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Abstract  
This study aimed to investigate the expression of PGC-
1α/FNDC5/irisin induced by attenuation of high-fat diet (HFD)-
induced bone accrual and determine whether swimming exercise 
could improve attenuating bone accrual through this mechanism. 
Eight-week-old Sprague–Dawley rats were divided into two 
groups for the first 8 weeks: CD, control diet (n = 10); and HFD, 
high-fat diet (n = 20). HFD-fed rats were again divided into two 
groups for further 8 weeks treatment: HFD (n = 10) and HFD with 
swimming exercise (HEx, n = 10). During this time, the CD group 
continuously fed the normal diet. Throughout the 16 weeks study 
period, the rats were weighed once every week. Samples were 
collected for analysis after last 8 weeks of treatment in the 16 
weeks. Morphological and structural changes of the femur and 
tibial bone were observed using micro-CT, and Osteocalcin, 
CTX-1 and irisin levels in the blood were measured by enzyme-
linked immunosorbent assay. The expression of IL-1, β-catenin, 
FNDC5 and PGC-1α, in the femur were evaluated by immuno-
histochemistry. Eight weeks of HFD increased body weight and 
epididymal fat mass and decreased bone mineral density (BMD). 
Subsequent 8 weeks of swimming exercise improved obesity, 
BMD, bone microstructure, and bone metabolic factors in the 
HEx group. The irisin levels in the blood and the expressions of 
FNDC5 and PGC-1α in the bone were significantly lower in the 
HFD group than in the CD group, but elevated in the HEx group 
than in the HFD group. Swimming exercise is effective in im-
proving obesity-worsened bone health and increases blood irisin 
and bone PGC-1α and FNDC5 levels.  
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Introduction 
 

Fat tissues are regarded as endocrine organs that play im-
portant roles in energy balance regulation and homeostasis. 
Fat tissue can be either white adipose tissue (WAT) or 
brown adipose tissue (BAT) (Kajimura and Saito, 2014).  

BAT is involved in body temperature regulation and en-
ergy consumption by generating heat without shivering, 
while WAT stores energy and is spread throughout the 
body (Yamauchi et al., 2003). However, excessive fat ac-
cumulation due to obesity elevates proinflammatory cyto-
kines, such as tumor necrosis factor-α (TNF-α), interleukin 
(IL)-1, and IL-6 (Cao, 2011). They stimulate osteoclast dif-
ferentiation and activity by regulating receptor activator of 
NF-κB (RANK), RANK ligand (RANKL), and osteopro-
tegerin pathways (Khosla, 2001), while restricting osteo-
blastogenesis. This has an adverse effect on bone health, 
causing  reduced bone mineral density (BMD) and micro- 

structural changes (Rosen and Bouxsein, 2006). Physical 
exercise is the preferred treatment for prevention of obe-
sity-related poor bone health (Cosman et al., 2014), and ex-
erts an anabolic effect on bone either directly through me-
chanical signals generated by muscle contraction or indi-
rectly via endocrine regulation (Colaianni and Grano, 2015; 
DiGirolamo et al., 2013). Thus, bone metabolism repre-
sents a close interaction between muscle and bone (Robling 
and Turner, 2009). Weight-bearing exercises such as walk-
ing, running, and weight training have been used to im-
prove bone metabolism, and non-weight bearing exercises 
such as swimming and cycling have been perceived as less 
effective (Abrahin et al., 2016). However, recent studies 
have reported that non-weight bearing exercises, such as 
swimming, are also effective in improving bone metabo-
lism (Hart et al., 2001; Ju et al., 2015; Lu et al., 2016; Oh 
et al., 2016). In particular, Falcai et al. (2015) reported that 
3 weeks of swimming improved BMD and microstructure 
as effectively as jumping exercises in rats with reduced 
bone mass by hindlimb suspension. These results suggest 
that muscle contraction alone, without weight loading, is 
sufficient to maintain and improve bone health. Mecha-
nisms underlying improvement of bone metabolism by 
muscle contraction are regulated by gene expression or var-
ious hormones released in the bone or skeletal muscle tis-
sues (Nordström et al., 2005). The newly identified irisin, 
an exercise-induced myokine, is cleaved from fibronectin 
type III domain containing protein 5 (FNDC5) and released 
into the serum during exercise (Boström et al., 2012). 

Recent research reported that irisin inhibits osteo-
clast activity while increasing osteoblast differentiation in 
bone cells lines (Zhang et al., 2017). Systemic administra-
tion of irisin regulates bone anabolism through direct 
mechanism via β-catenin and indirect mechanism via 
browning of the WAT (Motyl et al., 2013; Rahman et al., 
2013). Also, irisin is effective in reducing body fat and pre-
venting and treating obesity by inducing energy expendi-
ture (Calton et al., 2016). Thus, exercise-induced irisin may 
reduce osteoclast differentiation by decreased proinflam-
matory cytokines associated with fat accumulation, and in-
crease anabolic factors such as β-catenin, which induces 
osteoblast differentiation. However, it has not been inves-
tigated whether this effect occurs in vivo as well as in vitro 
using cell lines. 

This study was conducted to investigate the expres-
sion of PGC-1α/FNDC5/irisin following attenuation of 
bone accrual by high-fat diet and investigated whether 
swimming exercise could improve attenuating bone ac-
crual through this mechanism. 
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Methods 
 

Animal and diets 
This study used 8-week-old male Sprague–Dawley rats (n 
= 30) obtained from the Damul Science Inc. (Daejeon, 
South Korea). The rats were raised in a plastic cage, with 
two rats in the same group per cage, at the Study Animal 
Center at J University. The temperature and humidity of 
the laboratory were set to 23–25°C and 70%–80%, respec-
tively, with a 12-h light–dark cycle (08:00 – 20:00). This 
study was approved by the Institutional Animal Care and 
Use Committee of our university.  

The study animals were acclimatized for 1 week and 
then randomly divided into the control diet (CD, n = 10) 
group receiving feed containing 3.5% fat and the high-fat 
diet (HFD) group (n = 20) receiving feed containing 45% 
fat. The rats were fed their corresponding feed for 8 weeks 
via free feeding (Table 1).  

The HFD group was further divided into the HFD 
control (HFD, n = 10) and high-fat diet with swimming ex-
ercise (HEx, n = 10) groups. Rats continued to receive HFD 
during the 8 weeks of swimming exercise. The CD group 
did not undergo any additional treatment and was used as 
the control group for the HFD group.  

 
Table 1. Composition of experimental diets. 

 Control diet (g) High-fat diet (g) 
Casein 200.0 245.0 
L-Cystine 3.5 3.5 
Corn starch 397.5 85.0 
Maltodextrin 35.0 115.0 
Sucrose 100.0 200.0 
Lard 20.0 195.0 
Soybean oil 70.0 30.0 
Cellulose 50.0 58.0 
Mineral mix 30.5 43.0 
Calcium phosphate 3.5 3.4 
Vitamin mix 19.0 19.0 
Choline bitartrate 2.5 3.0 
Red food color — 0.1 
Protein 20.5 %kcal 19.0 %kcal 
Carbohydrate 76.0 %kcal 36.2 %kcal 
Fat 3.5 %kcal 44.8 %kcal 
Total 100 %kcal 100 %kcal 

 
Swimming exercise 
The swimming protocol consisted of 8 weeks of low-inten-
sity swimming exercise, which was based on partial revi-
sions to the methods by Terada and Tabata (2004) and Kim 
et al. (2017). The exercise groups were adapted to a round 
water tank (70 cm × 70 cm) containing water at 28 ± 2°C 
for 3 days (10–45 min/day). The rats then began swimming 
at 10 AM, 45 min/day for the first two weeks and 60 
min/day for the last six weeks.  

 
Sample collection 
After 8 weeks of swimming exercise, the study animals 
were given an intra-abdominal injection (1 mL/kg body 
weight) of a 2:1:2 mixture of Zoletil (Virbac Laboratories), 
Rompun (Bayer Korea), and normal saline. Blood samples 
were collected from the abdominal aorta to analyze oste-

ocalcin, CTX-1 and irisin concentration. The blood sam-
ples were left standing at room temperature for 30 min and 
centrifuged to isolate the serum. Epididymal fat was ex-
tracted to measure body fat mass. The sample was stored 
at –80°C until use. In addition, to observe morphological 
changes of the bone, the right tibial and femoral bones were 
isolated and stored in a 10% formalin tube until measure-
ment. The left femoral bone was used to analyze expression 
of bone metabolic factors.  

 
Measurement of bone morphological and structural in 
bone by micro computed tomography (CT) 
BMD and microstructure of the tibia and femur were ana-
lyzed via micro-CT (SkyScan 1076, Bruker, Kontich, Bel-
gium). An X-ray of 60 kA and 167 µA was irradiated, and 
the specimen was filtered through a 0.5 mm aluminum fil-
ter to produce a micro-CT image. The micro-CT image was 
then reconstructed to a gray-scale level using NRecon ver-
sion 1.3 (SkyScan), and the reconstructed two-dimensional 
image was converted to a three-dimensional model using 
the CTAn and CTVox (SkyScan) software. In the CTAn 
software, 150 slides at 0.5 mm distance from the growth 
plate in the tibia and femur were set as the region of interest 
(ROI). Percent bone volume/total volume (BV/TV), tra-
becular thickness (Tb.Th), trabecular number (Tb.N), and 
trabecular separation (Tb.Sp) were measured within the 
ROI. In the CTVox (Skyscan) software, the 2D cross sec-
tion and 3D structure of the trabecular bone were converted 
into images.  

 
Hematoxylin and eosin (H&E) and immunohistochem-
istry (IHC) staining   
To analyze morphological changes and expression of bone 
metabolic factors, IL-1, β-catenin, PGC-1α, and FNDC5 in 
the tibia and femur, bone tissues fixed in 10% formalin 
were demineralized in 10% formic acid for 7 days. The tis-
sues were dehydrated with ethanol, cleared with xylene, 
and infiltrated and embedded in paraffin. The processed 
tissues were cut into about 5 µm slices with a microtome 
and were placed on a glass slide for H&E and IHC staining. 
IHC staining was performed using VECTASTAIN Univer-
sal Elite ABC Kit (Vector Laboratories, Burlingame, CA, 
USA) to detect expression of IL-1, β-catenin, PGC-1α, and 
FNDC5. The stained slides were observed using a micro-
scope (Carl Zeiss, Oberkochen, Germany).  

 
Enzyme-linked immunosorbent assay (ELISA) anal-
yses 
Blood osteocalcin, CTX-1, and irisin levels were measured 
using ELISA kits (MyBioSource Inc., San Diego, CA, 
USA). Then, 25 µL of the standard solution and serum 
from each sample were added to wells coated with anti-
body. After adding 100 µL of working reagent conjugate 
buffer, the solution was incubated for 2 hours at 37C. The 
contents of each well were removed, and the wells were 
washed three times with a wash buffer. Then, 100 µL of 
the TMB reagent was added to each well and incubated for 
30 min at 37C. After adding 50 µL of stop solution, 
ELISA reader (Model 550 Microplate reader, Bio-Rad Inc., 
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Hercules, CA, USA) was used to measure at 450 nm ab-
sorbance within 10 min, and the measurement was entered 
in the standard curve for calculation. The intra- and inter-
assay coefficient of variation (CV) were <8% and 10% 
for CTX-1 and osteocalcin, and ≤8% and ≤12% for irisin, 
respectively. 

 
Statistical analysis 
The data are presented as mean ± standard error of the 
mean (SE). The increases in body weight and food intake 
were analyzed by two-way ANOVA with repeated 
measures. Independent t-tests were conducted for compar-
ison of epididymal fat weight and BMD after 8 weeks of 
HFD. One-way ANOVA for the comparison of BMD and 
microstructure of bone, number of IL-1, β-catenin, PGC-
1α, and FNDC5 in bone and blood parameters was used to 
compare the differences among groups after 8 weeks treat-
ment in the 16 weeks. A Bonferroni post hoc test was con-
ducted to determine the significance. The significance 
level was set at p<0.05. The statistical analyses were per-
formed with SPSS 18.0 (SPSS Inc., Chicago, IL, USA).  
 
Results 
 
HFD increases body weight but does not change food 
intake 

Changes in body weight during the 16 weeks experimental 
period  (Diet  and  Exercise  period each 8 weeks) are 
shown in Figure 1. The body weight of HFD group in-
creased significantly after 4 weeks of diet period compared 
to CD group (p < 0.05). This body weight gain was slowed 
down by the swimming exercise, which started from the 8th 
week of HFD, and significantly decreased after 3 weeks 
swimming exercise than HFD group (p < 0.05).  

 

HFD increases epididymal fat mass and reduces BMD 
As shown in Figure 2, epididymal fat mass of the HFD 
group significantly increased after 8 weeks of HFD than 
that in the CD group (p < 0.05). The femur and tibia BMD 
of the HFD group were significantly decrease after 8 weeks 
of HFD than that in the CD group (p < 0.05). These results 
suggest that HFD attenuates bone accrual in growing rats. 
We, therefore, evaluated the effect of 8 weeks of swim-
ming exercise on the attenuated bone accrual by HFD. 
These results are shown in Figure 3 and 4 and Table 2. 
 

Swimming alleviates BMD and HFD worsened bone 
microstructure  
Morphological and structural changes in the femur and 
tibia were investigated after 8 weeks of HFD and consecu-
tive 8 weeks of swimming exercise. Bone morphological 
changes of the femur and tibia are respectively illustrated 
changes of the femur and tibia are respectively illustrated

 
 

 
 

Figure 1. Body weight (A) was increased by high-fat diet, but food intake (B) does not different. Different letters indicates 
significant differences (p < 0.05) between groups at same time. 

 

 
 
 

Figure 2. Increased epididymal fat mass and decreased BMD according to 8 weeks high-fat diet. (A) Comparison of epididymal 
fat mass and BMD after 8 weeks high-fat diet. (B) Representative micro-computed tomography image in femur and tibia bone 
after 8 weeks of high-fat diet. Data are presented as mean ± SE. *  p < 0.05 vs. CD by t-test. CD, control diet; HFD, high-fat diet; BMD, bone 
mineral density. 
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Figure 3. During the 16 weeks experimental period, the last 8 weeks swimming exercise improves the deterioration of trabecular 
bone by high-fat diet. Representative micro-computed tomography image and microstructure analysis of trabecular bone in 
the femur (A and B) and tibia (C and D) after 8 weeks of swimming exercise. Data are presented as mean ± SE. * p < 0.05 vs. CD, † p < 
0.05 vs. HFD by one-way ANOVA. CD, control diet; HFD, high-fat diet; HEx, high-fat diet and swimming exercise. BMD, bone mineral density; 
BV/TV, bone volume/total volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation.  
 
                           Table 2. Osteocalcin, CTX-1 and irisin level in serum at the end of experiment. 

 Osteocalcin (pg/ml) CTX-1 (ng/ml) Irisin (ng/ml) 
CD 0.141 ± 0.008 0.119 ± 0.008 2.129 ± 0.089 
HFD 0.097 ± 0.007* 0.179 ± 0.01* 1.377 ± 0.113* 
HEx 0.124 ± 0.011† 0.143 ± 0.018† 1.922 ± 0.213† 

Data are presented as mean ± SE. * p < 0.05 vs. ND group, † p < 0.05 vs. HFD group by one way 
ANOVA. CD, control diet; HFD, high-fat diet; HEx, high-fat diet and swimming exercise; CTX-1, C-
telopeptide of type I collagen. 

 
in sagittal and transverse plane images in Figure 3. Analy-
sis results of femur and tibia bone were the same, and the 
detailed explanation is as follows: The HFD group showed 
a marked difference in the trabecular bone from that of the 
CD and HEx groups (Figure 3A and C). Regarding the 
structural changes of the femur (Figure 3B) and tibia (Fig-
ure 3D), BMD, BV/TV, Tb.N, and Tb.Th were signifi-
cantly reduced in the HFD group than in the CD group (p 
< 0.05), but significantly increased in the HEx group com-
pared to that in the HFD group (p < 0.05). This finding sug-
gests that 8 weeks of swimming exercise effectively im-
proves the femoral structure, which attenuate bone accrual 
by HFD (Figure 3B and D).  

 
Swimming improves the expression of IL-1, β-catenin, 
FNDC5, and PGC-1α in the femoral bone worsened by 
HFD 
Histological changes of the femur were examined using 
IHC after the last 8 weeks treatments in the 16 weeks pe-
riod (Figure 4). The IL-1 level in the femoral bone was in-
creased in the HFD group than in the CD but swimming 
exercise reduced HFD-induced IL-1 (p < 0.05). β-catenin, 
FNDC5, and PGC-1α levels were decrease in the HFD 
group than in the CD group (p < 0.05) but increased in HEx 

group compared to the CD and HFD group (p < 0.05). 
These results indicate that swimming exercise improves 
bone accrual attenuation by reducing HFD-induced inflam-
mation and increasing expression of FNDC5 and PGC-1. 

 
Swimming improves osteocalcin, CTX-1, and irisin 
level in the serum worsened by HFD 
As shown in Table 2, concentrations of serum osteocalcin 
and irisin were significantly decrease in the HFD group 
than in the CD group but swimming exercise reversed this 
decrease (p < 0.05). Conversely, serum CTX-1 concentra-
tion was increased in the HFD group than in the CD group, 
but swimming exercise suppressed this increase (p < 0.05).  
 
Discussion 
 
To identify effective methods to improve bone health in 
rats with HFD induced attenuation of bone accrual, we ad-
ministered a swimming exercise protocol. We first meas-
ured body weight, epididymal fat mass and BMD in femur 
and tibia after 8 weeks of HFD to determine that HFD       
attenuate bone accrual. Expression of inflammatory cyto-
kines and induction of obesity from high fat diets adversely 
affect  BMD  as  well  as  bone  microstructure  and  bone 
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Figure 4. The expression of IL-1, β-catenine, FNDC5 and PGC-1α in the femur at the end of 16 weeks of experiment. Repre-
sentative hematoxylin and eosin (H&E) staining of longitudinal section of femoral bone in each group. The magnification of 

each specimen was ×5 and ×20. Scale bars represent 50㎛. Expression of IL-1 and β-catenine, FNDC5 and PGC-1α manifested 

by the brown staining of the DAB dye, was visualized in the nuclei (short red arrows) of femur by IHC. At least five slides from 
each specimen were quantified. CD, control diet; HFD, high-fat diet; HEx, high-fat diet and swimming exercise; IL-1, interleukin 1; FNDC5, 
Fibronectin type III domain-containing protein 5; PGC-1α, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha. * p < 0.05 vs. ND , 
† p < 0.05 vs. HEx by one-way ANOVA.  
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remodeling (Anandacoomarasamy et al., 2009; Bartelt et 
al., 2010; Hsu et al., 2006; Park et al., 2006; Patsch et al., 
2011). As shown in Figure 1 and 2, after 8 weeks of HFD, 
BMD decreased with increasing body weight and epididy-
mal fat mass. We purchased 8 weeks old SD rats and sac-
rificed after 17 weeks later including 1 week of acclimation. 
Sengupta et al. (2005) SD rats reach peak bone mass at 3 
month of age. Thus, the results of this study indicate that 
HFD attenuate bone accrual. HFD or HFD-induced obesity. 

Exercise is highly effective not only for preventing 
and treating obesity, but also for improving obesity-in-
duced poor bone health (Li et al., 2017). Exercise appears 
to affect bones directly through mechanical loading and in-
directly through endocrine regulation during exercise 
(Cosman et al., 2014). The focus has been on the direct 
pathway thus far, utilizing a resistance exercise like weight 
training. However, resistance exercise for attenuated bone 
accrual is not often recommended because it increases the 
risk of injury to the musculoskeletal system caused by in-
appropriate training techniques, excessive loading, poorly 
designed equipment, ready access to the equipment 
(Faigenbaum et al., 2009). Therefore, if there is a relatively 
low risk of injuries and an effective exercise than a re-
sistance exercise, this is a good intervention for attenuated 
bone accrual. Swimming is a safer exercise, where buoy-
ancy lowers joint burden and risks of fall or fracture. 
Swimming exercise has been found to improve BMD and 
bone microstructure in menopause models in the studies by 
Ju et al. (2015) and Oh et al. (2016) aged rats in Hart et al. 
(2001) study, and in rats with HFD-induced obesity in Lu 
et al. (2016) study. In this context, the present study admin-
istered 8 weeks of swimming exercise in rats with HFD-
induced obesity. We found that body weight and epididy-
mal fat mass significantly decreased in the HEx groups (re-
sults not shown) compared to that in the HFD group. Anal-
ysis of the bone density and microstructure of the femur 
and tibia using micro-CT revealed that bone density, 
BV/TV, Tb.N, and Tb.Th significantly increased in the 
HEx group compared to that in the HFD group (Figure 3), 
while serum osteocalcin and CTX-1 (Table 2) and IL-1 and 
β-catenin (Figure 4) levels in the bone tissue were im-
proved. These results are difficult to compare with the re-
sults of external mechanical loading like resistance exer-
cise, however, we demonstrated that muscle contraction 
without weight-bearing can improve the attenuation of 
bone accrual associated with HFD. This beneficial effect 
on attenuated bone accrual may be associated with the reg-
ulation of various bone metabolites.  

Hormones, cytokines, and myokines that are re-
leased in various body parts during exercise are involved 
in the physiological adaptation to exercise (Huh et al., 
2012). In particular, irisin secreted from the skeletal mus-
cle during physical activity is known to be effective in de-
creasing body fat by inducing an increase in energy con-
sumption of WAT (Boström et al., 2012). In addition, re-
cent studies have shown that irisin is associated with bone 
metabolism (Liu et al., 2013; Lu et al., 2016; Qiao et al., 
2016). Irisin is involved in osteogenesis and prevention of 
fractures (Zhang et al., 2017). In an in vitro study by Qiao 
et al. (2016) treating MC3T3 cells (osteoblasts) with irisin 

stimulated osteoblast proliferation and increased the ex-
pression of osteoblastic transcription regulators and osteo-
blast differentiation markers. Furthermore, irisin treatment 
effectively inhibited RANKL-induced osteoclast differen-
tiation and led to positive changes in BMD and microstruc-
ture (Zhang et al., 2017). The results of these previous stud-
ies suggest that irisin plays an important role in bone me-
tabolism as well as body fat reduction. Our finding showed 
the PGC-1α and FNDC5 in the femur and blood irisin level 
were increase in the HEx group than in the HFD group. In 
the studies by Bashar et al. (2018), Yang et al. (2016) and 
Lu et al. (2016) 8-week swimming exercises have been 
shown to increase blood irisin concentrations, but no stud-
ies have examined the role of irisin in BMD and bone me-
tabolism. In particular, the expressions of FNDC5 and 
PGC-1α in the femur were significantly increased in the 
HEx group than in the HFD group in this study. In addition, 
compared with the HFD group, the HEx group showed de-
creased levels of bone resorption factors such as CTX-1 
and IL-1 and increased levels of bone formation factors 
such as osteocalcin and β-catenin in the blood and femoral 
bone (Table 2 and Figure 4). In this study, swimming ex-
ercise increased PGC-1α/FNDC5/irisin levels and had a 
positive effect on bone metabolism through direct path-
ways such as osteocalcin, β-catenin, and CTX-1 and indi-
rect pathways such as IL-1 and body fat reduction. Re-
sistance exercise such as weight training have been mainly 
used because of the focus on mechanical loading for 
maintenance and improvement of bone health. However, 
this study confirmed the effect of swimming exercise on 
body fat reduction and bone health improvement. In partic-
ular, we observed an increase in serum irisin concentration, 
an increase in PGC-1α/FNDC5 expression in the bone tis-
sue, and a positive change in bone metabolism markers in 
the blood and bone tissue. Further studies will be needed to 
clarify the relationship between these mechanisms and 
bone metabolism. This study is meaningful in that swim-
ming exercise can be an alternative to improving bone 
health in obese, aging, and patients with arthritis who have 
weight-bearing exercise restriction. 
 
Conclusion 
 
HFD negatively affects bone accrual in BMD, bone micro-
structure, and bone metabolism, of growing rats. Swim-
ming exercise was found to decrease body weight, body 
fat, and pro-inflammatory cytokines that were elevated due 
to obesity, promote bone metabolism, and improve BMD 
and microstructure of the femur and tibia. In addition, 
swimming increased serum irisin levels and expression of 
PGC-1/FNDC5 in the bone. These results indicate that 
swimming can improve bone accrual, when it is attenuated 
by a high fat diet. Particularly, this study verified that 
swimming, which has been perceived negatively so far, im-
proves bone health and that it is a safe and effective exer-
cise program that decrease body fat and improves bone 
health for individuals who are obese and who cannot per-
form more vigorous or weight-bearing exercises.  
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Key points 

 Increased epididymal fat mass by high-fat diet atten-
uates bone accrual in growing rats. 

 Swimming exercise effectively improves the bone mi-
crostructure, which attenuate bone accrual by high-fat 
diet. 

 Swimming exercise improves bone accrual attenua-
tion by reducing high-fat diet-induced inflammation 
and increasing expression of FNDC5 and PGC-1.  
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