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Introduction
Osteoporosis is marked by fracture 
risk because of decreasing bone mass 
and hardness after metabolic balance 
disturbance and decreasing bone mineral 
density  (BMD).[1,2] It becomes a global 
problem, and a dramatic increase is 
expected in the decades ahead, affecting 
approximately 319 million people by 
2040.[3] Disuse and the decrease of 
physical activities, Vitamin D deficiency, 
chronic treatment by glucocorticoids, and 
postmenopause hormone alterations can 
result in severe and progressive loss of 
bone strength and osteoporosis.[4‑7]

Different treatment strategies are 
recommended to confront this complication. 
The prevention strategies such as limiting 
lifestyle risk factors such as alcohol 
consumption, smoking, calcium and 
Vitamin D malnutrition, and receiving 
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Abstract
Background: Osteoporosis is a prevalent elderly complication that is characterized by decreased 
bone mineral density and increased fracture risk because of dysregulation in bone mineralization 
and resorption. Physical activity can enhance bone strength by exerting mechanical forces and 
myokines. Irisin is a myokine that is increased following physical exercise and can affect bones. 
In this study, 8  weeks of resistance and endurance exercises are applied in mice compared to 
irisin injection to assess the contribution of the protocols and this myokine to bone strength. 
Materials and Methods: Thirty‑five male NMRI mice were separated into five groups; control, 
placebo, irisin injection, resistance exercise, and endurance exercise. 8‑week of exercise protocols 
and irisin injection protocol  (100  µg/kg/week) was applied. Plasma irisin concentration and bone 
strength were measured using enzyme‑linked immunoassay and 3‑point bending assay, respectively. 
Statistical analyses were done through one‑way ANOVA and Tukey test, and P  <  0.05 was 
considered the significant difference. Results: Serum irisin concentration and bone strength in 
resistance exercise and irisin‑injected groups were significantly higher than control and placebo 
groups  (P  <  0.0001). Serum irisin concentration, but not bone strength, of the endurance exercise 
group was also significantly higher than control and placebo groups  (P  <  0.0001) but lower than 
resistance and irisin‑injected groups. Conclusion: Resistance exercise and irisin injection, but not 
endurance exercise, are likely to be effective in increasing bone strength. There may be a threshold 
for plasma irisin level to affect bones which the applied protocols of irisin injection and resistance 
exercise but not endurance exercise can reach.
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adequate supportive physical activity are the 
priority of public health in many countries. 
Physical exercise is a widely used treatment 
strategy not only to prevent osteoporosis 
but also to improve a variety of age‑related 
diseases.[8‑11]

It seems that different characteristics of 
an exercise such as modality, intensity, 
duration, number of bouts, and mechanical 
force intensity have various beneficial 
effects on the body. Many attempts have 
been accomplished to uncover the impact 
of different exercise protocols on bone 
parameters in animals and humans. The 
results show the beneficial effects of 
the various protocols of resistance and 
endurance exercises on bone density and 
strength. Shiguemoto et  al. assessed the 
biomechanical features of bones after 
resistance exercise in ovariectomized 
rats. A  significant increase in BMD 
was observed in exercise‑treated groups 
compared to the control group.[12] The 
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effect of continuous supervised resistance training 
suggests the beneficial effects of this training on fracture 
prevention in osteoporotic women.[13] Iwamoto et al. have 
shown the volume enhancement of the proximal and distal 
tibial metaphysis after a 12‑week endurance exercise 
program.[14]

There is some evidence highlighting muscle and bone 
crosstalk to mediate the events by which physical exercise 
maintains the bone mass. It is assumed that physical 
exercise affects bones via mechanical force‑activated 
signals or endocrine regulation.[15‑17]

Irisin secretion after physical exercise is a candidate 
factor to mediate direct muscle and bone endocrine 
crosstalk.[18] Irisin was first evidenced to be an inducer of 
osteoblast proliferation, differentiation, and the formation 
of mineralized nodules in  vitro.[19,20] Irisin effects on 
bone were analyzed by assessment of osteogenesis and 
expression of bone maintenance genes.[21] Similar to the 
effects of mechanical loading forces, irisin increases 
osteopontin  (OPN) expression[22,23] and decreases 
sclerostin (SOST) expression.[24,25]

There are also direct in  vitro and in  vivo reports that 
confirm the irisin effects on bone structure.[26] Some studies 
have displayed an association between serum irisin level 
and osteoporotic fractures.[24,27] Colaianni et  al. reported 
positive correlation of irisin with BMD in a cohort study 
in older adult patients.[28] When a low dose of recombinant 
irisin  (r‑irisin) was injected into the mouse, cortical bone 
mass and strength were increased.[25] Irisin administration 
reverses androgen deficiency‑induced trabecular BMD 
decrease in mice.[29]

All of the in  vivo studies around the effects of irisin on 
the bone, as a mediator of exercise, have compared the 
results to the reports from other studies, and there is no 
direct comparison of irisin effects with a specific exercise 
protocol. To assess the irisin mediation in beneficial effects 
of exercise on bones, we directly examined the effects of 
two main exercise modes (resistance exercise and endurance 
exercise) on femur strength compared to an irisin‑injected 
group in mice. Moreover, a few studies have used direct 
examinations for strength effects of irisin or exercise on the 
bone. In this study, we used a direct method (bending load) 
to assess bone strength after exercise and irisin‑injection 
treatments.

Materials and Methods
Animal handling

According to Bennell et  al.’s study, which reported the 
beneficial effects of exercises on the bones in young 
mice, not in older ones, we used young 5‑week‑old male 
mice.[30] Thirty‑five male NMRI mice  (weight 18  ±  2  g) 
were purchased from Pasteur Institute of Iran and kept 
in standard condition  (12:12  h daily cycle, 23°C  ±  1°C 

temperature, and 50% ± 3% humidity) for 2  weeks of 
adaptation  (when they were 5‑week old) before they 
were joined to the study. Every seven ones were assigned 
randomly into one of five groups consisting of control, 
placebo, resistance and endurance exercises, and irisin 
treatment. A  specialized individual took care of animals 
before and during the study. The study was approved by 
the Ethical Committee of the Isfahan University of Medical 
Science for animal studies.

Resistance exercise protocol

The first exercise group was adapted with a specific 
resistance protocol. The training protocol was based on 
a previously reported one that was suggested as a highly 
suitable model for the investigation of hypertrophy 
mechanisms.[31,32] Briefly, a 1 m ladder inclined at 80° was 
used for climbing of mice while weights were attached to 
their tail. The weights were gradually increased throughout 
the 8  weeks of training from initially 30% of their body 
weight to 200% in the final week  [Table  1]. The exercise 
schedule was designed as three sets of five repetitions for 
every single bout which was performed 3 times a week for 
totally 8  weeks. 1  min rest was considered for repetition 
and 3 min between the sets.[33]

Endurance exercise protocol

The endurance exercise program was designed by the 
treadmill  (Exer6M, Columbus Instruments) running, which 
was performed 3  times a week for 8  weeks. In the 1st  and 
the 2nd  week, the treadmill incline was set to 0°, and 
the mice run at the speed of 5  m/min for 10  min. In the 
3rd  and 4th  weeks, the speed was 7  m/min, the incline was 
2° incline, and the duration of exercise was 12 min, in the 
5th  and 6th  weeks, the speed was 8  m/min, the incline was 
4°, and the duration of exercise was 13 min. Finally, in the 
last 2  weeks, mice run at the speed of 10  m/min and 5° 
incline for 15 min.[14,34,35]

Irisin administration protocol

Irisin powder  (Phoenix Pharmaceuticals, Canada) was 
dissolved in 1% dimethyl sulfoxide. Injections were 
performed intraperitoneal 3  times a week (using 100 µg/kg 
dose per week for each mouse) for 8 weeks. This dose was 
previously reported to have an impact on BMD.[25]

Plasma irisin concentration measurement

Blood sample collection in EDTA tubes was done by 
cardiac puncture, 72  h after the last bout to eliminate 
the acute effect of training. Samples were centrifuged at 
4000 rpm for 15 min, and the supernatant was collected to 
evaluate irisin level.

Table 1: Weights used during resistance training
Week 1 2 3 4 5 6 7 8
Weight /kg(%) 30 50 80 100 125 151 175 200
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Plasma irisin concentration was measured by mouse Irisin 
ELISA kit (Aviscera Biosciences, Santa Clara, CA, USA).

Bone strength measurement

3‑point bending measurement was done using 
Electromechanical Universal Testing Machine  (Walter‑Bai, 
Löhningen, Switzerland). The main application of this 
machine is measuring the strength of hard body tissues 
such as bone and tooth and tissue engineering synthetic 
materials which are going to be substitute tissue. Briefly, 
mice were sacrificed, and the femur was removed.

The two sides of the excised bone were fixed between 
machine clamps and the mechanical arm exerts pressure 
onto the midpoint. The pressure was gradually increased 
to fracture of the bone. The threshold of force‑induced 
fracture was recorded by the machine.

Statistical analysis

Statistical analysis was performed using SPSS version  20 
software  (Chicago, IL, USA). Variance analysis was done 
by one‑way ANOVA method. Tukey posttest was used to 
find different groups.

Results
The results were statistically analyzed, and the test of 
homogeneity of variance shows that variances in both 
tests of plasma irisin concentration and bone strength have 
homogeneity, and there is no variance error. P  < 0.05 was 
considered as the significance level.

Plasma irisin concentration

Plasma irisin concentration was measured to assess 
its alterations after physical training and irisin 
injection. There is a significant difference between 
mean plasma irisin concentration in physical training 
and irisin‑injection groups compared to control or 
placebo groups  (P  <  0.0001). It displays an increase 
of approximately 45%  (6.45  ±  0.78  ng/mL) in the 
endurance training group, 64%  (7.3  ±  0.51  ng/mL) in the 
resistance training group, and 60% (7.16 ± 0.58 ng/mL) in 
the irisin injection group compared to the control group. 
The resistance training group induces the highest plasma 
irisin concentration increase [Figure 1].

Bone strength evaluation

There is a significant difference between the mean of bone 
strength in resistance training and irisin‑injected groups 
compared to the control or placebo groups  (P  <  0.0001). 
It displays an increase of approximately 9% 
(0.0555  ±  0.00477) in the endurance training group, 
22%  (0.062  ±  0.01127) in the resistance training group, 
and 17%  (0.059  ±  0.00579) in the irisin‑injection 
group compared to the control group. There is no 
significant increase in bone strength in the endurance 
training group compared to the control group and the 

resistance training group induces the highest increase in 
bone strength [Figure 2].

Discussion
Physical training has received the most attention to prevent 
age‑related complications such as osteoporosis. Physical 
exercise can affect bones through signals activated by 
mechanical forces or secreted muscle myokines. Literature 
reports have indicated the beneficial effects of irisin on 
different parts of the body, and it is considered a probable 
mediator of the exercise beneficial effects. Findings 
display some beneficial effects of this myokine on bone 
health.[19,20,24,25,27] In the current study, we used the direct 
examination of bone strength after resistance exercise and 
endurance exercise and irisin injection to assess the irisin 
effect and its contribution to exercise beneficial effects on 
bone strength.

According to other studies, 8‑week protocols are selected 
for the study groups.[14,30,33,35,36] Colaianni et  al. observed 
beneficial effects on mouse BMD by applying 4‑week irisin 
administration, and Zhang et  al. did the same by 2‑week 
of irisin administration.[37] The injection dose of irisin is 
selected based on the previously reported minimum dose 
that induces beneficial effects on bones.[38]

The serum irisin level elevation was first reported by 
Boström et  al. after 10  weeks of endurance exercise 
in healthy obese humans.[39] Many other studies have 
verified this increase in serum or muscles following 
physical training. For instance, Iwamoto et al. have shown 
that treadmill exercise can increase serum irisin level,[14,40] 

Figure  1: Serum irisin concentration  (mean) in 5 groups of control, 
placebo, irisin‑injection, endurance exercise, and resistance exercise. 
There is a significant difference between resistance exercise, endurance 
exercise, and irisin‑injection groups compared to the control and placebo 
group (P < 0.0001) (Groups with label a/b have no significant difference, 
while groups with label b have a significant difference with the groups 
with label a)



Shahabi, et al.: The effects of exercise and irisin on bone strength

4 Advanced Biomedical Research | 2021

or Pekkala et al. reported an increase of 1.4‑fold of FNDC5 
mRNA in muscles after resistance exercise.[41] Huh et  al. 
reported an elevation of serum irisin in response to both 
endurance and resistance trainings, whereas the increase in 
the second type of training was more significant.[42] Similar 
to other studies, the results of this study have verified 
the serum irisin elevation after both endurance exercise 
and resistance exercise compared to the control group. 
However, inconsistent with the Huh et  al.’s study, no 
significant difference between serum irisin concentrations 
of two exercise groups was observed. A  considerable 
increase in serum irisin concentration was also observed in 
the irisin‑injected group.

The effects of different exercise protocols or pharmacologic 
agents on bones are usually evaluated using imaging 
techniques, histomorphometry, and mechanical properties 
analysis. Many studies assess the exercise effects on 
the bone of mice using histomorphometry though it 
does not indicate the bone strength exactly. Mechanical 
measurement is the best evaluating method that addresses 
bone strength directly. It can be measured in three different 
ways of compression, tensile, and bending. In this study, 
the 3‑point bending method was used to assess the effect 
of irisin injection and exercise protocols on the bone as 
closely as possible. The geometry and strength of the bone 
can be directly inferred from the result.

There are a few studies that used 3‑point bending to 
evaluate the impact of exercise on the bones. Notomi et al. 
assessed the effects of 4‑week and 8‑week protocols of 
resistance training on bone using 3‑point bending. BMD 
and bending load increased in the femur and tibia in both 
exercise protocols.[43] Another study assessed the impact of 
a combination of resistance training and hormone therapy 
in ovariectomized mice.[44] Ramon et  al. also revealed that 
resistance training has beneficial effects on bone strength. 

Finally, the 3‑point bending test was carried out for the 
direct effect of irisin on the bone in Colaianni et  al.’s 
study.[25]

In the current study, the 3‑point bending result of femur 
strength in resistance training has the highest. The impact 
of this protocol of exercise is in line with the results of 
Bennell et  al.’s study of 10‑week, and Shiguemoto et  al.’s 
study of 12‑week resistance training protocol, indicating 
beneficial effects of the protocol on bones.[12] Despite a 
significant increase in plasma irisin concentration following 
endurance exercise, bone strength had no significant 
difference with the control group.

As it is evident, the increase in irisin level is observed 
in both exercise groups and also in irisin‑injected group 
compared to the control or placebo groups, while the bone 
strength increased significantly in two groups of resistance 
exercise and irisin‑injected not in endurance exercise.

Plasma irisin concentration in the irisin‑injected group 
was approximately 7  ng/ml. About 1.6‑fold increase in 
serum irisin concentration was observed in parallel with a 
significant increase in the strength of the bone. It means 
that the bone‑related benefits of this peptide were met 
approximately at this plasma irisin concentration, here in 
this study. It can be inferred that this increase is necessary 
for bone effects, though assigning the amount limit needs 
further studies. According to our results, resistance exercise 
has the most effects on bone strength that is consistent with 
other reports. Our results are indicating that as the plasma 
irisin concentration is higher in the resistance exercise 
group compared to the irisin‑treated group, the bone 
strength is higher as well. Plasma irisin concentration and 
3‑point bending results of the resistance exercise group 
can be interpreted as a capability of the applied resistance 
exercise protocol to increase plasma irisin concentration to 
reach the extent that affects bones.[25] In the current study, 
bone metabolism stimulation by irisin and resultant effects 
seem to be achieved at a specific threshold of plasma 
concentration. The endurance exercise protocol could not 
reach this amount, and no significant bone effects were 
observed, while resistance exercise has shown to have a 
higher ability to reach this extent.

The exact mechanism underlying the beneficial effects of 
irisin on bone strength is not well defined, but findings 
suggest pleiotropic impacts for irisin on osteogenesis. 
Irisin prevents osteocyte apoptosis through ERK 
signaling.[28] Its deficiency induces osteoclastogenesis, 
inhibits osteoblastogenesis, and disturbs bone 
metabolism.[45]

It positively regulates the differentiation of osteoblast and 
reverses β‑catenin downregulation induced by simulated 
microgravity.[46] Recombinant irisin increases osteogenic 
marker gene (alkaline phosphatase, collagen type 1 alpha‑1) 
in primary osteoblasts and promotes calcium deposition.[46]

Figure  2: Bone strength mean in 5 groups of control, placebo, 
irisin‑injection, endurance exercise, and resistance exercise. There is a 
significant difference between the mean of bone strength in resistance 
training and irisin injected groups compared to the control or placebo 
groups (P < 0.0001). There is no significant increase in bone strength in 
the endurance training group compared to the control group (Groups with 
label a/b have no significant difference, while groups with label b have a 
significant difference with the groups with label a)



Shahabi, et al.: The effects of exercise and irisin on bone strength

5Advanced Biomedical Research | 2021

The immunomodulatory role of irisin is also suggested 
to involve in osteogenesis through AMPK‑mediated 
macrophage polarization.[47]

The similarities between irisin and mechanical forces of 
exercise in the beneficial effects on bone might be because 
of the sensitivity of mechanosensor cells of bone to 
exercise mimetic myokines.[48]

Conclusion
According to the results of the current study, irisin takes a 
considerable contribution in beneficial effects of resistance 
exercise on the bone strength, and these effects are also 
occurred in the irisin‑injected group. These effects are 
significantly higher in the resistance exercise group. 
There may be a threshold for plasma irisin level to affect 
bones which the applied protocols of irisin injection and 
resistance exercise, but not endurance exercise can reach.

Acknowledgments

This work was supported by Isfahan University. All 
authors read and are in agreement with the content of the 
manuscript. We would like to thank Dr.  Jamal Moshtagian 
for their invaluable commitments in designing of the study.

Financial support and sponsorship

This work was supported by Isfahan University.

Conflicts of interest

There are no conflicts of interest.

References
1.	 Golob  AL, Laya  MB. Osteoporosis: Screening, prevention, and 

management. Med Clin North Am 2015;99:587‑606.
2.	 Varacallo MA, Fox EJ. Osteoporosis and its complications. Med 

Clin 2014;98:817‑31.
3.	 Odén A, McCloskey  EV, Kanis  JA, Harvey  NC, Johansson  H. 

Burden of high fracture probability worldwide: Secular increases 
2010‑2040. Osteoporos Int 2015;26:2243‑8.

4.	 Epstein  S, Inzerillo  AM, Caminis  J, Zaidi  M. Disorders 
associated with acute rapid and severe bone loss. J  Bone Miner 
Res 2003;18:2083‑94.

5.	 Andreoli A, Celi M, Volpe SL, Sorge R, Tarantino U. Long‑term 
effect of exercise on bone mineral density and body composition 
in post‑menopausal ex‑elite athletes: A retrospective study. Eur J 
Clin Nutr 2012;66:69‑74.

6.	 Cardozo  CP, Qin  W, Peng  Y, Liu  X, Wu  Y, Pan  J, et  al. 
Nandrolone slows hindlimb bone loss in a rat model of bone loss 
due to denervation. Ann N Y Acad Sci 2010;1192:303‑6.

7.	 Sun L, Pan J, Peng Y, Wu Y, Li J, Liu X, et al. Anabolic steroids 
reduce spinal cord injury‑related bone loss in rats associated with 
increased Wnt signaling. J Spinal Cord Med 2013;36:616‑22.

8.	 Papaioannou  A, Morin  S, Cheung  AM, Atkinson  S, Brown  JP, 
Feldman  S, et  al. 2010 clinical practice guidelines for the 
diagnosis and management of osteoporosis in Canada: Summary. 
CMAJ 2010;182:1864‑73.

9.	 Cosman  F, de Beur  SJ, LeBoff  MS, Lewiecki  EM, Tanner  B, 
Randall S, et al. Clinician’s guide to prevention and treatment of 
osteoporosis. Osteoporos Int 2014;25:2359‑81.

10.	 Dunstan  D. Diabetes: Exercise and T2DM‑move muscles more 
often! Nat Rev Endocrinol 2011;7:189‑90.

11.	 Baxter‑Jones  AD, Kontulainen  SA, Faulkner  RA, Bailey  DA. 
A  longitudinal study of the relationship of physical activity to 
bone mineral accrual from adolescence to young adulthood. 
Bone 2008;43:1101‑7.

12.	 Shiguemoto  GE, Prestes  J, Leite  RD, Pereira  GB, Pontes  CL, 
D’Ávila FV, et  al. Effects of resistance training on matrix 
metalloproteinase‑2 activity and biomechanical and physical 
properties of bone in ovariectomized and intact rats. Scand J 
Med Sci Sports 2012;22:607‑17.

13.	 Huovinen  V, Ivaska  KK, Kiviranta  R, Bucci  M, Lipponen  H, 
Sandboge  S, et  al. Bone mineral density is increased after a 
16‑week resistance training intervention in elderly women with 
decreased muscle strength. Eur J Endocrinol 2016;175:571‑82.

14.	 Iwamoto  J, Yeh  JK, Aloia  JF. Differential effect of treadmill 
exercise on three cancellous bone sites in the young growing rat. 
Bone 1999;24:163‑9.

15.	 DiGirolamo  DJ, Kiel  DP, Esser  KA. Bone and skeletal muscle: 
Neighbors with close ties. J Bone Miner Res 2013;28:1509‑18.

16.	 Jahreis G, Kauf E, Fröhner G, Schmidt HE. Influence of intensive 
exercise on insulin‑like growth factor I, thyroid and steroid 
hormones in female gymnasts. Growth Regul 1991;1:95‑9.

17.	 Mo A, Yao W, Li C, Tian X, Su M, Ling Y, et al. Bipedal stance 
exercise and prostaglandin E2  (PGE2) and its synergistic effect 
in increasing bone mass and in lowering the PGE2 dose required 
to prevent ovariectomized‑induced cancellous bone loss in aged 
rats. Bone 2002;31:402‑6.

18.	 Colaianni  G, Cuscito  C, Mongelli  T, Oranger  A, Mori  G, 
Brunetti  G, et  al. Irisin enhances osteoblast differentiation 
in vitro. Int J Endocrinol 2014;2014:902186.

19.	 Qiao  X, Nie  Y, Ma  Y, Chen  Y, Cheng  R, Yin  W, et  al. Irisin 
promotes osteoblast proliferation and differentiation via activating 
the MAP kinase signaling pathways. Sci Rep 2016;6:18732.

20.	 Zhang  D, Bae  C, Lee  J, Lee  J, Jin  Z, Kang  M, et  al. The bone 
anabolic effects of irisin are through preferential stimulation of 
aerobic glycolysis. Bone 2018;114:150‑60.

21.	 Gao  S, Cheng  Y, Zhao  L, Chen  Y, Liu  Y. The relationships of 
irisin with bone mineral density and body composition in PCOS 
patients. Diabetes Metab Res Rev 2016;32:421‑8.

22.	 Toma  CD, Ashkar  S, Gray  ML, Schaffer  JL, Gerstenfeld  LC. 
Signal transduction of mechanical stimuli is dependent on 
microfilament integrity: Identification of osteopontin as a 
mechanically induced gene in osteoblasts. J  Bone Miner Res 
1997;12:1626‑36.

23.	 Seale  P, Bjork  B, Yang W, Kajimura S, Chin S, Kuang  S, et  al. 
PRDM16 controls a brown fat/skeletal muscle switch. Nature 
2008;454:961‑7.

24.	 Palermo A, Strollo R, Maddaloni E, Tuccinardi D, D’Onofrio L, 
Briganti SI, et  al. Irisin is associated with osteoporotic fractures 
independently of bone mineral density, body composition or 
daily physical activity. Clin Endocrinol (Oxf) 2015;82:615‑9.

25.	 Colaianni  G, Cuscito  C, Mongelli T, Pignataro  P, Buccoliero  C, 
Liu  P, et  al. The myokine irisin increases cortical bone mass. 
Proc Natl Acad Sci U S A 2015;112:12157‑62.

26.	 Hart KJ, Shaw JM, Vajda E, Hegsted M, Miller SC. Swim‑trained 
rats have greater bone mass, density, strength, and dynamics. 
J Appl Physiol (1985) 2001;91:1663‑8.

27.	 Anastasilakis  AD, Polyzos  SA, Makras  P, Gkiomisi  A, 
Bisbinas  I, Katsarou  A, et  al. Circulating irisin is associated 
with osteoporotic fractures in postmenopausal women with low 
bone mass but is not affected by either teriparatide or denosumab 
treatment for 3 months. Osteoporos Int 2014;25:1633‑42.



Shahabi, et al.: The effects of exercise and irisin on bone strength

6 Advanced Biomedical Research | 2021

28.	 Colaianni  G, Errede  M, Sanesi  L, Notarnicola  A, Celi  M, 
Zerlotin  R, et  al. Irisin correlates positively with BMD in a 
cohort of older adult patients and downregulates the senescent 
marker p21 in osteoblasts. J Bone Miner Res 2021;36:305‑14.

29.	 Iemura  S, Kawao  N, Okumoto  K, Akagi  M, Kaji  H. Role of 
irisin in androgen‑deficient muscle wasting and osteopenia in 
mice. J Bone Miner Metab 2020;38:161‑71.

30.	 Bennell  K, Page  C, Khan  K, Warmington  S, Plant  D, 
Thomas  D, et  al. Effects of resistance training on bone 
parameters in young and mature rats. Clin Exp Pharmacol 
Physiol 2000;27:88‑94.

31.	 Lee  CH, Olson  P, Evans  RM. Minireview: Lipid metabolism, 
metabolic diseases, and peroxisome proliferator‑activated 
receptors. Endocrinology 2003;144:2201‑7.

32.	 Momenzadeh  S, Zamani  S, Dehghan  F, Barreiro  C, 
Jami  MS. Comparative proteome analyses highlight several 
exercise‑like responses of mouse sciatic nerve after IP 
injection of irisin. Eur J Neurosci 2021;https://doi.org 
/10.1111/ejn.15202.

33.	 Lee  S, Farrar  RP. Resistance training induces muscle‑specific 
changes in muscle mass and function in rat. J  Exerc Physiol 
Online 2003;6 (2).

34.	 Falkenberg  H, Langhammer  M, Renne  U. Comparison of 
biochemical blood traits after long‑term selection on high or low 
locomotory activity in mice. Arch Anim Breed 2000;43:513‑22.

35.	 Brenmoehl  J, Albrecht  E, Komolka  K, Schering  L, 
Langhammer  M, Hoeflich A, et  al. Irisin is elevated in skeletal 
muscle and serum of mice immediately after acute exercise. Int J 
Biol Sci 2014;10:338‑49.

36.	 Reisi  J, Ghaedi  K, Rajabi  H, Marandi  SM. Can resistance 
exercise alter irisin levels and expression profiles of FNDC5 and 
UCP1 in rats? Asian J Sports Med 2016;7:e35205.

37.	 Zhang  J, Valverde  P, Zhu  X, Murray  D, Wu  Y, Yu  L, et  al. 
Exercise‑induced irisin in bone and systemic irisin administration 
reveal new regulatory mechanisms of bone metabolism. Bone 
Res 2017;5:16056.

38.	 Bass  SL, Naughton  G, Saxon  L, Iuliano‑Burns  S, Daly  R, 
Briganti  EM, et  al. Exercise and calcium combined results in 
a greater osteogenic effect than either factor alone: A  blinded 

randomized placebo‑controlled trial in boys. J  Bone Miner Res 
2007;22:458‑64.

39.	 Boström P, Wu  J, Jedrychowski  MP, Korde  A, Ye  L, Lo  JC, 
et  al. A  PGC1‑α‑dependent myokine that drives brown‑fat‑like 
development of white fat and thermogenesis. Nature 
2012;481:463‑8.

40.	 Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, 
Tarnopolsky  MA, et  al. Differential effects of resistance and 
endurance exercise in the fed state on signalling molecule 
phosphorylation and protein synthesis in human muscle. 
J Physiol 2008;586:3701‑17.

41.	 Pekkala S, Wiklund PK, Hulmi JJ, Ahtiainen JP, Horttanainen M, 
Pöllänen E, et  al. Are skeletal muscle FNDC5 gene expression 
and irisin release regulated by exercise and related to health? J 
Physiol 2013;591:5393‑400.

42.	 Huh  JY, Siopi  A, Mougios  V, Park  KH, Mantzoros  CS. Irisin 
in response to exercise in humans with and without metabolic 
syndrome. J Clin Endocrinol Metab 2015;100:E453‑7.

43.	 Notomi  T, Okimoto  N, Okazaki  Y, Tanaka  Y, Nakamura  T, 
Suzuki  M. Effects of tower climbing exercise on bone mass, 
strength, and turnover in growing rats. J  Bone Miner Res 
2001;16:166‑74.

44.	 Souza  MV, Lino A, Ruffoni  LG, Domingos  MM, Barbosa  MR, 
Rodrigues  MF, et  al. Resistance training and hormone 
replacement increase MMP‑2 activity, quality and quantity of 
bone in ovariectomized rats. Mot Rev Educ Física 2017;23.

45.	 Zhu  X, Li  X, Wang  X, Chen  T, Tao  F, Liu  C, et  al. Irisin 
deficiency disturbs bone metabolism. J  Cell Physiol 
2021;236:664‑76.

46.	 Chen  Z, Zhang  Y, Zhao  F, Yin  C, Yang  C, Wang  X, et  al. 
Recombinant irisin prevents the reduction of osteoblast 
differentiation induced by stimulated microgravity through 
increasing β‑catenin expression. Int J Mol Sci 2020;21:1259.

47.	 Ye  W, Wang  J, Lin  D, Ding  Z. The immunomodulatory role 
of irisin on osteogenesis via AMPK‑mediated macrophage 
polarization. Int J Biol Macromol 2020;146:25‑35.

48.	 Storlino  G, Colaianni  G, Sanesi  L, Lippo  L, Brunetti  G, 
Errede  M, et  al. Irisin prevents disuse‑induced osteocyte 
apoptosis. J Bone Miner Res 2020;35:766‑75.




