8. Fully hindlimb suspended rat 

 

 

Figure 9. Set of hindlimb suspension intervention 
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4. Exercise Protocol  

Progressive resistance ladder climbing exercise was performed in the rats in HEX 

group following 2 weeks of hindlimb suspension treatment. The exercise program used 

in this study followed progressive overload resistance exercise training performed by 

humans, incurring the integrated physiological response to exercise. (e.g., increased 

sympathetic nervous system outflow, blood flow, and IGF-1 production) (Casey & 

Joyner, 2009; Parkhouse, Coupland, Li, & Vanderhoek, 2000; Ryan et al., 1994; 

Shepherd, 1987)  

The exercise was performed 3 days per week for 4 weeks. The exercise frequency of 

3 days per week has been determined from Westerlind et al. that demonstrated 

augmenting effect in bone mineral density. (Westerlind et al., 1998) Exercise was 

executed on a 1-m ladder with 2-cm grid and 0.25-m width that was set at 85° inclination 

against a wall. In order to progressively increase the intensity of the resistance exercise, 

weight load was continuously increased to their tail. The clip was made as its inside parts 

where the tail is being clipped to a rat’s tail were enforced with soft material to eliminate 

any undesirable pain that a rat might experience from clipping. A set of different weight 

loads were prepared by putting weights in the tube, and corresponding weight load was 

attached to the clip by a hook and fishing line.  

For the adaptation, rats in all group performed ladder climbing without any weight 

attached to their tail prior to intervene hindlimb suspension treatment. Also during 

adaptation, a clip had been attached to their tail without any weight prior to their climb 

in order to make the rats be familiarized to tail weighting which was used later in the 

main exercise to increase the intensity of the exercise. No such reward or enforcement 
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but gentle encouragement was given to rats to accomplish each exercise bout.  

In the main exercise, since the rats’ hindlimb was in atrophied condition and their 

physical function could have been diminished from suspension treatment, the intensity 

of exercise was carefully managed in progressive manner based on the protocol which 

had been used in previous experiment on SD rats in similar growing age in our lab. Prior 

to the first main exercise session, one day of recovery was given to the rats in HEX group 

right after the cessation of suspension treatment. As regards to the intensity of the 

exercise, it was started with no load in the beginning and to max load up to 

approximately 200% of their body weight at the 4th week of exercise session. The 

exercise consisted of ten bouts of climbing with weight load attached to their tail along 

with one bout of climbing without weight at the beginning. As it can be seen from Table 

1, the intensity of the exercise in the 1st week was set progressively as such, in 

considering their atrophied condition at the beginning of the exercise program. From the 

2nd week of exercise, the initial weight load was set as 50% of the previous week’s 

projected max load and 30g was added to their tail following every successful climb. If 

a rat was unable to accomplish a certain weight load, previous weight load was used to 

the rat to accomplish total 10 bouts of climbing. The details of the exercise program is 

provided in Table 1. The resistance exercise was performed in a progressive manner to 

overload skeletal muscle during each training for the intent of generating an anabolic 

stimulus to musculoskeletal tissue.  
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Figure 10. Ladder climbing exercise 

 

 

 

 

 

 

 

 

 

 



23 

 

Table 1. Exercise program 

 Exercise period 

 1-week 2-week 3-week 4-week 

Repetitions 1 rep climb with BW + 10 reps (if failed, continued with previous weight attached) 

Initial load 

(previous 

week's max 

load) 

0g 
50% 

BW 

60% 

BW 

50% BW load 70% BW load 90% BW load 

Load added 30g added following every successful climb 

Rest 2 min. interval 

Frequency 3 sessions per week (total 12 sessions) 
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5. Measurements 

 

Table 2. Measurements 

Measurements Method Model Company/Country 

Bone quality indices PET/µCT 
NanoPET/CT in-vivo 

pre-clinical imager 
Mediso, Hungary 

Body composition 

DXA Discovery W Hologic, USA Bone mineral contents 

Bone mineral density 

Bone turnover marker 

(Serum P1NP) Enzyme immunoassay  

(EIA) 

Rat/Mouse P1NP EIA 
Immunodiagnosticsystems,  

UK Bone turnover marker 

(Serum CTX-1) 
RatLaps™ CTX-1 EIA 

Skeletal Muscle FGF-2 Western blot FGF-2 (C-18) : sc-1360 Santa Cruz, USA 

Skeletal Muscle FGF-2 

mRNA 
Real-time PCR 

FGF-2  

Forward/reverse primer 

GAPDH 

Forward/reverse primer 

Bioneer, S.Korea 

Grip strength Grip strength test Grip Strength Meter Bioseb, France 
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5.1 Bone Quality Analysis – PET/µCT & Micro-CT 

In vivo Na18F PET/CT (Positron Emission Tomography/ Computed Tomography) 

scanning was performed to measure bone quality indices using a NanoPET/CT in-vivo 

pre-clinical imager (Mediso, Hungary). Scanning was performed according to the 

protocol and procedure by Professor Lee, Ho Young’s laboratory in the department of 

nuclear medicine in Seoul National University Hospital located in Bundang gu, S. Korea. 

Na18F PET/CT component and micro-CT scan were performed and each result was 

analyzed distinctively. All rats were anesthetized with isoflurane gas inhalation prior to 

scanning.  

 
Figure 11. In vivo PET/CT machine 

 
Figure 12. Setting of animal prior to PET/CT scan 
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5.2 Body Composition and Bone Mineral Density - DXA 

In vivo DXA (Dual energy X-ray Absorptiometry) scanning was performed to 

measure body composition, whole body and areal bone mineral density and contents of 

rats using a Hologic Discovery W model (Hologic, USA). Areal bone mineral density 

(aBMD) and contents (aBMC) were taken from tibia of rats. For body composition 

indices, the values of fat mass, lean mass and % fat were taken for this study. All rats 

were anesthetized for DXA scanning and sacrifice was performed subsequently.  

 

 

 

 

Figure 13. DXA scanning of rat 
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5.3 Skeletal Muscle Preparation 

 

Following DXA scanning, anesthetized rat’s blood was extracted from the heart. The 

blood was stored in SST tube (Serum Separator Tube) that contains clot activator and 

serum separator gel. Then, left and right tibia, soleus, gastrocnemius medialis and 

lateralis, tibialis anterior, and extensor digitorum longus were rapidly removed and 

stored at -80°C until the protein analysis. Among the removed sample, right soleus and 

extensor digitorum longus were stored in 4% PFA solution and right tibia was stored in 

0.5M EDTA solution for decalcification. Immediately after the sacrifice, all the extracted 

blood samples in SST tubes were centrifuged in 4°C at 13,000 rpm for 15 minutes to 

differentiate insoluble materials.  

 

 

 

Figure 14. Sampling of skeletal muscles of a rat’s leg 
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5.4 Skeletal Muscle FGF-2 Analysis – Western Blot 

 

Quantification and measurement of FGF-2 protein in quantified soleus muscle sample 

with BCA assay was performed by using Western blot analysis. Briefly, protein was 

extracted using protein extraction solution (PRO-PREP, iNtRON), and total protein 

concentration was assayed with Pierce BCA protein assay kit (Thermo Scientific). After 

SDS-PAGE on 12% gels, protein was transferred to Immobilon™ transfer membranes 

(Millipore). Membranes were blocked in TBS-T containing 10% skim milk (Bio-Rad) 

for 1 h, washed 30 min with TBS-T, and then membranes were incubated with a goat 

polyclonal anti-FGF2 antibody (Santa Cruz) that recognizes all isoforms of FGF2 for 

overnight. Following the incubation for overnight, membranes were incubated in an 

anti-mouse secondary antibody (Santa Cruz) for 2 h after washing with TBS-T. After 

incubation with antibodies, membranes were washed 1 h with TBS-T. MicroChemi 4.1 

(DNR Bio-Imaging Systems Ltd.) was used for detection. Band density was quantified 

by densitometry with ImageJ analysis program.  

 

**Followings are the antibodies used: Primary ab - Anti-FGF2 goat polyclonal 

produced in human (C-18: sc-1360, Santa Cruz) at 1:1000 dilution, Anti-GAPDH at 

1:1000 dilution; Secondary ab - anti-mouse 1:5000 for FGF-2, anti-rabbit 1:1000 for 

GAPDH. 
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5.5 Skeletal Muscle FGF-2 mRNA Analysis- Real-time PCR 

 

Real-time PCR (Polymerase chain reaction) was used to analyze the expression of 

mRNA of FGF-2. In each group, four rats’ type I dominant muscle, soleus and type II 

dominant muscle, extensor digitorum longus was examined in duplicate. Total RNA was 

extracted using the TRIZOL reagent (Invitrogen, Seoul, Korea). The concentration was 

determined by spectrophotometry at 260 nm. The quality of RNA was confirmed by 

using the absorbance ratio at 260/280 nm as all the values in all samples 1.8~2.0. The 

extracted RNA samples were then prepared to run cDNA synthesis cycle run in Veriti 

96 Well Thermal Cycler (Applied Biosystems, USA). The cDNA products were 

analyzed by Real-time PCR using SYBR Green PCR mix – SensiFAST SYBR Lo-

ROX Kit (Bioline, UK) in 7500 Real Time PCR System (Applied Biosystems, USA). 

Following the amplification, the level of FGF-2 mRNA was calculated by normalizing 

the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an 

internal control.  

In quantification of the experiment, the each gene’s GAPDH cycle threshold (Ct) 

values were subtracted from the corresponding genes’ FGF-2 values and ΔCt values 

were achieved. Ct levels are inversely proportional to the amount of target nucleic acid 

in the sample. It is commonly known that Ct values less than 29 indicate abundant 

amounts of target nucleic acid in the sample, 30-37 being moderate amounts of target 

nucleic acid and those over the 38 indicate minimal amounts that could indicate 

possibility of an infection state or environmental contamination. 

In order to calculate the relative expression of the target gene, relative quantification 
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(RQ) was calculated from the calculated values of ΔΔCt to compare ΔCt values for 

reference. ΔΔCt was achieved by ΔCt [target group’s] – ΔCt [control group’s]. The 

degree of difference was calculated as 2-ΔΔCt. The sequence of the FGF-2 and its 

reference GAPDH primers. The forward and reverse FGF-2 and GAPDH primer 

sequences used in the SYBR Green Master Mix protocol were designed according to 

the sequence used from Yamaguchi et al (Yamaguchi, Ishii, Morita, Oota, & Takeda, 

2004) and are provided in Table 3. Each primers were purchased from Bioneer 

Corporation (Daejeon, S.Korea). 

 

Table 3. Primers for Real-time PCR using SensiFAST SYBR Lo-ROX Mix protocol 

The primers were derived from the following GenBank accession numbers. FGF-2: M22427, GAPDH: X02231. 

 

 

 

 

 

 

 

 

 

Gene Forward primer (5’-3’) Position Reverse primer (3’-5’)  Position 

FGF-2 GCAGCATCACTTGCGTTCC 543–561 TGGAAGAAACAGTATGGCCTTCTG 979–956 

GAPDH AGACTGTGGATGGCCCCTCT 622 GATGACCTTGCCCACAGCCT 728 
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5.6 Serum Bone Turnover Marker Analysis – EIA analysis 

 

The measurement of bone turnover markers in serum was performed by Enzyme 

immunoassay (EIA) method. As a candidate for bone formation marker, Procollagen of 

type I collagen (P1NP) was selected after reviewing and its EIA kit (Rat/Mouse P1NP 

EIA, Immunodiagnosticsystems) was purchased. Also as to a candidate for bone 

resorption marker, C-terminal telopeptide (CTX-1) was selected after reviewing and its 

EIA kit (RatLaps™ CTX-1 EIA, Immunodiagnosticsystems) was purchased. The 

sensitivity of P1NP in the analysis was 0.7 ng/mL and the inter-assay and intra-assay 

CV were 9.2% to 8.2% and 6.4% to 5.0%. The CTX-1 RatLaps™ detection limit was 

2.0 ng/mL and the inter-assay and intra-assay coefficients of variation were 9.2% to 5.8% 

and 14.8% to 10.7%, respectively. The analysis of the two markers in serum samples 

were performed by EIA kit by following each kit’s procedure guidelines.  
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5.7 Grip Strength 

 

The grip strength was measured using Grip Strength Meter (Bioseb, France), and 

modification of the previously reported method (Meyer et al., 1979). The test was 

performed in forelimb and hindlimb of rats. Forelimb grip strength test was performed 

by allowing the animals to grasp a bar attached to the force gauge. This was followed by 

pulling the animal away from the gauge until the forelimb released the bar. Hindlimb 

grip strength test was followed by forelimb grip strength test and performed in a similar 

manner to forelimb grip strength test. In hindlimb strength test, a rat was positioned by 

allowing it to put its forelimb onto the researcher’s left hand to avoid any interference of 

its forelimb to the gauge. The test was performed five times in each forelimb and 

hindlimb of each rat. Among the five records in each test, the maximal grip strength in 

gram was taken into result analysis. The grip strength was measured once in every two 

weeks.  
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Figure 15. Progression image of grip strength test (Hindlimb) 
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5.8 Food Intake 

 

The food intake was recorded from the beginning week of the intervention until the 

end of the intervention. During the animals that were housed in hindlimb suspension 

cage, the food was provided on the ground of the cage by the researcher. 100g amount 

of food was provided for each rat twice a week and the amount left over was recorded 

the day after.  
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6. Data Analysis 

 

Statistical analysis was performed using SPSS 22.0 software (SPSS Inc.). Results 

were expressed as mean±SEM, mean±SE and mean±SD. T-test was performed to 

examine the difference of the results among groups in muscle wet weight, PET/CT result, 

micro-CT induces, body composition, and serum P1NP and CTX-1 level, Western blot 

result, and Real-time PCR result. Median analysis was performed to examine the 

difference in food intake. Repeated ANOVA (analysis of variance) was performed to 

examine the difference of the results among the groups in body weight and grip strength. 

Two-way ANOVA was performed to examine the difference in body weight. 

Bonferroni’s post hoc test was used to evaluate the mean difference between each group. 

The level of significance was set at p < 0.05. 
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IV. RESULTS 

 

1. Body Composition 

 

 

The body composition of animals was analyzed via DXA scan. T-test was performed 

to examine the difference between the groups. The result showed that there were 

significant differences in total mass, lean mass, percent fat, bone mineral contents, bone 

mineral density and tibia areal BMD in HS group compared to CO group following the 

suspension treatment. There were significant differences found in bone mineral contents 

and bone mineral density in HCO group compared to CON group following the 

recovery. There were significant differences found in total mass, and lean mass in HEX 

group compared to HCO group following the exercise.  
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Table 4. Whole body composition using dual energy X-ray absorptiometry (DXA) 

Values are presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 CO compared 

with HS; CON compared with HCO; HCO compared with HEX 

 

 

Figure 16. Image of ROI area selection of DXA scan (R1: Right tibia/ R2: Left tibia/ 

R3: Whole body without head/ Global: whole body) 

 

 

Hindlimb suspension Recovery following hindlimb suspension EX following hindlimb suspension 

CO (n=10) HS (n=10) p value CON (n=8) HCO (n=10) p value HCO (n=10) HEX (n=10) p value 

Total mass (g) 335.250±3.918 301.690±7.339** 0.001 481.700±7.066 469.190±9.905 0.320 469.190±9.905 412.440±7.519*** < 0.001 

Lean mass (g) 288.190±4.071 250.330±6.137*** < 0.001 376.930±12.147 371.690±8.594 0.731 371.690±8.594 335.810±6.033** 0.003 

Fat mass (g) 36.290±2.425 41.420±1.754 0.105 88.090±9.112 81.820±9.188 0.635 81.820±9.188 61.690±4.236 0.069 

Percent fat (%) 10.840±0.718 13.800±0.453** 0.003 18.325±1.906 17.300±1.680 0.692 17.300±1.680 14.910±0.904 0.231 

Bone mineral contents (g) 10.764±0.173 9.924±0.208** 0.006 16.675±0.201 15.670±0.313* 0.017 15.670±0.313 14.950±0.297 0.113 

Bone mineral density (g/cm2) 0.177±0.002 0.170±0.002** 0.006 0.208±0.001 0.202±0.002* 0.011 0.202±0.002 0.210±0.002 0.623 
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2. Body Weight 

 

 

  In the groups of HS and CO, the body weight was significantly different in HS group 

compared to CO group following 2 weeks of hindlimb suspension treatment (Two-way 

repeated ANOVA; P < 0.01). Also, there were significant differences in body weight 

during 4 weeks of EX/recovery period in 13th, 14th and 15th week in CON, HCO and 

HEX group. 

 

 

Figure 17. The change in body weight pre- and post-hindlimb suspension. Values are 

presented as mean±SEM. **p < 0.01, CO compared with HS. 
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Figure 18. The change in body weight during 2 weeks of hindlimb suspension followed 

by 4 weeks of EX/recovery period. Values are presented as mean±SEM. *Indicates 

significant difference from HCO and CON, p < 0.05 and **Indicates significant 

difference from HCO and CON, p < 0.01. 
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3. Food Intake 

 

 

In the food intake during 2 weeks of the hindlimb suspension and 4 weeks of the 

EX/recovery period, there was no significant difference found among the groups.  

 

 

 

Figure 19. Change in food intake during the intervention period. Values are presented 

as median. 

 

 

 

 

10

20

30

40

50

HEXHCOCONHS  

Fo
od

 in
ta

ke
 (g

)

CO



41 

4. Skeletal Muscle Properties 

 

4.1 Skeletal Muscle Wet Weight 

 

During the sacrifice of the animal, the skeletal muscle wet weights in each leg’s soleus, 

gastrocnemius, tibialis anterior, and extensor digitorum longs were measured and the 

values were summed up. There were significant differences in soleus, gastrocnemius, 

tibialis anterior and extensor digitorum longus in HS group compared to CO group 

following the suspension treatment. There was a significant difference in extensor 

digitorum longus in HCO group compared to CON group following the recovery. There 

were significant differences found in gastrocnemius and tibialis anterior in HEX group 

compared to HCO group following the exercise.  

Table 5. Wet weight of skeletal muscles adjacent to tibia 

Values are presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 CO compared 

with HS; CON compared with HCO; HCO compared with HEX 

 

Hindlimb suspension Recovery following hindlimb suspension EX following hindlimb suspension 

CO (n=10) HS (n=10) p value CON (n=8) HCO (n=10) p value HCO (n=10) HEX (n=10) p value 

Soleus (g) 0.265±0.011 0.141±0.007*** < 0.001 0.402±0.018 0.375±0.013 0.236 0.375±0.013 0.349±0.010 0.128 

Gastrocnemius (g) 3.383±0.054 2.722±0.071*** < 0.001 4.951±0.137 4.797±0.104 0.385 4.797±0.104 4.463±0.084* 0.023 

Tibialis anterior (g) 1.242±0.018 1.092±0.033** 0.001 1.907±0.062 1.805±0.043 0.199 1.805±0.043 1.647±0.051* 0.029 

Extensor digitorum longus (g) 0.318±0.012 0.286±0.006* 0.032 0.529±0.044 0.423±0.010* 0.047 0.423±0.010 0.405±0.011 0.224 
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4.2 Relative Skeletal Muscle Wet Weight 

 

 

The relative skeletal muscle wet weight was presented by dividing each muscle by 

body weight and multiplying it by 1000. In relative skeletal muscle wet weight, there 

were significant differences in soleus, gastrocnemius in HS group compared to CO 

group following the suspension treatment. There was a significant difference in extensor 

digitorum longus in HCO group compared to CON group following the recovery and 

in HEX group compared to HCO group following the exercise.   

 

 

Table 6. Relative wet weight of skeletal muscles adjacent to tibia 

Values are presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 CO compared 

with HS; CON compared with HCO; HCO compared with HEX 

 

Hindlimb suspension Recovery following hindlimb suspension EX following hindlimb suspension 

CO (n=10) HS (n=10) p value CON (n=8) HCO (n=10) p value HCO (n=10) HEX (n=10) p value 

SOL/ BW x 1000 (g/g) 0.754±0.030 0.446±0.019*** < 0.001 0.847±0.034 0.775±0.017 0.087 0.775±0.017 0.813±0.024 0.207 

GAS/ BW x 1000 (g/g) 9.630±0.151 8.609±0.084*** < 0.001 10.441±0.241 9.947±0.181 0.123 9.947±0.181 10.379±0.146 0.081 

TA/ BW x 1000 (g/g) 3.536±0.057 3.453±0.051 0.292 4.025±0.129 3.741±0.060 0.074 3.741±0.060 3.821±0.063 0.374 

EDL/ BW x 1000 (g/g) 0.905±0.033 0.907±0.014 0.949 1.123±0.103 0.876±0.014* 0.049 0.876±0.014 0.940±0.016** 0.008 
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5. Performance  

 

5.1 Relative Exercise Intensity 

 

 

The relative exercise intensity was calculated by dividing maximal weight lifted by 

average body weight in HEX group in each week. At the 4th week, the last exercise 

period, the relative maximal weight lifted was approximately 2-fold the each rat’s body 

weight.  
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Figure 20. Relative exercise intensity throughout the exercise period 
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5.2 Relative Hindlimb Grip Strength  

 

 

  The relative hindlimb grip strength was calculated by the average of maximal grip 

strength record of each rat divided by the body weight. The result shows that there was 

a significant difference in the relative hindlimb grip strength in HS group compared to 

CO group following 2 weeks of hindlimb suspension. Also, there were significant 

differences found among CON, HCO and HEX groups in 13th and 15th week’s grip 

strength test.  
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Figure 21. Relative hindlimb grip strength pre- and post-hindlimb suspension. Values 

are presented as mean±SEM. ***Indicates significant difference from CO, p < 0.001. 
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Figure 22. Relative hindlimb grip strength pre- and post-hindlimb suspension. Values 

are presented as mean±SEM. ***Indicates significant difference from CON and HCO, 

p < 0.001. 
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6. Bone Quality  

 

6.1 Na18F PET/CT 

 

 The Na18F PET/CT scan was performed and the lower portion of rats were focused for 

the tibia metaphysis analysis. The result shows that mineral metabolism, or which 

represents bone turnover rate, was statistically significantly increased in rats in HCO 

group compared to those in HEX or CON group.  

In the result, statistically significantly higher level of mineral metabolism rate in tibia 

metaphysis was found in HCO group compared to HEX and HCO.  

 

 

Figure 23. PET/CT fusion image of tibia metaphysis of representative animals in HEX, 

HCO and CON group.  
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Figure 24. Mineral metabolism (bone turnover rate) of left tibia of the rats in HEX, HCO 

and CON group. Values are presented as mean±SD. *Indicates significant difference 

from HEX, p < 0.05; # indicates significant difference from CON, p < 0.05. 

Figure 25. Mineral metabolism (bone turnover rate) of right tibia of the rats in HEX, 

HCO and CON group. Values are presented as mean±SD. *Indicates significant 

difference from HEX, p < 0.05; # indicates significant difference from CON, p < 0.05. 
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6.2 Micro-CT 

 

 

Tibia-specific regional micro-CT scanning was performed after the cessation of the 

treatment in each group. The micro-CT 3-D and cross sectional images of left tibia were 

taken from representative animals from CO, HS, HEX, HCO and CON groups for 

qualitative analysis. Bone density was analyzed in Hounsfield Unit (HU) and trabecular 

BV/TV (bone volume/ total volume) in percent (%). From the result, bone density was 

significantly lower in the HS group compared to CO group (p < 0.001) and significantly 

higher in the HEX group compared to HCO group (p < 0.030). Also, BV/TV was 

significantly lower in the HS group compared to CO group (p < 0.001) and significantly 

higher in the HEX group compared to HCO group (p < 0.008). Following trend was 

also seen in DXA based aBMD result as it was significantly lower in the HS group 

compared to CO group (p < 0.033) and was significantly higher in the HEX group 

compared to HCO group (p < 0.023).  
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Figure 26. Micro-CT image of representative animals in CO, HS, HEX, HCO and CON 

group. 

 

Table 7. Micro-CT based bone density values and morphometric index and DXA based 

areal bone mineral density of right tibia 

Values are presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 CO compared 

with HS; CON compared with HCO; HCO compared with HEX. 

 

Hindlimb suspension Recovery following hindlimb suspension EX following hindlimb suspension 

CO (n=10) HS (n=10) p value CON (n=8) HCO (n=10) p value HCO (n=10) HEX (n=10) p value 

Bone Density (HU)  839.008±31.046 556.653±30.665*** < 0.001 748.984±29.033 789.138±36.741 0.404 789.138±36.741 891.109±20.803* 0.030 

BV/TV (%) 51.130±0.306 32.640±0.584*** < 0.001 49.750±0.616 50.190±0.622 0.622 50.190±0.622 52.310±0.164** 0.008 

aBMD (g/cm2) 0.108±0.010 0.083±0.004* 0.033 0.098±0.012 0.090±0.007 0.573 0.090±0.007 0.115±0.007* 0.023 
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6.3 Serum Bone Turnover Marker Analysis 

 

 

  From the result, serum P1NP (biomarker of bone formation) levels were significantly 

lower in HS group compared to CO group (p < 0.009) and in HEX group compared to 

HCO group (p < 0.019). The level was also significantly higher in HCO group compared 

to CON group (p < 0.033). Serum CTX-1 (biomarker of bone resorption) level was 

significantly lower in HCO group compared to CON group (p < 0.001).  

 

 

 

 

Table 8. Blood serum formation and resorption markers  

Values are presented as mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 CO compared 

with HS; CON compared with HCO; HCO compared with HEX. 

 

 

 

 

 

Hindlimb suspension Recovery following hindlimb suspension EX following hindlimb suspension 

CO (n=10) HS (n=10) p value CON (n=8) HCO (n=10) p value HCO (n=10) HEX (n=10) p value 

P1NP (ng/mL)  60.807±6.163 35.815±5.726** 0.009 30.236±4.221 47.493±6.032* 0.033 47.493±6.032 31.133±2.054* 0.019 

CTX-1 (ng/mL) 29.870±1.138 35.296±4.214 0.249 14.309±1.270 20.804±1.084** 0.001 20.804±1.084 18.689±1.138 0.195 
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6.3.1 Bone Formation Marker – P1NP 
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Figure 27. Blood serum formation marker – P1NP. Values are presented as mean±SEM. 

*Indicates significant difference from CON, p < 0.05; **Indicates significant difference 

from CO, p < 0.01; # indicates significant difference from HCO, p < 0.05. 
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6.3.2 Bone Resorption Marker – CTX-1 
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Figure 28. Blood serum resorption marker – CTX-1. Values are presented as 

mean±SEM. **Indicates significant difference from CON, p < 0.01. 
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7. Skeletal Muscle FGF-2  

 

 

7.1 FGF-2 Protein Level Analysis – Western blot 

 

 Western blot was performed on soleus and extensor digitorum longus muscles of the 

selected rats in all groups. However, there was no significant difference in the expression 

of FGF-2 relative to GAPDH was not found in HS vs. CO, HEX vs. HCO, and HCO 

vs. CON.  

 

 

 

 

Figure 29. Expression of FGF-2 protein as determined by Western blotting. The 

following antibodies were used: Primary ab - Anti-FGF2 goat polyclonal produced in 

human (C-18: sc-1360, Santa Cruz) at 1:1000 dilution, Anti-GAPDH at 1:1000 dilution; 

Secondary ab - anti-mouse 1:5000 for FGF-2, anti-rabbit 1:1000 for GAPDH.  
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Figure 30. Ratios of FGF-2 protein level relative to those of GAPDH in soleus muscle. 

Values are presented as mean±SE. 
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Figure 31. Ratios of FGF-2 protein level relative to those of GAPDH in extensor 

digitorum longus muscle. Values are presented as mean±SE. 
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7.2 FGF-2 mRNA Level Analysis – Real-time PCR 

 

The cycle threshold (Ct) values of FGF-2 & GAPDH mRNA in soleus and extensor 

digitorum longus muscles were analyzed. The result indicates that both FGF-2 nucleic 

acids in soleus and extensor digitorum longus muscles showed positive reactions as their 

Ct values indicate presence of moderate amounts of target nucleic acids. In GAPDH 

nucleic acids in both muscles showed abundant amount in the sample as their Ct values 

resulted below 29. The FGF-2 mRNA level was significantly decreased in EDL muscle 

of HEX group, compared to that of HCO group. There was no significant difference in 

FGF-2 mRNA level among other groups. 

 

Table 9. Cycle threshold (Ct) values of FGF-2 & GAPDH nucleic acids in soleus 

Values are presented as mean±SE.  

 

Table 10. Cycle threshold (Ct) values of FGF-2 & GAPDH nucleic acids in extensor digitorum longus 

Values are presented as mean±SE. 

 

SOLEUS 

HS CO HEX HCO CON 

Ct (FGF-2) 33.908±0.328 34.199±0.203 34.398±0.205 33.711±0.355 30.631±0.133 

Ct (GAPDH) 22.751±0.261 22.757±0.113 23.119±0.119 22.615±0.260 19.550±0.077 

 

EXTENSOR DIGITORUM LONGUS 

HS CO HEX HCO CON 

Ct (FGF-2) 34.067±0.389 34.102±0.309 34.817±0.333 32.997±0.362 31.278±0.156 

Ct (GAPDH) 22.070±0.227 21.680±0.185 22.030±0.088 21.104±0.147 19.872±0.146 
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Figure 32. Relative FGF-2 mRNA expression in soleus muscle. Values are presented as 

mean±SE. 
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Figure 33. Relative FGF-2 mRNA expression in extensor digitorum longus muscle. 

Values are presented as mean±SE. *Indicates significant difference from HCO, p < 0.05. 
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V. DISCUSSION 

 

The major findings in the present study were that 2 weeks of hindlimb suspension 

clearly demonstrated debilitating effect on bone quality in growing rats and 4 weeks of 

progressive ladder climbing resistance exercise exerted beneficial effects on the recovery 

of the tibia of the growing rats. Although the effects of exercise were not shown 

significantly in whole body DXA bone quality indices, the beneficial effect was apparent 

in the tibia – the bone that is mostly affected by hindlimb suspension. 

To our knowledge, this research is the first study that investigated the effect of 

progressive ladder climbing exercise on bone quality in the growing rats following a 

period of hindlimb suspension exposure with leading edge qualitative approaches, 

PET/CT bone metabolism imaging technique collaborated with micro-CT and DXA 

and that examined a potential mediator, FGF-2 on bone quality following hindlimb 

suspension intervention.  

 

2 weeks of hindlimb suspension demonstrated substantial loss of bone quality 

Along with hypothesis, the effect of 2 weeks of hindlimb suspension treatment on 

bone quality was quite devastating. Starting from body weight change, 2 weeks of 

suspension induced significant change (p < 0.01) compared to CO group, though there 

was no significant difference in food intake. It showed significant differences in all 

muscles that were sampled – SOL, GAS, TA and EDL. Also the effect was 

demonstrated in the result of the relative muscle wet weight of SOL and GAS. The effect 

was prominent in the performance as the hindlimb grip strength value substantially 
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decreased following the suspension intervention period. In regard to bone quality, 2 

weeks of the intervention demonstrated great physiological changes in bone condition 

in whole body BMC, and BMD. Not surprisingly, the result was promising in the bone 

quality of the tibia – the bone that is mostly affected from mechanical unloading. In all 

of the indices, bone density, BV/TV and aBMD, significant reductions in bone quality 

were found. Such an effect was demonstrated in the result of blood serum bone 

formation marker, P1NP, as its level was significantly reduced following the intervention, 

showing that the osteoblastic activity had been reduced.  

 

Abnormal bone turnover rate found following 2 weeks of hindlimb suspension 

via NaF-PET/CT, whereas 4 weeks of progressive ladder climbing resistance 

exercise made to regain the normality  

Despite its bone quality result shown to be phenotypically recovered back to normal 

status, the result of PET/CT fusion images of the representative animals in the groups 

and their corresponding mineral metabolism rate data clearly showed that mineral 

metabolism, which represents bone turnover rate, was particularly increased in HCO 

group that received no recovery-aiding intervention for 4 weeks than that of HEX group 

(p < 0.05) and CON group (p < 0.05). The increased bone turnover rates can be seen 

during the unused osteoporosis and is used as a marker to detect possibility of high 

fracture risk and provide other clinical information as well. (Arceo-Mendoza & 

Camacho, 2015) It turned out to be that 2 weeks of hindlimb suspension induced a state 

that mimics such a condition.  

In contrast to the spontaneous recovery that received no recovery intervention, the 

bone turnover rates in HEX group resulted to be not different from that of CON group. 
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This may represent that the abnormal bone turnover rates that could have been seen, just 

as it was seen in HCO group, were well treated by progressive resistance exercise and it 

actually showed restoring effect on bone turnover rate back to normal state.  

The result demonstrated by NaF-PET imaging is quite telling as it identified the 

abnormal bone quality from biochemical aspect which could have been easily unnoticed 

from merely analyzing the phenotypical result from micro-CT scan. This 18F-sodium 

fluoride (NaF) imaging is known to catch calcium metabolic activity in the bone 

structures or in soft tissues as well. (Raynor et al., 2016) The NaF-PET imaging is getting 

its attention as its efficacy to detect various musculoskeletal diseases by measuring bone 

turnover has continuously been confirmed in several studies. (Raynor et al., 2016)  

 

4 weeks of progressive ladder climbing resistance exercise improved the bone 

quality even surpassing the normal condition 

The effect of 4 weeks of progressive ladder climbing resistance exercise was well 

demonstrated in the improvement of tibia bone quality. Following the training, it showed 

significant increases in bone density, BV/TV and aBMD of tibia than those from same 

period of weight bearing recovery. The micro-CT result of 4 weeks of training showed 

that the bone quality of growing rat even surpassed than that of the age-matched control 

in the tibia. The following phenomenon could be explained by the studies that 

demonstrated more responsiveness in young bone to mechanical loading or exercise 

than that compared to grown bone. (McDonald, Hegenauer, & Saltman, 1986; Rubin, 

Bain, & McLeod, 1992; Steinberg & Trueta, 1981; Turner, Takano, & Owan, 1995) 

Furthermore, the effect of training was apparent in hindlimb grip strength, body weight, 

and skeletal muscle wet weight. Interestingly, in the relative skeletal muscle wet weight, 
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EDL muscle was shown to be affected from the training. Since EDL muscle is a skeletal 

muscle that is mostly composed of type II muscle fibers, (Delp & Duan, 1996) it 

suggests that the effect of resistance training was found. 

 

No clear result seen in FGF-2 as a potential mediator between muscle and bone, 

though its true role still remains to be questionable and needs further studies to be 

enlightened 

From the Western blot and Real-time PCR results, no clear result on the role of FGF-

2 as a potential mediator between muscle and bone as the results claimed that there was 

no statistical significance found among the groups both in protein and mRNA level of 

FGF-2. Although it was found that the FGF-2 mRNA level in EDL muscle was 

statistically significantly decreased in HEX group compared to that of HCO group, the 

result is rather obscure to be interpreted as it does not correspond to statistically 

significantly heavier relative wet weight of HEX group and insignificant expression of 

FGF-2 protein level in EDL muscle.  

In the Western blot result, there lies a substantial shortcoming in analysis, of which 

being small subject number. In this experiment, three subjects were selected out of ten 

in each group by inspecting their relative muscle wet weight. After the inspecting the 

relative muscle wet weight of soleus and extensor digitorum longus, subject rats that do 

not show abnormally high or low muscle weights were finally chosen as the candidates 

for the experiment. Also, after analyzing their band, two out of those three were finally 

selected for the final analysis in order to present result bands in all the groups in one gel. 

In the further study, more subjects’ FGF-2 protein levels are needed to be examined to 

demonstrate their association to bone quality as a base work to clarify its role as a 
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potential mediator of bone and muscle.  

Away from the effort to investigate the role of FGF-2 as a potential mediator between 

bone and muscle, it was interesting to demonstrate consistent result of FGF-2 protein 

level being insignificantly expressed in extensor digitorum longus muscle in all groups 

while its expression being consistently well expressed in soleus muscle. This could work 

as base data for further studies to be conducted and more studies are needed to derive a 

scientifically plausible explanation that is responsible for this phenomenon.  

 

Limitation 

There are several limitations to encounter in this study. Although the effect of 2 weeks 

of hindlimb suspension has been well demonstrated in Stabley et al., in this study, 

(Stabley et al., 2013) the length of the suspension intervention period could have been 

rather insufficient to induce damaged condition to be remained over the period of weight 

bearing spontaneous recovery in trabecular bone as remaining of damaged trabecular 

bone condition was demonstrated in adult rats that underwent 4 weeks of hindlimb 

suspension treatment, (Shirazi-Fard et al., 2014) whereas the result from this study 

showed complete recovery in trabecular bone over the 4 weeks of weight bearing 

spontaneous recovery in HCO group compared to CON group. Also, during the period 

of trial and error in applying taping and managing the hindlimb suspension system in the 

beginning of the experiment, few of the rats in HEX and HCO group experienced 

detachment from tape which made their hindlimb to make a contact with the ground for 

a period of approximately overnight. The effect of following error could have affected 

on the full recovery of the trabecular bone in HCO group.  
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Conclusion 

In summary, 4 weeks of progressive ladder climbing exercise following 2 weeks of 

hindlimb suspension improved the bone quality of the tibia in its density and volume. 

The result from this study is encouraging as it shows that the effect of minimum period 

of 2 weeks of hindlimb suspension was well demonstrated and the effect of rather short 

duration progressive ladder climbing exercise was prominent. The potential role of FGF-

2 still needs further studies to be investigated. 
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국 문 초 록 

 

뒷다리 부유된 성장기의 쥐에서 점진적 
저항성 운동이 뼈의 질에 미치는 영향

과 그의 잠재적 중재자 FGF-2 

 

송 한 솔 

서 울 대 학 교 대 학 원 

체 육 교 육 학 과 

 

서론: 

뼈는 주변환경과 상호작용을 하는 기관으로 물리적 부하 등의 여부에 

따라 미세구조의 변화를 가져오는 것으로 알려져 있다. 이러한 기전은 

우주 비행사들 혹은 침상에 오래 누워지내는 환자들에게서 쉽게 발견

되며, 심각한 뼈의 질의 감소를 초래한다고 알려졌다. 이러한 기전을 

밝히기 위해 뒷다리 부유 (Hindlimb Suspension)를 처치한 모델이 

이용되며, 이때, 점진적 사다리운동이 뒷다리 부유를 통해 악화된 뼈

의 질에 어떠한 영향을 미치는지 밝히기 위해 위 연구가 진행되었다. 

또한, 운동시 근육에서 생성되어 주변 뼈의 질에 긍정적인 영향을 준

다고 알려진 FGF-2 가 어떠한 영향을 미치는지 분석되었다. 
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방법: 

성장기의 9주령 Sprague-Dawley 쥐가 사용되었고, HS (뒷다리 부

유 2주, n=10), CO (HS 그룹의 대조군, n=10), HEX (뒷다리 부유 2

주 후 4주간 저항성 운동, n=10), HCO (뒷다리 부유 2주 후 4주간 

일반 자가체중 회복, n=10), CON (HCO 그룹의 대조군, n=10) 으로 

진행되었고, 1주간의 적응기 이후 HS, HEX, HCO 그룹의 쥐들의 꼬리

에 테이핑이 실시되어 뒷다리 부유 처치가 실행되었다. 저항성 운동은 

점진적 저항성 운동의 사다리 운동이 4주간 실시되었다. 뼈의 질의 측

정으로, Na18F PET/CT, micro-CT, DXA 가 측정되었고, 혈액에서 

뼈 turnover의 지표들이 EIA 방법을 통해 측정되었다. 근육내의 

FGF-2 mRNA 와 단백질 수준 검사로, Real-Time PCR 와 

Western Blot 분석이 비장근 (Soleus)과, 긴발가락폄근 (Extensor 

Digitorum Longus)의 샘플에서 실시되었다. 

 

결과: 

2주간의 뒷다리 부유 처치는 심각한 뼈의 질의 감소를 불러일으켰다.

이어, 4주간의 저항성 운동은 뼈의 질의 향상을 야기했으며, 뼈의 

turnover 율의 정상화를 유발했다. 비장근과, 긴발가락폄근의 mRNA 

와 단백질 수준에서의 유의성은 발견되지 않았다. 

 

결론: 

2주간의 뒷다리 부유 처치는 뚜렷한 뼈의 질의 손상을 불러 일으켰고, 

이에 손상된 성장기 쥐들의 경골에 4주간의 점진적 저항성 사다리 운

동은 뼈의 질의 회복을 야기했다. 근육과 뼈의 상호작용을 할거라 기
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대하는 잠재적 중재자인 FGF-2 의 역할을 밝히기 위하여 후속 연구

가 필요할 것이라 사료된다. 

 

주요어: 뒷다리 부유, 뼈의 질, 점진적 사다리 저항성 운동, FGF-2 

 

학번: 2014-20996 
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