
Division of Sports and Rehabilitation Medicine 

Head: Prof. Dr. med. Dr. h.c. Jürgen Michael Steinacker 

Department of Internal Medicine II 

University of Ulm 
 

 

 

 

 

 

 

 

 

Irisin response to exercise training in adults and its effect on 

the regulation of C2C12 cell proliferation and differentiation 

 

 

 

 

 

 

 

 

 

Dissertation 

Applying for Doctor Degree of Medicine (Dr. med.) 

Faculty of Medicine, University of Ulm 
 

 

 

 

 

 

 

by 

Qiu, Shanhu 

Jiangsu, P. R. China 

 

-2014-



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amtierender Dekan: Prof. Dr. Thomas Wirth 

1. Berichterstatter: Prof. Dr. Jürgen Michael Steinacker 

2. Berichterstatter: Prof. Dr. Reinhard Holl 

Tag der Promotion: April 24, 2015 



CONTENTS  I 

CONTENTS 

ABBREVIATIONS .................................................................................................... III 

1. INTRODUCTION................................................................................................ 1 

1.1. General background ............................................................................................... 1 

1.2. Questions and controversy from current evidence................................................. 3 

1.2.1.Irisin response to acute exercise training in adults ............................................... 3 

1.2.2.Irisin response to chronic exercise training in adults ............................................ 4 

1.2.3.Regulation of proliferation and differentiation of C2C12 cells by irisin .............. 5 

1.3. Aims ....................................................................................................................... 6 

2. MATERIALS AND METHODS ........................................................................ 7 

2.1. Irisin response to acute exercise training in adults ................................................ 7 

2.1.1.Participants ............................................................................................................ 7 

2.1.2.Exercise protocol 1: irisin release in response to acute exercise and association 

with training status ................................................................................................. 7 

2.1.3.Exercise protocol 2: irisin release in response to acute exercise and associations 

with exercise mode and biomarkers of muscle damage......................................... 8 

2.1.4.Biochemical measurements .................................................................................. 9 

2.1.5.Statistical analysis ............................................................................................... 11 

2.2. Irisin response to chronic exercise training in adults: a meta-analysis ................ 12 

2.2.1.Data sources and search strategies ...................................................................... 12 

2.2.2.Inclusion and exclusion criteria .......................................................................... 14 

2.2.3.Data extraction and quality assessment .............................................................. 14 

2.2.4.Data synthesis and analysis ................................................................................. 18 

2.3. Regulation of proliferation and differentiation of C2C12 cells by irisin ............. 22 

2.3.1.Cell culture .......................................................................................................... 22 

2.3.2.Cell proliferation ................................................................................................. 22 

2.3.3.Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) ...................... 23 

2.3.4.Western Blot ....................................................................................................... 24 



CONTENTS  II 

2.3.5.Statistical analysis ............................................................................................... 25 

3. RESULTS ........................................................................................................... 26 

3.1. Irisin response to acute exercise training in adults .............................................. 26 

3.1.1.Irisin response to acute exercise and association with training status ................ 26 

3.1.2.Irisin response to acute exercise and association with exercise mode ................ 28 

3.1.3.Irisin release and associations with biomarkers of skeletal muscle damage ...... 30 

3.2. Irisin response to chronic exercise training in adults: a meta-analysis ................ 34 

3.2.1.Literature search.................................................................................................. 34 

3.2.2.Characteristics of included trials ......................................................................... 36 

3.2.3.Quality assessment .............................................................................................. 37 

3.2.4.Meta-analyses ..................................................................................................... 38 

3.2.5.Meta-regression analyses .................................................................................... 41 

3.2.6.Publication bias ................................................................................................... 42 

3.3. Regulation of proliferation and differentiation of C2C12 cells by irisin ............. 43 

3.3.1.Regulation of C2C12 cell proliferation by irisin ................................................ 43 

3.3.2.Regulation of C2C12 cell differentiation by irisin ............................................. 45 

3.3.3.Regulation of mitochondrial biogenesis during C2C12 cell differentiation by 

irisin ..................................................................................................................... 48 

4. DISCUSSION ..................................................................................................... 50 

4.1. Irisin response to acute exercise training in adults .............................................. 50 

4.2. Irisin response to chronic exercise training in adults: a meta-analysis ................ 54 

4.3. Regulation of proliferation and differentiation of C2C12 cells by irisin ............. 60 

4.4. Conclusions .......................................................................................................... 63 

5. SUMMARY ........................................................................................................ 65 

6. REFERENCES ................................................................................................... 67 

7. ACKNOWLEDGEMENT ................................................................................. 78 

8. CURRICULUM VITAE .................................................................................... 80 



ABBREVIATIONS  III 

ABBREVIATIONS 

AMPK      AMP-activated protein kinase 

APS      acetate plate sealer 

AST      aspartate aminotransferase 

AUC      area under the curve 

BMI     body mass index  

CIs      confidence intervals 

CK      creatine kinase 

CV      coefficient of variation 

D      exercise duration (length of intervention) 

DM      differentiation medium 

DMEM     dulbecco‟s modified eagle‟s medium 

DSHB      Developmental Studies Hybridoma Bank 

ES      effect size 

ET      endurance exercise training 

ET-RT     combined endurance and resistance exercise training 

F      exercise frequency 

FNDC5     fibronectin type-III domain containing protein 5 

GM      growth medium 

I      exercise intensity 

M      exercise modality 

Mb      myoglobin 

MyoD      myogenic differentiation 1 

NA      not applicable 

NRS      non-randomized studies 

NS      not stated 

PCNA     proliferating cell nuclear antigen 

PGC-1α     peroxisome proliferator-activated receptor γ coactivator-1α 



ABBREVIATIONS  IV 

PRISMA  Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses 

PVDF     polyvinylidene difluoride 

qRT-PCR     quantitative real time polymerase chain reaction 

RCTs      randomized controlled trials 

Regression coef   regression coefficient 

RM      repetition maximum 

RPL-13     ribosomal protein L13 

RT      resistance exercise training 

SD      standard deviation 

SDS-PAGE    sodium dodecyl sulfate polyacrylamide gel electrophoresis 

T      time per session (or sets of repetitions) 

TBS      tris-buffered saline 

TBST      Tween-20-TBS 

TFAM      mitochondrial transcription factor A 

VO2max      maximal oxygen uptake 

 



INTRODUCTION  1 

1. INTRODUCTION 

1.1. General background 

Regular exercise is considered a key element in the prevention and management of 

numerous chronic metabolic diseases such as hypertension, obesity and type 2 

diabetes mellitus (Colberg et al. 2010; Cornelissen and Smart 2013; Qiu et al. 2014) 

as well as some muscular diseases including sarcopenia (Alexanderson and Lundberg 

2012; Snijders et al. 2009; Wenneberg et al. 2004). Accumulating evidence has 

suggested that exercise training not only improves glycemic control and reduces body 

weight, but also enhances skeletal muscle strength, mass, and size, as well as reverses 

skeletal muscle atrophy (Chomentowski et al. 2009; Cunha et al. 2012; Kukuljan et al. 

2009). These beneficial effects of exercise are now considered to be associated with 

the extensive skeletal muscle metabolic remodeling (Colberg et al. 2010; Egan and 

Zierath 2013), and the release of exercise-induced cytokines from muscle, termed 

„myokines‟ (Eckardt et al. 2014; Pedersen and Febbraio 2012). 

 

Irisin is a newly discovered myokine in animals and humans in 2012. It is suggested 

to mediate the benefits of exercise, as it induces adipocytes browning, increases 

energy expenditure and reduces body weight (Boström et al. 2012). Irisin is regulated 

by peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α), and 

released into the blood circulation upon the proteolytical cleavage of the membrane 

protein fibronectin type-III domain containing protein 5 (FNDC5) (Boström et al. 

2012) (Fig. 1). Because the expression of PGC-1α and FNDC5 in skeletal muscle has 

been shown to be induced following exercise training (Edgett et al. 2013; Wang et al. 

2011), the irisin response to exercise training in adults has therefore received 

pronounced attention, although there is an ongoing debate about the irisin response to 

exercise training in detail (Daskalopoulou et al. 2014; Lee et al. 2014; Pekkala et al. 

2013; Hecksteden et al. 2013; Scharhag-Rosenberger et al. 2014; Ellefsen et al. 2014; 

Moraes et al. 2013).  
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Fig. 1: Irisin release and its effects on “browning” white adipose tissue. Exercise 

induces the gene expression of PGC-1α, along with the upregulation of FNDC5 gene 

expression. Upon the proteolytical cleavage of the membrane protein FNDC5, irisin is 

released into the blood circulation. Increased circulating irisin then activates the 

“browning” process on white fat cells by inducing the gene expression of uncoupling 

protein 1, followed by heat production (Kelly 2012). PGC-1α, peroxisome 

proliferator-activated receptor γ coactivator-1α; FNDC5, fibronectin type-III domain 

containing protein 5. 

 

Besides, currently there is increasing evidence indicating that myokines including 

irisin are important metabolic modulators (Pedersen et al. 2007; Pedersen and 

Febbraio 2012), which have been further suggested to play an important role in the 

muscle development (Huh et al. 2014a; Pedersen and Febbraio 2012). In vivo studies 

have shown that irisin promotes healthy systemic metabolism by inducing 

thermogenesis and ameliorating insulin resistance in mice (Boström et al. 2012; 

Zhang et al. 2014). Recent in vitro evidence has indicated that irisin modulates muscle 

metabolism probably through irisin-mediated induction of mitochondrial biogenesis 

and uncoupling as well as AMP-activated protein kinase (AMPK) activation (Huh et 

al. 2014b; Vaughan et al. 2014), indicating that irisin might be involved in the 

exercise-induced benefits by acting on muscle cells directly at the cellular level. 
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1.2. Questions and controversy from current evidence 

1.2.1. Irisin response to acute exercise training in adults 

A recent cross-sectional study by Huh et al. has noted that irisin levels were increased 

immediately in response to an acute bout of maximal exercise, which was 

independent of training status (Huh et al. 2014b). However, participants in that study 

were not age- and body mass index-matched, both of which have been shown to be 

important predictors of irisin release (Huh et al. 2012; Park et al. 2013). Moreover, 

that study also did not take into consideration the total amount of exercise-induced 

irisin release which might be affected by factors such as time to exhaustion and irisin 

levels, and the time-window for blood samples drawn was within 10-15 minutes 

rather delayed than set at the time-point immediately post-exercise. 

 

Besides, current studies have utilized cycling or running as the stimulus to investigate 

the irisin response to acute exercise (Aydin et al. 2013; Lee et al. 2014; Tsuchiya et al. 

2014), but these studies failed to assess whether there is any significant difference 

between both exercise modes regarding exercised-induced irisin secretion, since the 2 

exercise modes are different in terms of muscle contraction, delta efficiency and fat 

oxidation (Achten et al. 2003; Bijker et al. 2001; Capostagno and Bosch 2010; Bijker 

et al. 2002).  

 

Interestingly, a cross-sectional study conducted in patients with thyroid disorders has 

shown that irisin levels were highly and negatively correlated with creatine kinase 

(CK) levels (Ruchala et al. 2014), which is a typical blood biomarker of muscle 

damage (Singh et al. 2011). Yet the potential relationship between irisin release and 

the dynamic of muscle abnormalities that is induced by acute exercise in healthy 

adults remains largely unknown. 
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1.2.2. Irisin response to chronic exercise training in adults 

Although there exists a large body of literature regarding the effects of chronic 

exercise training on circulating irisin changes in adults, no conclusion has been 

reached so far. The study by Boström et al. noted that 10-week supervised endurance 

exercise training induced a 2-fold increase in circulating irisin levels when compared 

with the non-exercised state (Boström et al. 2012). However, a cross-sectional study 

by Pardo et al. found that irisin levels were negatively correlated with daily physical 

activity that was measured by step counters (Pardo et al. 2014), and well-documented 

evidence has pointed out that neither chronic resistance nor endurance exercise was 

associated with increased circulating irisin levels (Hecksteden et al. 2013). These 

contradictory findings raise concerns about the actual relationship between chronic 

exercise training and the changes in circulating irisin levels among adults.  

 

Furthermore, existing literature has considerably varied in the study designs (Moraes 

et al. 2013; Scharhag-Rosenberger et al. 2014) as well as the exercise modalities 

(Hecksteden et al. 2013; Scharhag-Rosenberger et al. 2014), and have used somehow 

small sample sizes (Huh et al. 2012; Norheim et al. 2014), making their conclusions 

less robust regarding the effects of chronic exercise training on circulating irisin 

changes among adults.  

 

Besides, although some narrative reviews are informative in assessing the response of 

circulating irisin to chronic exercise training in adults (Elbelt et al. 2013; Hofmann et 

al. 2014; Polyzos et al. 2013), they all fail to provide critical analyses of 

methodological or clinical differences across studies, or how these differences would 

affect the summary estimates. 
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1.2.3. Regulation of proliferation and differentiation of C2C12 cells by irisin 

Huh et al. showed that in human skeletal muscle cells, irisin could significantly 

decrease myostatin gene expression (related to negative regulation of muscle growth 

and development) and increase PGC-1α4 gene expression (related to muscle 

hypertrophy) (Huh et al. 2014a), indicating that irisin might have a positive effect in 

regulating the development of skeletal muscle cells, at least partly. Yet these results 

were observed within a relatively short-time period of irisin treatment (Huh et al. 

2014a) and only at mRNA levels, which could not well delineate the effects of irisin 

on the whole process of myogenesis, such as cell proliferation and differentiation 

(Bentzinger et al. 2012). Moreover, no previous studies have systematically or 

comprehensively evaluated whether irisin could regulate the C2C12 cell proliferation 

and differentiation to date.  



INTRODUCTION  6 

1.3. Aims 

Based on the above questions and controversy, this study was aimed to determine:  

1.3.1. Whether the irisin response to the same acute bout of exercise is different 

among trained and untrained healthy adults;  

1.3.2. Whether the irisin response to an acute bout of cycling or running to 

exhaustion is different among healthy adults;  

1.3.3. Whether the irisin response to acute exercise is associated with the changes 

in blood biomarkers of muscle damage as assessed by CK, aspartate aminotransferase 

(AST) and myoglobin (Mb) in healthy adults (Singh et al. 2011); 

1.3.4. What the actual relationship between chronic exercise training and changes 

in circulating irisin among adults is (by conducting separate meta-analyses of 

currently available randomized controlled trials [RCTs] and non-randomized studies 

[NRS]); 

1.3.5. Whether different modalities of chronic exercise have different effects on 

circulating irisin levels (by subgroup analyses); 

1.3.6. Whether there were any time- or dose-dependent effects of irisin on the 

regulation of cell proliferation and differentiation during an extended time-window 

with continuous irisin treatment using the C2C12 skeletal muscle cell line, a widely 

investigated model of myogenesis (Burattini et al. 2004). 
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2. MATERIALS AND METHODS 

2.1. Irisin response to acute exercise training in adults 

2.1.1. Participants 

Healthy participants were recruited at the divisions of Sports Medicine at the 

Universities of Ulm, Gießen and Tübingen (Germany) via notices between 2010 and 

2013. Participants were excluded if they were: age ≥40 years, body mass index (BMI) 

≥30 kg/m
2
, previously diagnosed with cardiovascular disease, diabetes mellitus, 

hypertension, stroke, renal disease, respiratory disease, autoimmune disease or 

congenital heart disease, acutely ill, or in pregnancy.  

 

All participants provided written informed consent prior to participation, and were 

instructed to perform their regular daily activities but without engaging in vigorous 

exercise 24 hours before the exercise tests. All the exercise tests were conducted by 

licensed physicians and took place in rooms with a temperature ranging from 18 to 

22°C and a relative humidity ranging from 50% to 70%. This study was carried out in 

accordance with the declaration of Helsinki, and was approved by the Research Ethics 

Committee of the Universities of Ulm, Gießen and Tübingen. 

2.1.2. Exercise protocol 1: irisin release in response to acute exercise and 

association with training status 

A subgroup of male participants who were mainly recruited at the Division of Sports 

and Rehabilitation Medicine in Ulm University between 2010 and 2013 was enrolled 

in this pilot study. Individuals with maximal oxygen uptake (VO2max) >57 ml/kg/min 

were considered physically active (trained), while those whose VO2max <47 

ml/kg/min were considered physically inactive (untrained). All participants were 

asked to perform an acute exercise test on a cycling ergometer (Lode-Excalibur Sport, 

Lode Company, Groningen, Netherlands) at an intensity corresponding to 80% of 
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their VO2max. Venous blood samples were drawn before, immediately and 3 hours 

after the cessation of exercise from the antecubital vein using a Vacutainer. 

Afterwards samples were centrifuged and serum was stored at -80°C until further 

processing. 

2.1.3. Exercise protocol 2: irisin release in response to acute exercise and 

associations with exercise mode and biomarkers of muscle damage 

Another subgroup of participants who were recruited at the Division of Sports and 

Rehabilitation Medicine in Ulm University between June and November in 2013 was 

enrolled in this study, which used a randomized cross-over design. Randomization to 

cycling or running was done using coin tossing. The exercise tests (cycling and 

running) were performed between 10 AM to 2 PM on separate days with an interval 

of 1-week.  

 

The incremental exhaustive running test was conducted on a treadmill (H/P/COSMOS 

Sports & Medical, Nussdorf-Traunstein, Germany). Participants walked at 5 km/h at a 

gradient of 1.5% for about 1 minute to allow for customization. The test was then 

started at 5.8 km/h at a gradient of 1.5%, and the speed was increased by 1.44 km/h 

every 3 minutes until exhaustion. The incremental exhaustive cycling test was 

performed on a cycle ergometer. Participants started pedalling on command at 90 rpm 

and 25 Watts (for women) or 40 Watts (for men), and the work load was increased by 

25 Watts every 3 minutes until exhaustion. Heart rate was monitored continuously 

during both exercise tests by using a wireless heart rate monitor (CardioPart 12 Blue, 

amedtec, Aue, Germany). Rated perceived exertion was assessed and the exercise 

time to exhaustion was recorded at the end of both exercise tests. Venous blood 

samples were collected before, immediately, 10 and 60 minutes after the cessation of 

each exercise test. Blood samples were either immediately used for measurements of 

CK, AST and Mb or centrifuged and frozen at -80°C until further analysis. 
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2.1.4. Biochemical measurements 

Serum irisin concentrations from the frozen samples were determined using the irisin 

ELISA kit (Phoenix Pharmaceuticals, Burlingame, CA, USA; catalog # EK-067–52) 

according to the manufacturer's instructions (Table 1). Briefly, after adding the 

rehydrated irisin standard solutions, irisin positive control, serum blood samples, and 

irisin antibody to the designed wells, the immunoplate was sealed with an acetate 

plate sealer (APS). After 2 hours incubation at room temperature with an orbital 

shaking speed at 300-400 rpm, the APS was removed from the immunoplate. 50 μl of 

rehydrated irisin biotin were added into each well except the blanks. Then, the 

immunoplate resealed with an APS was incubated for another 2 hours under the same 

condition described above. Afterwards, each well was washed with 300 μl of 1x wash 

buffer, which was repeated 3 times. Later on, 100 μl of SA-HRP solution were added 

into each well including the blanks. After 60 minutes incubation at room temperature 

(20-23°C), the immunoplate was washed again with the same steps as described 

above. Then, 100 μl of the substrate solution were added into each well, and the 

immunoplate was incubated for another 3-7 minutes at room temperature. Finally, 100 

μl of stop solution (0.5 M HCl) were added to stop the reaction. The absorbance at 

450 nm was then measured using a microplate spectrophotometer (Multiskan FC, 

Thermo scientific, USA). Standard curves were generated using a four-parameter 

logistics curve-fitting method (Fig. 2). This assay has a sensitivity of 7.0 ng/ml, an 

intra-assay coefficient of variation (CV) of 4%–6% and an inter-assay CV of 

8%–10%.  

 

The plasma concentrations of CK, AST, and Mb were automatically measured using 

the Roche Cobas
® 

8000 analyzer series (Roche Diagnostics, Rotkreuz, Switzerland) at 

the department of clinical chemistry in University Hospital Ulm, which was 

accredited according to the rules of the European community (DIN EN ISO 15189). 

The intra- and inter-assay CV were 0.5%-2.3% and 1.8%-3.3% for CK, 0.4%-6.8% 

and 0.8%-3.1% for AST, and 0.9%-1.8% and 0.8%-2.1% for Mb. 
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Table 1: The protocol to run the irisin ELISA. 

Step Procedure Incubation time 

#1 Reconstitute irisin standard, irisin antibody, irisin biotin 

with 1x dilution buffer. 

- 

#2 Add 50 μl/well of rehydrated irisin standard and positive 

control, and unknown serum samples 

- 

#3 Add 50 μl/well of rehydrated irisin antibody
a
 Room temperature, 2 hours 

#4 Add 50 μl/well of rehydrated irisin biotin
a
 Room temperature, 2 hours 

#5 Wash the immunoplate 3 times with 350 μl/well of 1x 

wash buffer 

- 

#6 Add 100 μl/well of 1x SA-HRP solution Room temperature, 1 hours 

#7 Wash the immunoplate 3 times with 350 μl/well of 1x 

wash buffer 

- 

#8 Add 100 μl/well of the substrate solution Room temperature, 5 minutes 

#9 Add 100 μl/well of stop solution (0.5 M HCl) Room temperature, 1 minute 

#10 Load the immunoplate on a microplate 

spectrophotometer, read the absorbance O.D. at 450 nm 

- 

Room temperature is about 20-23 °C. 

All samples including the unknown serum samples were performed in duplicate.  
a 
The“Blank” wells were not added with rehydrated irisin antibody or irisin biotin. 
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Fig. 2: A typical standard curve generated using a four-parameter logistics 

curve-fitting method. Concentrations of diluted irisin standard were log-transformed. 

Raw data of this standard curve were obtained from one of the irisin Elisa kits used in 

this study.  
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2.1.5. Statistical analysis 

Continuous variables, such as irisin, CK, AST, Mb, and the area under the curve 

(AUC), were expressed as means ± standard deviations (SDs) unless otherwise stated. 

The Shapiro-Wilk normality test was used to check the distribution of the continuous 

variables. Values of AUC were calculated using the trapezoidal rule (Bagger et al. 

2011), and were presented as total AUC if nothing else was stated. Delta or 

percentage changes from baseline in irisin, CK, AST, and Mb levels were also 

calculated. One-sample t test was used to test for significant effects in irisin changes 

(different from 0). Paired or unpaired t test was used for within and between group 

comparisons, as appropriate. Two-way repeated-measurement analysis of variance 

followed by Bonferroni post hoc analysis was used to compare the differences 

regarding the changes in irisin between groups or at different time-points. Pearson 

correlation analysis was performed to investigate the associations between the AUC 

of irisin and that of biomarkers of muscle damage related to acute exercise. A 

two-tailed P value <0.05 was considered statistically significant in all tests. Statistical 

analyses were performed using SPSS software (Version 17.0 for Windows, SPSS Inc., 

Chicago, IL, USA) and GraphPad Prism (Version 5.0 for Windows, GraphPad 

Software Inc., San Diego, CA, USA). 
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2.2. Irisin response to chronic exercise training in 

adults: a meta-analysis 

2.2.1 Data sources and search strategies 

This meta-analysis is reported with reference to the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al. 2009). 

The literature search was performed using databases of PubMed, Web of Science and 

the Cochrane Library from January 2012 to September 2014. January 2012 was 

chosen as the starting date because irisin was not discovered before 2012 (Boström et 

al. 2012). Text words as “irisin” or “FNDC5” were combined using AND with text 

words as “exercise” or “training” or “physical activity” for search in PubMed. The 

search strategy was adapted for the other 2 databases (Table 2). Additionally, 

reference lists of retrieved articles were carefully checked by hand to ensure that no 

relevant articles would have been missed. 
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Table 2: Search strategy in each database. 

Search step Search item Filter 

Search strategy in PubMed 

#1 irisin [Text Word] Date: 2012/01/01 to 2014/09/10 

#2 FNDC5 [Text Word] Date: 2012/01/01 to 2014/09/10 

#3 exercise [Text Word] Date: 2012/01/01 to 2014/09/10 

#4 training [Text Word] Date: 2012/01/01 to 2014/09/10 

#5 physical activity [Text Word]  Date: 2012/01/01 to 2014/09/10 

#6 # 1 AND # 3  

#7 # 1 AND # 4  

#8 # 1 AND # 5  

#9 # 2 AND # 3  

#10 # 2 AND # 4  

#11 # 2 AND # 5  

#12 # 6 OR # 7 OR # 8 OR # 9 OR # 10 OR # 11  

#13 # 12 Language: English 

Search strategy in Cochrane Library 

#1 irisin [Title/Abstract/Keywords] Date: 2012/01/01 to 2014/09/10 

#2 FNDC5 [Title/Abstract/Keywords] Date: 2012/01/01 to 2014/09/10 

#3 # 1 OR # 2  

#4 exercise [Title/Abstract/Keywords] Date: 2012/01/01 to 2014/09/10 

#5 training [Title/Abstract/Keywords] Date: 2012/01/01 to 2014/09/10 

#6 physical activity [Title/Abstract/Keywords] Date: 2012/01/01 to 2014/09/10 

#7 #4 OR #5 OR #6  

#8 #3 AND #7  

Search strategy in Web of Science (SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, 

CCR-EXPANDED, IC) 

#1 Topic = irisin Date: 2012/01/01 to 2014/09/10 

#2 Topic = FNDC5 Date: 2012/01/01 to 2014/09/10 

#3 Topic = exercise Date: 2012/01/01 to 2014/09/10 

#4 Topic = training Date: 2012/01/01 to 2014/09/10 

#5 Topic = physical activity Date: 2012/01/01 to 2014/09/10 

#6 # 1 AND # 3  

#7 # 1 AND # 4  

#8 # 1 AND # 5  

#9 # 2 AND # 3  

#10 # 2 AND # 4  

#11 # 2 AND # 5  

#12 # 6 OR # 7 OR # 8 OR # 9 OR # 10 OR # 11  

#13 # 12 Language: English 

FNDC 5, fibronectin type-III domain containing protein 5 
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2.2.2. Inclusion and exclusion criteria 

Articles in English language were included if they fulfilled the following criteria: (i) 

were conducted in the general or the clinical population with more than 5 participants 

and mean ages ≥18 years; (ii) received an exercise training intervention (endurance, 

resistance, or combined exercise training) lasting at least 8 weeks (2 months); (iii) 

compared with a control group in which all the participants were asked not to change 

the previous lifestyle, or between post- and pre-exercise when a control group was not 

available; (iv) reported plasma or serum irisin levels; (v) were RCTs or NRS. The 

types of NRS design were generally determined based on the criteria in the Cochrane 

Handbook for Systematic Reviews of Interventions (Higgins et al. 2008). Studies 

were excluded provided that they were narrative reviews, cross-sectional studies, case 

reports, not involving humans, not published in English language, or the outcome of 

interest were insufficient and could not be obtained from the corresponding authors 

via e-mails. Posters were excluded as well due to their limited information. Since it 

was impractical to identify all the unpublished work from all authors or institutions 

around the world, unpublished research was therefore not sought, which might 

potentially increase the risk of publication bias. 

2.2.3. Data extraction and quality assessment 

Each title and abstract was evaluated for potential inclusion. For each of the relevant 

studies, 3 categories of variables were extracted using a predesigned table sheet: 

participant variables (including study population, sample size, age, sex [proportion of 

males], baseline body mass index [BMI], as well as body fat percentage); exercise 

training variables (including exercise modality, intensity, time per session, frequency 

as well as duration [length of exercise intervention]); and outcome variables 

(circulating irisin levels pre- and post-exercise training, or change scores).  
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Methodological quality of each study was assessed according to the Cochrane 

Collaboration „Risk of Bias‟ Tool, which was initially and mainly designed for 

assessing the methodological quality of RCTs but could also, be extended to NRS 

(Higgins et al. 2008). Several following additional quality variables were added: 

adequate reporting of exercise interventions (including exercise modality, frequency, 

intensity, time, and duration), control of confounders (e.g., having a matched control 

group or adjusting with confounders such as age and storage time), and adequate 

reporting of irisin measurement assay (e.g., what was the irisin measurement assay 

used; was the sensitivity, intra- or inter-assay variation reported, what was the time 

period for blood sampling?) (Table 3). The additional criteria for assessing the risk of 

bias in those additional quality variables are summarized in Table 3. Besides, in order 

to make sure all the above information was precisely abstracted and assessed, one of 

my colleagues was invited to have a careful check.  
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Table 3: Quality assessment of included studies in this meta-analysis. 

Author, year Random 

sequence 

generation 

Allocation 

concealment 

Blinding of 

participants 

and 

personnel
a
 

Blinding of 

outcome 

assessment 

Incomplete 

outcome 

data 

addressed 

Selective 

reporting 

Reporting of 

exercise 

intervention
b
 

Control of 

confounders
c
 

Reporting of 

irisin 

measurement
d
 

Randomized controlled trials 

Hecksteden 

et al. 2013-1
e
 

Low Unclear High Low High Low Low Low Unclear 

Hecksteden 

et al. 2013-2
e
 

Low Unclear High Low High Low Low Low Unclear 

Scharhag-Ro-

senberger 

et al. 2014 

Low High High Low High Low Low Low Unclear 

Non-randomized studies 

Moraes 

et al. 2013-1
f
 

NA NA High Low High Low Low High Unclear 

Moraes 

et al. 2013-2
f
 

NA NA High Low High Low Low High Unclear 

Huh 

et al. 2012 

NA NA High Low Low Low Low High Unclear 

Norheim 

et al. 2013-1
g
 

NA NA High Low Low Low Unclear High Unclear 

Norheim 

et al. 2013-2
g
 

NA NA High Low Low Low Unclear High Unclear 

Pekkala 

et al. 2013-1
h
 

NA NA High Low Low Low Low High Unclear 

Pekkala 

et al. 2013-2
h
 

NA NA High Low Low Low Low High Unclear 

Kurdiova 

et al. 2014 

NA NA High Low Low Low Low High Unclear 

Ellefsen et al. 

2014 

NA NA High Low High Low Unclear High Unclear 
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NA, not applicable 

Summary assessments of the risk of bias for each study within studies according to the Cochrane Handbook for Systematic Reviews of Interventions: low risk of bias, 

low risk of bias for all key domains; unclear risk of bias, unclear risk of bias for one or more key domains; high risk of bias, high risk of bias for one or more key 

domains. 
a
 Due to the nature of the exercise training, it is impossible to have complete blinding of participants and personnel. 

b 
If a study had adequately reported the details of the exercise intervention which include exercise modality, intensity, time, frequency and duration, this study would 

be judged as low risk of bias; if it was not adequately reported, it would be judged as unclear risk of bias; or if there had no such reporting, it would be judged as 

high risk of bias. 
c 

If a study had reported outcome of interest with adjustments for confounders (e.g., having a matched control group, or reporting data with corrections for 

confounders), this study would be judged as low risk of bias; if it was not reported,, it would be judged as high risk of bias; or if there was insufficient information to 

judge „low risk‟ or „high risk‟, it would be judged as unclear risk of bias. 
d 

If a study had adequately reported the measurement assay of irisin (e.g., what was the irisin measurement assay used; was the sensitivity, intra- or inter-assay 

variation reported, what was the time period for blood sampling), this study would be judged as low risk of bias; if it was not adequately reported, it would be judged 

as unclear risk of bias; or if there had no such reporting, it would be judged as high risk of bias. 
e 
The same article which had 2 different exercise intervention groups: “1” was a group of endurance exercise training, “2” was a group of resistance exercise training 

(Hecksteden et al. 2013). 
f
 The same article which had sex-based groups: “1” was a female group, “2” was a male group (Moraes et al. 2013). 

g
 The same article which had 2 different groups of participants: “1” was a group of healthy inactive participants, “2” was a group of prediabetes participants 

(Norheim et al. 2013). 
h
 The same article which had 2 different exercise intervention groups: “1” was a group of endurance exercise training, “2” was a group of combined endurance and 

resistance exercise training (Pekkala et al. 2013). 
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2.2.4 Data synthesis and analysis 

For studies that reported standard errors of means, the SDs were obtained by 

multiplying by the square root of the respective sample size. For studies that 

compared 2 exercise training interventions with a single control group, the “shared” 

group was split into 2 different groups with smaller sample sizes weighted in relation 

to different exercise training interventions. This was applied to give reasonably 

independent comparisons and overcome a potential unit-of-analysis error (Higgins et 

al. 2008). For studies that gave an outcome at 2 time-points, the longer time-point 

data were applied in the primary meta-analyses (Higgins et al. 2008). For studies that 

investigated 2 different exercise modalities (e.g., endurance versus resistance exercise 

training) or 2 different study populations (e.g., pre-diabetes versus healthy 

participants), these studies were reviewed twice.  

 

Change scores from the baseline or final data in the RCTs, as well as the post- and 

pre-exercise data in the NRS regarding irisin levels, along with their corresponding 

SDs and sample sizes, were entered in the meta-analyses to generate forest plots. 

Since irisin levels were measured in plasma or serum and by using different ELISA 

kits (Table 4), standardized mean difference expressed as Cohen‟s d (with 95% 

confidence intervals [CIs]) were calculated by using a random-effects model, which 

better incorporates both within-study and between-study variability than a 

fixed-effects model (Higgins et al. 2008). Effect size <0.40 indicates a small effect, 

0.40 to 0.70 a medium effect and >0.70 a large effect, as suggested by Cohen (Cohen 

1988). A negative effect size indicates a decrease in circulating irisin, while a positive 

one indicates an increase. Difference was considered to be significant at a two-sided P 

<0.05. 
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Table 4: Characteristics of each study included in this meta-analysis. 

Author 
, year 

Study 
population 

Age
a 

, year 
Description of the exercise training 
intervention and the control

b
 

Blood 
sample 

Irisin measurement 
method 

Blood sampling 
time period

c
 

Adherence
, % 

Dropout 
, % 

Randomized controlled trials  
Hecksteden et al. 
2013-1

d
 

Untrained 
healthy adults 

49  
 

Intervention details: M: ET; I: 60% 
heart rate reserve; T: 45 minutes; F: 3 
times/week; D: 26 weeks  

Serum ELISA
e
 2 to 7 days ≥70 60.8 

50 
 

Control details: asked to maintain the 
sedentary lifestyle 

18.9 

Hecksteden et al. 
2013-2

d
 

Untrained 
healthy adults 

48 
 

Intervention details: M: RT; I: 100% of 
20-RM; T: 2 sets of 15 repetitions; F: 3 
times/week; D: 26 weeks 

Serum ELISA
e
 2 to 7 days ≥70 25.4 

50 
 

Control details: asked to maintain the 
sedentary lifestyle 

18.9 

Scharhag-Rosen-
berger et al. 
2014 

Sedentary 
healthy adults 

47 
 

Intervention details: M: RT; I: 100% of 
20-RM; T: 2 sets of 16 repetitions 
(week 1/2), 18 repetitions (week 3/4), 
and 20 repetitions (week 5/6); 6 
weeks/cycle; F: 3 times/week; D: 24 
weeks 

Serum ELISA
e
 2 to 7 days ≥70 37.3 

50 
 

Control details: asked to maintain the 
sedentary lifestyle 

 35.8 

Non-randomized studies (before-and-after comparisons, only making descriptions of exercise training intervention)  
Moraes et al. 
2013-1

f 
 

Hemodialysis 
patients 

44.8  M: RT; I: gradually increased from 
60% to 70% of 1RM; T: ≤2 hours; F: 3 
times/week; D: 24 weeks 

Plasma ELISA
e
 Overnight ≥75 21.2 

Moraes et al. 
2013-2

f
 

Hemodialysis 
patients 

44.8 
 

M: RT; I: gradually increased from 
60% to 70% of 1RM; T: ≤2 hours; F: 3 
times/week; D: 24 weeks 

Plasma ELISA
e
 Overnight ≥75 21.2 

Huh et al. 2012 Moderately 
trained 
healthy adults 

20.5  M: ET (sprint running); I: heavy (NS); 
T: two 80-m sprint running/set, 2 or 3 
sets; F: 3 times/week; D: 8 weeks 

Serum ELISA
g
 30 minutes NS 0 

Norheim et al. 
2013-1

h
 

Healthy 
inactive 
adults 

40-65 M: ET-RT; I: NS; T: ET, 60 minutes 
and RT, 60 minutes; F: 2 sessions of 
ET combined with 2 sessions of 
RT/week; D: 12 weeks 

Plasma ELISA
e
 2 days NS 0 
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Norheim et al. 
2013-2

h
 

Patients with 
prediabetes  

40-65 M: ET-RT; I: NS; T: ET, 60 minutes 
and RT, 60 minutes; F: 2 sessions of 
ET combined with 2 sessions of 
RT/week; D: 12 weeks 

Plasma ELISA
e
 2 days NS 0 

Pekkala et al. 
2013-1

ij
 

Healthy 
untrained 
adults 

57 
 

M: ET; I: gradually and progressively 
increased; T: progressed from 30 to 90 
minutes; F: ≥1 times/week; D: 21 
weeks 

Serum ELISA
e
 3 hours NS 0 

Pekkala et al. 
2013-2

ij
 

Healthy 
untrained 
adults 

62 
 

M: ET-RT; I: gradually and 
progressively increased; T: ET, 
progressively increased from 30 to 90 
minutes; and RT, 60 to 90 minutes; F: 
ET, ≥1 times/week; and RT, ≥1 
times/week; D: 21 weeks 

Serum ELISA
e
 3 hours NS 0 

Kurdiova et al. 
2014 

Obese or 
overweight 
adults 

36.5  M: ET-RT; I: ET 70-85% maximal 
heart rate, RT progressively increased 
by 2.5% 1RM/week from 50-60% 
1RM; T:1 hour; F: 3 times/week; D: 12 
weeks 

Plasma ELISA
k
 NS NS 0 

Ellefsen et al. 
2014 

Untrained 
young adults 

26 
 

M: RT; I: 7-10RM; T: 60 to 90 minutes 
in total; F: 3 times/week; D: 12 weeks 

Serum ELISA
e
 NS NS 33.3 

ET, endurance exercise training; RT, resistance exercise training; ET-RT, combined endurance and resistance exercise training; M, exercise modality; I, exercise 
intensity; T, time per session (or sets of repetitions); F, exercise frequency; D, exercise duration (length of intervention); RM, repetition maximum; NS, not stated 
a 
Data were expressed as means, except the work from Norheim et al. (Norheim et al. 2014), which showed a range. For the study reported by Hecksteden et al. 

(Hecksteden et al. 2013), age data were imputed and presented separately; for the study reported by Ellefsen et al. (Ellefsen et al. 2014), age datum was imputed as 
all serum samples were available. 
b 
Only made a general introduction. 

c
 It represents the time-period for drawing blood samples following the last bout of exercise training.  

d
 The same article which had 2 different groups of exercise intervention: “1” was an ET group, “2” was a RT group (Hecksteden et al. 2013).  

e
 The ELISA kit was from Phoenix Pharmaceuticals Inc., Burlingame, CA, USA. 

f
 The same article which had sex-based groups: “1” was a female group, “2” was a male group (Moraes et al. 2013).  

g
 The ELISA kit was from Aviscera Biosciences Inc., Santa Clara, CA, USA. 

h
 The same article which had 2 groups of different study populations: “1” was a group of healthy inactive participants, “2” was a group of pre-diabetes participants 

(Norheim et al. 2014).  
i
 The same article which had 2 different groups of exercise intervention: “1” was an ET group, “2” was an ET-RT group (Pekkala et al. 2013). 

j
 This study was treated as a before-and-after comparison, because the control group only had 2 participants (Pekkala et al. 2013). 

k
 The ELISA kit was from Phoenix Pharmaceuticals Inc., Burlingame, CA, USA, and the irisin data need to be multiplied by a factor 25 as indicated by Kurdiova et 

al. (Kurdiova et al. 2014). 
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Heterogeneity between studies was evaluated using the Cochran Q test, where a P 

value <0.10 was considered to be statistically significant, and the I
2
 statistic in which 

values ≥50% were interpreted as evidence of substantial heterogeneity. Sensitivity 

analyses were performed to evaluate the robustness of the summary estimates by 

removing each study at a time. Subgroup analyses based on the exercise modalities 

and univariate meta-regression analyses for the prespecified participant or study 

characteristics such as age (logarithmic transformation), sex, baseline BMI, baseline 

circulating irisin, and the exercise intervention duration, were performed to 

investigate their association with the changes in circulating irisin in response to 

chronic exercise training. Publication bias was detected by Begg's test and Egger's test. 

All the analyses were conducted separately for RCTs and NRS, and all the data 

analyses were performed using Stata Software (Version 12.0 StataCorp, College 

Station, TX, USA). 
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2.3 Regulation of proliferation and differentiation of 

C2C12 cells by irisin 

2.3.1. Cell culture 

Murine C2C12 myocytes were purchased from CLS Cell Lines Service (Eppelheim, 

Germany), and propagated in growth medium (GM) consisting of Dulbecco‟s 

Modified Eagle‟s Medium (DMEM, Gibco, Germany) supplemented with 16.5% 

heat-inactivated fetal bovine serum (Gibco, Germany) and 1% penicillin/streptomycin 

at 37°C in a humidified atmosphere of 5% CO2 in air. On reaching 50% confluence, 

cells were distributed at a density of 3×10
3
 cells/cm

2
 into 96-well or 6-well plates for 

different assays and cultured in GM as described above. One hour after seeding (day 

0), cells in the 96-well plates were treated with recombinant irisin purchased from 

Phoenix Pharmaceuticals Inc. (Burlingame, USA) at different concentrations (5 and 

40 nM) as described previously (Song et al. 2014; Vaughan et al. 2014). The GM that 

contained different concentrations of irisin was changed every 24 hours until day 4. 

When cells in the 6-well plates reached 90% confluence (observed with a phase 

contrast microscope [Axiovert 25, Carl Zeiss Inc., Oberkochen, Germany]), the 

medium was switched to differentiation medium (DM) consisting of DMEM 

supplemented with 2% horse serum (Gibco, Germany), 1% penicillin/streptomycin 

and different concentrations of recombinant irisin (5 and 40 nM). The DM that 

contained different concentrations of irisin was changed every 24 hours for 9 more 

days.  

2.3.2. Cell proliferation 

The cell proliferation was measured every 21.5 hours following irisin treatment (from 

day 1 to day 4) by performing the Cell Proliferation Kit XTT (AppliChem, Germany) 

according to the manufacturer's instructions. This cell proliferation kit is a 

colorimetric assay for the nonradioactive quantification of cellular proliferation, 
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viability, and cytotoxicity. Briefly, cells in each well (cultured in 96-well plates at 100 

µl/well of GM) were treated with 50 µl of the reaction solution consisting of 0.1 ml 

activation solution and 5 ml of XTT reagent, and incubated at 37°C in a humidified 

5% CO2 atmosphere for 2.5 hours. The absorbance of the samples against a 

background control as a blank was then measured at a wavelength of 450 nm using a 

microplate spectrophotometer (Multiskan FC, Thermo scientific, USA). All the 

experiments were plated in sextuplicate.  

2.3.3. Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 

Total RNA was isolated from C2C12 myoblasts or C2C12 myotubes treated with or 

without irisin using the RNeasy Plus Mini Kit (Qiagen, Germany), and equal amounts 

were reverse transcribed using QuantiTect Reverse Transcription Kit (Qiagen, 

Germany) as previously described (Cheng et al. 2010). Commercial oligonucleotides 

purchased from Qiagen (Germany) were used to analyze mRNA levels of PGC-1α, 

FNDC5, mitochondrial transcription factor A (TFAM), proliferating cell nuclear 

antigen (PCNA), myogenic differentiation 1 (MyoD), myogenin, desmin, and 

ribosomal protein L13 (RPL-13) serving as reference gene (Table 5).  

 

Table 5: Efficiency test for each primer used in this study. 

Primer Category number R
2
 Efficiency (%) 

PGC-1α QT00156303 1.000 99 

FNDC5 QT00120533 0.994 100 

TFAM QT00154413 0.996 101 

PCNA QT00103313 0.999 99 

MyoD QT00101983 0.999 97 

myogenin QT00112378 0.999 99 

desmin QT00102333 0.999 99 

RPL-13 QT00168903 0.999 100 

PGC-1α, peroxisome proliferator-activated receptor γ coactivator-1α; FNDC5, fibronectin 

type-III domain containing protein 5; TFAM, mitochondrial transcription factor A; PCNA, 

proliferating cell nuclear antigen; MyoD, myogenic differentiation 1 
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All qRT-PCR reactions were performed in triplicate on 96-well plates using the 

LightCycler 480 (Roche Applied Science, Germany). Each reaction contained 10.0 µl 

of SYBR Green PCR Master Mix (Qiagen, Germany), 2.0 µl of each primer (1x 

QuantiTect Primer Assay), 6.0 µl of RNase-free water and 2.0 µl of cDNA (1:10 

dilution) (Table 6). The PCR programmes included Hot-start at 95°C for 15 minutes, 

and 50 cycles with denaturation (94°C for 15 seconds), annealing (58°C for 30 

seconds) and DNA elongation (70°C for 20 seconds). The PCR amplification 

efficiency for all primers was relatively equivalent, which was confirmed with serial 

dilutions of a standard sample (Table 5). Expressions of target genes were normalized 

to endogenous control RPL-13 gene expression level, and the relative gene expression 

levels were determined by the 2
-ΔΔCt

 method. 

 

Table 6: Reaction setup for two-step qRT-PCR. 

Component Volume per reaction Final concentration 

2 QuantiTect SYBR Green PCR Master Mix (μl) 10.0 1x 

10x QuantiTect Primer Assay (μl) 2.0 1x 

Template cDNA (μl) 2.0 ≤100 ng/reaction
a
 

RNase-free water (μl) 6.0 - 

Total volume (μl) 20.0 - 
a 
in the laboratory set-up the amount of template cDNA was 1 ng/reaction. 

 

2.3.4. Western Blot 

Total proteins were extracted from C2C12 myotubes treated with or without irisin 

with the lysis buffer (50mM Tris pH 7.5; 250mMNaCl; 5mMEDTA; 1% Nonidet 

P-40; complete protease inhibitor [Roche Applied Science, Germany]). The BCA 

Protein Assay Kit (Thermo scientific, USA) was used to determine protein 

concentrations to ensure equal loadings. Total proteins (25 µg per sample) were 

fractionated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and electro-transferred onto polyvinylidene difluoride (PVDF) 

membranes (Bio-Rad Laboratories, Hercules, CA). The membranes were blocked in 

tris-buffered saline (TBS) containing 5% non-fat milk powder for 1 hour at room 
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temperature. After several washes with 0.1% Tween-20-TBS (TBST), membranes 

were incubated with the primary antibody in TBST containing 2% nonfat milk 

powder overnight at 4°C. The primary antibodies from Developmental Studies 

Hybridoma Bank (DSHB, Iowa, USA) and their final concentrations used for antigen 

immunodetection were as follows: F5D-s (anti-myogenin, 0.5 µg/ml), D7F2-s 

(anti-MyoD, 0.5 µg/ml). The washed membranes were incubated with 1:6000 diluted 

horseradish peroxidase-conjugated secondary antibody (anti-mouse) in TBST 

containing 2% nonfat milk powder for 1 hour at room temperature. After several 

washes, the immunoreactive bands were visualized using the ECL Plus Western 

Blotting Detection kit from GE Healthcare Life Sciences (Little Chalfont, 

Buckinghamshire, UK). Signal intensities of corresponding bands were quantified by 

densitometric scanning using ImageJ software (National Institutes of Health) and 

normalized to the loading control using Ponceau S staining, which has been shown to 

be an alternative loading control to actin in Western Blots (Romero-Calvo et al. 

2010). 

2.3.5. Statistical analysis 

Statistical analyses were performed using GraphPad Prism (Version 5.0 for Windows, 

GraphPad Software Inc., San Diego, CA, USA). Data were presented as means (SDs). 

Two-way analysis of variance (time and concentration were the analyzed factors) 

followed by Bonferroni post hoc analysis was applied to compare the differences 

regarding the effects of irisin on cell proliferation or differentiation. Differences were 

considered to be significant at a two-tailed value of P <0.05. 
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3. RESULTS 

3.1. Irisin response to acute exercise training in adults 

3.1.1. Irisin response to acute exercise and association with training status 

Eight healthy trained and 8 untrained men with the respective mean VO2max of 67.2 

ml/kg/min and 37.2 ml/kg/min participated in this pilot study. There were no 

significant differences for age (P = 0.123) nor BMI (P = 0.773) between groups. 

Although there was a trend for increased baseline serum irisin levels in untrained 

versus trained adults, this difference was not significant (P = 0.294) (Table 7). 

Circulating irisin levels significantly elevated immediately post-exercise in trained 

and untrained groups compared with baseline (P = 0.012 and P = 0.007, respectively), 

and returned to baseline 3 hours post-exercise (P >0.999 for both groups). The 

increment of irisin levels, assessed by percentage changes from baseline, also 

increased immediately post-exercise in trained and untrained adults (P = 0.003 and P 

= 0.012, respectively).  
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Table 7: Participant characteristics and irisin response to acute exercise
a
 

 Trained (n = 8) Untrained (n = 8) 

Age (years) 27.4 ± 3.8 24.7 ± 2.5 

BMI (kg/m
2
) 22.0 ± 1.1 22.2 ± 1.9 

VO2max (ml/kg/min) 67.2 ± 8.9 37.2 ± 7.8
b
 

Irisin (ng/ml) 

Baseline (pre-exercise) 71.98 ± 13.69 81.76 ± 21.39 

0 hour post-exercise 79.00 ± 10.75
c
 89.35 ± 23.93

d
 

3 hours 

post-exercise 

73.14 ± 12.48 82.33 ± 16.77 

Irisin percent changes from baseline (%) 

0 hour post-exercise 11.0 ± 10.9
d
 9.3 ± 7.7

d
 

3 hours 

post-exercise 

2.2 ± 7.7 1.8 ± 7.4 

Amount of irisin secretion (ng/ml × h) 

Total 303.7 ± 45.7 343.1 ± 83.2 

Exercise-induced 15.8 ± 19.4 16.1 ± 16.7 

BMI, body mass index; VO2max, maximal oxygen uptake 
a
Data are means ± standard deviations. 

b
P <0.001, compared with trained adults using 

unpaired t test. 
c
P <0.05, compared with baseline irisin levels using Bonferroni post hoc 

analysis. 
d
P <0.05, compared with baseline irisin perecent changes (0) using Bonferroni post 

hoc analysis. 

 

There was no significant effect of training status (trained and untrained) on irisin 

response to acute exercise (F[1, 14] = 1.357, P = 0.264), and irisin levels or percentage 

changes from baseline were comparable between groups at any of the time-points 

observed (immediately post-exercise: P = 0.705 and P >0.999, respectively; or 3-hour 

post-exercise: P = 0.872 and P >0.999, respectively). No time × training status 

interaction was observed on irisin response to acute exercise (F[2, 28] = 0.067, P = 

0.935). The total amount of irisin release during the 1-hour exercise and 3-hour 

recovery periods as presented by AUC showed no significant difference among 

trained and untrained participants (15.8 ± 19.4 ng/ml × h versus 16.1 ± 16.7 ng/ml × h, 

P = 0.979) (Table 7). 
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3.1.2 Irisin response to acute exercise and association with exercise mode 

Seventeen healthy adults (8 men, age: 27.4 ± 6.4 years; and 9 women, age: 26.3 ± 4.9 

years) were enrolled in this cross-over study. The time to exhaustion in cycling was 

longer than that in running (24.98 ± 6.01 minutes versus 18.47 ± 5.37 minutes, P 

<0.001). The maximum heart rates achieved were comparable between exhausted 

cycling and running (187.4 ± 9.6 beats/minute versus 189.5 ± 9.5 beats/minute, P = 

0.307).  

 

Serum irisin levels increased immediately after cycling and running when compared 

with baseline (P <0.0001 for both groups) (Table 8). Notably, irisin levels declined to 

baseline 10 minutes after cycling (P = 0.571), whereas they still remained increased 

10 minutes after running when compared with baseline (P = 0.007); although both 

irisin data were comparable at this time-point (between-group comparison: P >0.999). 

Irisin levels of both groups returned to baseline 60 minutes post-training (P >0.999 

for both groups). In agreement with these findings, the increments of irisin levels that 

were assessed by percentage changes from baseline increased immediately (P 

<0.0001) but declined to baseline 10 minutes and 60 minutes after cycling (P = 0.316 

and P >0.999, respectively), while they remained increased immediately and 10 

minutes after running (P <0.0001 and P = 0.005, respectively) and decreased to 

baseline 60 minutes later (P >0.999). 
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Table 8: Irisin response to maximal cycling and running among healthy adults
a
 

 Cycling (n = 17) Running (n = 17) 

Irisin (ng/ml) 

Baseline (pre-exercise) 82.09 ± 12.34 76.73 ± 11.89 

0 minute post-exercise 97.81 ± 18.55
b
 92.31 ± 19.27

b
 

10 minutes post-exercise 87.28 ± 18.97 87.07 ± 17.97
b
 

60 minutes post-exercise 78.13 ± 10.49 77.87 ± 13.77 

Irisin percent changes from baseline (%) 

0 minute post-exercise 19.9 ± 19.6
c
 20.3 ± 16.8

c
 

10 minutes post-exercise 7.6 ± 23.5 13.4 ± 13.5
c
 

60 minutes post-exercise -3.9 ± 11.5 2.1 ± 13.3 

Amount of irisin secretion (ng/ml × h) 

Total 135.5 ± 21.0 123.4 ± 21.4
d
 

Exercise-induced 5.5 ± 18.3 10.1 ± 11.1
e
 

a
Data are means ± standard deviations. 

b
P <0.05, compared with baseline irisin levels using 

Bonferroni post hoc analysis. 
c
P <0.01, compared with baseline irisin perecent changes (0) 

using Bonferroni post hoc analysis. 
d
P <0.01, compared with cycling using paired t test. 

e
P 

<0.05, compared with 0 using one-sample t test.  

 

There was no significant effect of exercise modes (cycling and running) (F[1, 32] = 

0.362, P = 0.552), or time × exercise modes interaction on irisin response to acute 

exercise (F[3, 96] = 0.948, P = 0.421). Interestingly, running induced a significant 

increase in the total amount of irisin release during the course of exercise test and 

60-minute recovery period (AUC, 10.1 ± 11.1 ng/ml × h; P = 0.002), while cycling 

did not (AUC, 5.5 ± 18.3 ng/ml × h; P = 0.234) (Table 8).  
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3.1.3 Irisin release and associations with biomarkers of skeletal muscle 

damage 

No significant correlations were observed between irisin changes from baseline and 

the respective changes in CK, AST, or Mb (Fig. 3) at any of the time-points following 

the acute bout of exhausted cycling or running, except the correlation between the 

changes in irisin and AST immediately post-cycling (r = -0.517, P = 0.034), and that 

between the changes in irisin and Mb immediately post-running (r = -0.568, P = 0.017) 

(Table 9). 

 

Neither the AUC of irisin release induced by cycling nor that by running showed a 

significant correlation with the corresponding AUC of CK or AST (Fig. 4A and B). 

The AUC of cycling-induced irisin release showed a negative correlation with the 

corresponding AUC of Mb (r = -0.529, P = 0.029), whereas no significant correlation 

was observed between the AUC of running-induced irisin release and that of Mb (r = 

-0.060, P = 0.818) (Fig. 4C). 

 

 



RESULTS  31 

B a s e lin e 0  m in u te 1 0  m in u te s 6 0  m in u te s

-5 0

0

5 0

1 0 0

C
K

 c
h

a
n

g
e

s
 f

ro
m

 b
a

s
e

li
n

e
 (

U
/L

)

C y c lin g

R u n n in g

* #

#

A

 

B a s e lin e 0  m in u te 1 0  m in u te s 6 0  m in u te s

-5

0

5

1 0

A
S

T
 c

h
a

n
g

e
s

 f
ro

m
 b

a
s

e
li

n
e

 (
U

/L
)

C y c lin g

R u n n in g

* #

#

B

B a s e lin e 0  m in u te 1 0  m in u te s 6 0  m in u te s

-1 0

0

1 0

2 0

3 0

M
b

 c
h

a
n

g
e

s
 f

ro
m

 b
a

s
e

li
n

e
 (

μ
g

/L
)

C y c lin g

R u n n in g

* #

#

C

 

Figure 3: Acute exercise-induced CK, AST and MB changes from baseline 

during different time-points. (3A) Acute exercise-induced CK changes from 

baseline during different time-points; (3B) Acute exercise-induced AST changes from 

baseline during different time-points; (3C) Acute exercise-induced MB changes from 

baseline during different time-points. Data are changes from baseline and are 

presented as means ± standard deviations. 
*
P <0.05, compared with baseline data in 

cycling using Bonferroni post hoc analysis. 
#
P <0.05, compared with baseline data in 

running using Bonferroni post hoc analysis. CK, creatine kinase; AST, aspartate 

aminotransferase; Mb, myoglobin. 
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Table 9: Pearson Correlations between changes in irisin and biomarkers of 

skeletal muscle damage from baseline in exhausted cycling and running among 

healthy adults (n = 17) 

 Post-exercise irisin change 

from baseline in cycling 

Post-exercise irisin change 

from baseline in running 

0 min 10 min 60 min 0 min 10 min 60 min 

Post-exercise CK change 

from baseline in cycling 

0 min -0.323      

10 min  -0.181     

60 min   -0.021    

Post-exercise CK change 

from baseline in running 

0 min    -0.276   

10 min     -0.338  

60 min      -0.003 

Post-exercise AST change 

from baseline in cycling 

0 min -0.181      

10 min  -0.129     

60 min   0.142    

Post-exercise AST change 

from baseline in running 

0 min    -0.517
a
   

10 min     -0.358   

60 min      -0.163 

Post-exercise Mb change 

from baseline in cycling 

0 min -0.568
a
      

10 min  -0.425     

60 min   -0.278    

Post-exercise Mb change 

from baseline in running 

0 min    -0.156   

10 min     -0.162  

60 min      0.079 

CK, creatine kinase; AST, aspartate aminotransferase; Mb, myoglobin 
a 
P <0.05. 
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Figure 4: Pearson correlations between the AUC of exercise-induced changes in 

irisin and CK, AST and Mb. (4A) Correlation between the AUC of exercise-induced 

changes in irisin and CK; (4B) Correlation between the AUC of exercise-induced 

changes in irisin and AST; (4C) Correlation between the AUC of exercise-induced 

changes in irisin and Mb. P <0.05 is considered statistically significant. CK, creatine 

kinase; AST, aspartate aminotransferase; Mb, myoglobin; AUC, area under the curve. 



RESULTS  34 

3.2 Irisin response to chronic exercise training in 

adults: a meta-analysis 

3.2.1 Literature search 

The search strategy yielded 181 publications in total, in which 8 articles (Ellefsen et al. 

2014; Hecksteden et al. 2013; Huh et al. 2012; Kurdiova et al. 2014; Moraes et al. 

2013; Norheim et al. 2014; Pekkala et al. 2013; Scharhag-Rosenberger et al. 2014) 

were included in the following meta-analyses (Fig. 5). The raw data of interest from 4 

of the 8 articles were obtained by contacting the authors via e-mails (Ellefsen et al. 

2014; Kurdiova et al. 2014; Norheim et al. 2014; Pekkala et al. 2013). Because 2 

articles had 2 different exercise training modes (Hecksteden et al. 2013; Pekkala et al. 

2013), 1 included 2 different study populations (Norheim et al. 2014), and 1 had 

sex-based groups (Moraes et al. 2013), therefore, 12 studies in 8 articles met all the 

inclusion criteria (Table 4). 
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Fig. 5: Process of literature search and study selection. 
a
The raw data of interest 

were not applicable or there was no mention of irisin. 

Articles identified through the following databases: PubMed (n = 

78), Web of Science (n = 100) and the Cochrane Library (n = 3) 

Duplicated articles (n = 62) 

Articles in full-text assessed for eligibility (n = 24) 

 

Articles excluded after full-text reviewing (n = 16) 

Using the lifestyle intervention (n = 1) 

Exercise training: acute or <8 weeks (n = 10) 

No available data of irisin (n = 5)
a
 

Articles included in the final meta-analysis (n = 8) 

 

Articles excluded after title/abstract review (n = 96) 

 Reviews or commentaries (n = 31) 

 Posters (n = 7) 

 Conducted on children or animals (n = 14) 

 Not focused on exercise training (n = 26) 

Not related to irisin (n = 18) 

Articles remained by excluding the duplicates (n = 119) 

 

Articles identified by hand-checking (n = 1) 

Articles identified for the potential inclusion (n = 120) 
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3.2.2 Characteristics of included trials 

Of the 12 studies included (3 RCTs and 9 NRS), 8 conducted on untrained healthy 

participants (Ellefsen et al. 2014; Hecksteden et al. 2013; Kurdiova et al. 2014; 

Norheim et al. 2014; Pekkala et al. 2013; Scharhag-Rosenberger et al. 2014), 1 on 

moderately trained healthy participants (Huh et al. 2012), 1 on prediabetes patients 

(Norheim et al. 2014), and another 2 on hemodialysis patients (Moraes et al. 2013); 3 

studies utilized endurance exercise training (Hecksteden et al. 2013; Huh et al. 2012; 

Pekkala et al. 2013), 5 utilized resistance exercise training (Ellefsen et al. 2014; 

Hecksteden et al. 2013; Moraes et al. 2013; Scharhag-Rosenberger et al. 2014), and 

the remaining utilized combined endurance and resistance exercise training (Kurdiova 

et al. 2014; Norheim et al. 2014; Pekkala et al. 2013). The exercise intensities varied 

from low to heavy intensity. For the methods used for determining irisin levles, all 

studies used commercially available irisin ELISA kits (11 from Phoenix 

Pharmaceuticals Inc., Burlingame, CA, USA (Ellefsen et al. 2014; Hecksteden et al. 

2013; Kurdiova et al. 2014; Moraes et al. 2013; Norheim et al. 2014; Pekkala et al. 

2013; Scharhag-Rosenberger et al. 2014), and 1 from Aviscera Biosciences Inc., 

Santa Clara, CA, USA (Huh et al. 2012)). For the time-point of blood samples taken 

for determining irisin levels following the last bout of exercise training, 5 studies 

reported at least 48 hours (Hecksteden et al. 2013; Norheim et al. 2014; 

Scharhag-Rosenberger et al. 2014), 2 reported around 12 hours (overnight) (Moraes et 

al. 2013), 2 reported 3 hours (Pekkala et al. 2013), 1 reported 30 minutes (Huh et al. 

2012) and 2 did not report (Ellefsen et al. 2014; Kurdiova et al. 2014). Five studies 

measured plasma irisin levels (Kurdiova et al. 2014; Moraes et al. 2013; Norheim et al. 

2014), while the other 7 measured serum irisin levels (Ellefsen et al. 2014; 

Hecksteden et al. 2013; Huh et al. 2012; Pekkala et al. 2013; Scharhag-Rosenberger et 

al. 2014). Ten studies had been conducted in European countries (2 in Finland 

(Pekkala et al. 2013), 1 in Greece (Huh et al. 2012), 3 in Germany (Hecksteden et al. 

2013; Scharhag-Rosenberger et al. 2014), 3 in Norway (Ellefsen et al. 2014; Norheim 
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et al. 2014), and 1 in Slovak Republic (Kurdiova et al. 2014)), and the other 2 were in 

South America (both in Brazil (Moraes et al. 2013)). No major or minor adverse 

effects associated with chronic exercise training were reported. Adherence (means the 

compliance to the exercise training for each individual or the whole studied 

population) to the exercise training protocol was poorly recorded in general, with 

nearly half of them (41.7%) reporting adherence rates more than 70% (Hecksteden et 

al. 2013; Moraes et al. 2013; Scharhag-Rosenberger et al. 2014). Dropout rates were 

high in 3 RCTs (Hecksteden et al. 2013; Scharhag-Rosenberger et al. 2014) ranging 

from 18.9% to 60.8%. The general characteristics of these citations are summarized in 

Table 4. 

3.2.3 Quality assessment 

The study quality assessment for each study is summarized in Table 3. All the 3 RCTs 

had adequate random sequence generation, with 2 using computer lists (Hecksteden et 

al. 2013) and 1 using stratified randomization (Scharhag-Rosenberger et al. 2014). 

One RCT used open label for allocation concealment (Scharhag-Rosenberger et al. 

2014), and the other 2 did not report (Hecksteden et al. 2013); while all the NRS were 

not applicable. Six of the NRS conducted the intention-to-treat analysis (Huh et al. 

2012; Kurdiova et al. 2014; Norheim et al. 2014; Pekkala et al. 2013), whereas 3 

RCTs (Hecksteden et al. 2013; Scharhag-Rosenberger et al. 2014) and 3 of the NRS 

(Ellefsen et al. 2014; Moraes et al. 2013) carried out the per-protocol analysis. All the 

NRS did not provide data with corrections for confounders. Due to the nature of the 

exercise training, none of the included studies could have complete blinding of 

participants and personnel. Almost all the studies provided full details of the exercise 

intervention except the study from Norheim et al. (Norheim et al. 2014). All studies 

reported losses to follow-up and exclusions. They generally well described which 

irisin measurement assay was appllied (Table 4), however, most of them did not 

report the assay‟s precision such as the intra- and inter-assay variation, except the 

study by Kurdiova et al. (Kurdiova et al. 2014). 
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3.2.4 Meta-analyses 

3.2.4.1. RCT Results 

Three RCTs in 2 articles (Hecksteden et al. 2013; Scharhag-Rosenberger et al. 2014) 

which involved 100 healthy untrained participants in total were pooled to evaluate the 

effects of chronic exercise training on circulating irisin changes when compared with 

the matched healthy controls (73 participants). The results showed a moderate and 

significant effect in decreasing circulating irisin levles, as evidenced by the summary 

estimates of d = -0.46 (95% CI: -0.76 to -0.15; Table 10). No significant 

heterogeneity existed among these included studies (P = 0.80, I
2
 <1%). Subgroup 

analyses indicated that chronic endurance exercise training showed a moderate but 

non-significant effect in decreasing circulating irisin levels when compared with the 

controls (d = -0.64, 95% CI: -1.32 to 0.04), whereas chronic resistance exercise 

training had a moderate and significant effect in decreasing circulating irisin levels 

when compared with the controls (d = -0.41, 95% CI: -0.75 to -0.06). No RCT was 

focused on combined endurance and resistance exercise training. When removing 

each study from the meta-analysis one-by-one, heterogeneity and the summary 

estimates (Cohen‟s d) remained largely unchanged. 
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Table 10: Effect size estimates for each RCT regarding the effects of chronic 

exercise training effects on the changes of circulating irisin levels
a
. 

Author, year Intervention Control Cohen‟s d 95% CI 

Mean 

(SD) 

N Mean 

(SD) 

N Lower Upper 

Endurance exercise      

Hecksteden et al. 2013-1
b
 44 

(93) 

23 101 

(81) 

14 -0.642 -1.324 0.039 

Subtotal estimates (P = 0.007)  -0.642 -1.324 0.039 

Resistance exercise      

Hecksteden et al. 2013-2
b
 60 

(92) 

40 101 

(81) 

25 -0.466 -0.972 0.040 

Scharhag-Rosenberger  

et al. 2014 

257.0 

(103.4) 

37 293.4 

(99.6) 

34 -0.358 -0.828 0.111 

Subtotal estimates (P = 0.02) -0.408 -0.752 -0.064 

Summary estimates (P = 0.004) -0.456 -0.763 -0.149 

RCTs, randomized controlled trials; SD, standard deviation; CI, confidence interval 
a
Effect size estimates were derivied by using a random-effects model. 

b
The same article which had 2 groups of different exercise intervention: “1” was a group of 

endurance exercise training; “2” was a group of resistance exercise training (Hecksteden et al. 

2013).  

 

3.2.4.2. NRS Results 

Nine NRS (before-and-after comparisons) in 6 articles (Ellefsen et al. 2014; Huh et al. 

2012; Kurdiova et al. 2014; Moraes et al. 2013; Norheim et al. 2014; Pekkala et al. 

2013) involving 113 intervention participants evaluated the exercise training effects 

on circulating irisin levels compared with the non-exercised state. Table 11 shows that 

chronic exercise training had a trivial and non-significant effect in decreasing 

circulating irisin compared with the baseline (d = -0.04, 95% CI: -0.30 to 0.23). No 

statistical heterogeneity was found among these studies (P = 0.92, I
2
 <1%). Subgroup 

analyses suggested that there was a small, but non-significant effect in altering 

circulating irisin compared with the baseline, either undertaking chronic endurance 

exercise training (d = 0.31, 95% CI: -0.26 to 0.88), or resistance exercise training (d = 

-0.01, 95% CI: -0.46 to 0.44), or a combination of both (d = -0.22, 95% CI: -0.61 to 

0.17). When individually removing each study from the meta-analysis, the re-pooled 
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effect sizes showed that none of the individual studies substantially influenced the 

results. 

 

Table 11: Effect size estimates for each NRS regarding the effects of chronic 

exercise training effects on the changes of circulating irisin levels
a
. 

Author, year Intervention Control Cohen‟s d 95% CI 

Mean 

(SD) 

N Mean 

(SD) 

N Lower Upper 

Endurance exercise      

Huh et al. 2012 435.1 

(38.5) 

15 420.3 

(32.7) 

15 0.414 -0.310 1.138 

Pekkala et al. 2013-1
b
 930.7 

(404.6) 

9 885.6 

(246.5) 

9 0.135 -0.790 1.060 

Subtotal estimates (P = 0.29)  0.308 -0.262 0.878 

Resistance exercise      

Moraes et al. 2013-1
c
 77.5 

(36.2) 

13 77.4 

(44.4) 

13 0.002 -0.766 0.771 

Moraes et al. 2013-2
c
 69.8 

(36.8) 

13 64.2 

(39.4) 

13 0.147 -0.623 0.917 

Ellefsen et al. 2014 1131 

(239) 

12 1200 

(422) 

12 -0.201 -1.004 0.601 

Subtotal estimates (P = 0.96)  -0.012 -0.463 0.438 

Combined endurance and resistance exercise    

Norheim et al. 2013-1
d
 118.3 

(23.9) 

13 128.9 

(38.4) 

13 -0.331 -1.106 0.443 

Norheim et al. 2013-2
d
 167.6 

(72.2) 

13 191.9 

(67.0) 

13 -0.349 -1.124 0.426 

Pekkala et al. 2013-2
b
 930.7 

(404.6) 

9 885.6 

(246.5) 

9 -0.084 -1.009 0.840 

Kurdiova et al. 2014
e
 1682.5 

(67.5) 

16 1687.5 

(67.5) 

16 -0.092 -0.785 0.601 

Subtotal estimates (P = 0.28) -0.216 -606 0.174 

Summary estimates (P = 0.78) -0.037 -0.298 0.225 

NRS, non-randomized studies; SD, standard deviation; CI, confidence interval 
a
Effect size estimates were derivied by using a random-effects model. 

b
The same article which had 2 groups of different exercise intervention: “1” was a group of 

endurance exercise training, “2” was a group of combined endurance and resistance exercise 

training (Pekkala et al. 2013). 
c
The same article which had sex-based groups: “1” was a 

female group; “2” was a male group (Moraes et al. 2013).
 d

The same article which had 2 

groups of different study populations: “1” was a group of healthy inactive participants; “2” 

was a group of prediabetes participants (Norheim et al. 2014). 
e
The irisin data needed to be 

multiplied by a factor 25 (Kurdiova et al. 2014). 
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3.2.5 Meta-regression analyses  

In the meta-regression analyses of the NRS, none of the potential moderator variables 

was found to be significantly correlated with the changes in circulating irisin levels: 

age (P = 0.40), sex (P = 0.78), baseline BMI (P = 0.42), baseline circulating irisin (P 

= 0.94), or the exercise training duration (P = 0.84) (Table 12). These variables were 

also not significantly associated with the changes in circulating irisin levels in the 

RCTs: age (P = 0.66), sex (P = 0.63), baseline BMI (P = 0.68), baseline circulating 

irisin (P = 0.83), and the exercise training duration (P = 0.69). In addition, the 

association of the changes in circulating irisin levels with the baseline fat mass 

percentage reported in the RCTs was not statistically significant (P = 0.69).  

 

 

Table 12: Univariate, weighted meta-regression analyses in exercise-induced 

irisin change expressed as Cohen’s d by different covariates in adults.  

Covariates  Number 

of studies 

Regression 

coef
a
 

95% CI P 

Randomized controlled trials 

Age
b
 3 -11.60 -256.5 to 233.3 = 0.66 

Sex
c
 3 0.07 -1.22 to 1.35 = 0.63 

Baseline BMI 3 0.32 -7.23 to 7.87 = 0.68 

Baseline irisin 3 -0.04 -1.82 to 1.74 = 0.83 

Training duration 3 -0.09 -2.10 to 1.93 = 0.69 

Baseline fat mass percentage 3 -0.34 -8.39 to 7.71 = 0.69 

Non-randomized studies 

Age
b
 9 -0.35 -1.25 to 0.56 = 0.40 

Sex
c
 9 0.001 -0.007 to 0.009 = 0.78 

Baseline BMI 9 -0.04 -0.13 to 0.06 = 0.42 

Baseline irisin 9 0.00003 -0.0008 to 0.0008 = 0.94 

Training duration 9 0.005 -0.49 to 0.058 = 0.84 

Regression coef, regression coefficient; CI, confidence interval; BMI, body mass index 
a 

The regression coefficient obtained from the meta-regression analysis describes how the 

outcome variable changes (Cohen‟s d) with a unit increase in the explanatory variable.
 

b
 Age data were log-transformed. 

c 
Sex data were presented as proportion of males. 
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3.2.6 Publication bias  

No significant publication bias in the meta-analyses of chronic exercise training 

effects on the changes in circulating irisin levels was found as shown by the Begg's 

test or Egger's test in the RCTs (P = 0.30 and P = 0.17, respectively), or in the NRS 

(P = 0.75 and P = 0.82, respectively). 
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3.3 Regulation of proliferation and differentiation of 

C2C12 cells by irisin 

3.3.1 Regulation of C2C12 cell proliferation by irisin 

To evaluate the effects of irisin on cell proliferation, C2C12 cells were continuously 

treated with physiological and pharmacological doses of irisin (5 and 40 nM) or 

without irisin for different time periods (24, 48, 72 and 96 hours). As shown in Figure 

6A, the cell proliferation was significantly increased following 72-hour irisin 

treatment in a dose-dependent manner when compared with control (both P <0.05), 

whereas no significant change regarding the cell proliferation was observed following 

24, 48 or 96 hours irisin treatment at either 5 or 40 nM when compared with the 

respective control (all P >0.05). Besides, the cell proliferation was time-dependently 

increased in all 3 groups during the 72-hour time-window with or without irisin 

treatment (all P <0.05). Notably, the cell proliferation was significantly decreased 

after 96-hour irisin treatment with respect to that after 72-hour irisin treatment at 40 

nM (P <0.05), while it was non-significantly changed after 96-hour irisin treatment 

when compared with that after 72-hour irisin treatment at 5 nM or 0 nM (both 

P >0.05). 

 

To examine the effects of irisin on cell cycle control, C2C12 cells treated with 

different concentrations of irisin at different incubation time points were harvested for 

qRT-PCR. There was a main effect of time in down-regulating the gene expression of 

PCNA, a key factor enrolled in DNA replication and cell cycle regulation (Strzalka 

and Ziemienowicz 2011), regardless of different irisin treatments (F[3, 24] = 8.745, P = 

0.0004). However, post hoc analyses suggested that the PCNA gene expression was 

non-significantly changed following neither 24, 48, 72 nor 96 hours irisin treatment at 

either 5 or 40 nM (all P >0.05) when compared with the respective control (Figure 

6B). 
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Figure 6: Regulation of C2C12 cell proliferation by irisin. (6A) The cell 

proliferation was measured using Cell Proliferation Kit XTT from 24 to 96 hours 

following irisin treatments at indicated concentrations (5 and 40 nM). Values were 

presented as means ± standard deviations of 6 independent experiments. *P <0.05 

compared with the respective control. (6B) Gene expression of PCNA following 24, 

48, 72, 96 hours irisin treatments at indicated concentrations during C2C12 cell 

proliferation. Fold-changes of PCNA were normalized to the untreated control cells at 

24 hours. Values were presented as means ± standard deviations of 3 independent 

experiments. RPL-13, ribosomal protein L13; PCNA, proliferating cell nuclear 

antigen. 
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3.3.2 Regulation of C2C12 cell differentiation by irisin 

When C2C12 cells reached 90% confluence, the GM was changed to DM and C2C12 

cells were continuously treated with different concentrations of irisin (5 and 40 nM) 

or without irisin for 3, 5, 7 or 9 days. Observations were performed on these 

corresponding time-points using a phase contrast microscope, which showed that 

irisin had no obvious phenotypic effects on cell differentiation when compared to the 

corresponding control C2C12 cells (Figure 7A). To further explore the effects of irisin 

on cell differentiation, irisin treated C2C12 cells were harvested for evaluating the 

expressions of sequential myogenic markers such as myogenin, MyoD, and desmin at 

mRNA levels by qRT-PCR, as well as the expressions of myogene and MyoD at 

protein levels by Western Blot. There was no significant difference in myogenin, 

MyoD, or desmin mRNA expression following 3, 5, 7 or 9 days irisin treatment at 

either 5 or 40 nM (all P >0.05) with respect to the corresponding control (Figure 7B, 

C and D). Interestingly, C2C12 cells treated with irisin at 40 nM generally showed 

trends towards increased mRNA expression of myogenin, MyoD, and desmin 

compared with the respective controls at any of the indicated incubation time-points.  

 

Consistent with the observed effects of irisin at the mRNA levels, the protein levels of 

myogenin and MyoD also remained unchanged in cells treated with irisin at 5 or 40 

nM for 3, 5, 7 or 9 days when compared with the respective control cells (all P >0.05, 

Figure 8A and B). 
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A 

   Day 3   

   Day 5 

   Day 7 

   Day 9  

Control   0 nM irisin   40 nM irisin 

 

 

 

Figure 7: Regulation of C2C12 cell differentiation by irisin. 

(7A) C2C12 cells were treated with irisin at indicated concentrations for 3, 5, 7 and 9 days, and observed by phase contrast imaging. Scale bar 

(200 nm, 10-time magnification). (7B-D) Gene expressions of MyoD, myogenin and desmin at 3, 5, 7 and 9 days of irisin treatments at indicated 

concentrations. All fold-changes of gene expressions were normalized to the untreated control cells at day 3. Values were presented as means ± 

standard deviations of 3 independent experiments. RPL-13, ribosomal protein L13; MyoD, myogenic differentiation 1. 
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Figure 8: Changes in protein expression related to myogenesis during C2C12 cell differentiation by irisin. (8A-B) Western Blot of C2C12 

cells treated with irisin at indicated concentrations for 3, 5, 7 and 9 days during differentiation. Ponceau S staining was used as a loading control. 

Fold-changes of protein expression were normalized to the untreated control cells at day 3. Values were presented as means ± standard 

deviations of 3 independent experiments. MyoD, myogenic differentiation 1.
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3.3.3. Regulation of mitochondrial biogenesis during C2C12 cell differentiation 

by irisin 

To investigate whether irisin regulates the mitochondrial biogenesis during cell 

differentiation, C2C12 cells treated with irisin as described above were harvested for 

evaluating the gene expressions of PGC-1α, FNDC5 and TFAM by qRT-PCR, where 

TFAM is a controller of mitochondrial DNA expression (Gabrielson et al. 2014). All 

the mRNA expressions of PGC-1α, FNDC5 and TFAM remained unchanged in 

C2C12 cells treated with irisin at either 5 or 40 nM for 3, 5, 7 or 9 days (all P <0.01) 

when compared with the corresponding control cells (Figure 9A, B and C). Notably, 

C2C12 cells treated with irisin at 40 nM generally seemed to show trends towards 

increased mRNA expression of PGC-1α, FNDC5 and TFAM compared with the 

corresponding control cells at the indicated different incubation time-points. Yet this 

trends are neither consistent for all days nor both concentrations of irisin. 
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Figure 9: Changes in gene expression related to mitochondrial biogenesis during 

C2C12 cell differentiation by irisin. (9A-C) Gene expressions of PGC-1α, FNDC5 

and TFAM following 3, 5, 7 and 9 days irisin treatments at indicated concentrations 

during C2C12 cell differentiation. Fold-changes of gene expression were normalized 

to the untreated control cells at day 3. Values were presented as means ± standard 

deviations of 3 independent experiments. RPL-13, ribosomal protein L13; PGC-1α, 

peroxisome proliferator-activated receptor γ coactivator-1α; FNDC5, fibronectin 

type-III domain containing protein 5; TFAM, mitochondrial transcription factor A. 
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4. DISCUSSION 

4.1. Irisin response to acute exercise training in adults 

As the first part of the dissertation, this study shows that serum irisin levels 

significantly increased immediately after an acute bout of exercise in healthy adults, 

regardless of training status or exercise mode, but declined to baseline 1 hour 

thereafter. This study also shows that there were no significant differences between 

age- and BMI-matched trained and untrained healthy adults regarding 

exercise-induced changes in irisin assessed by percentage changes from baseline or 

the AUC of the amount of irisin release. This study further shows that irisin levels 

remained increased 10 minutes after running but not after cycling when compared 

with baseline. Moreover, running induced a significant increase in the amount of irisin 

release during the course of exercise test and 60-minute recovery period, while 

cycling did not; suggesting that irisin response to running is different from that to 

cycling. Although the associations between changes in irisin and biomarkers of 

muscle damage in response to exhausted cycling or running remained largely 

inconclusive in this study, moderate and negative correlations were observed between 

changes in irisin and AST as well as Mb immediately post-exercise, and between the 

amount of cycling-induced irisin release and that of Mb. 

 

Several recent studies have noted that acute exercise is not associated with increased 

circulating irisin levels (Lee et al. 2014; Pekkala et al. 2013), however, there is 

accumulating evidence that irisin levels are increased transiently following acute 

exercise and in an intensity-dependent manner (Daskalopoulou et al. 2014; Kraemer 

et al. 2014). Partly in support of these findings, this study shows that serum irisin 

levels elevated immediately following either an acute bout of running or cycling, but 

decreased to baseline levels 60 minutes post-exercise. It is suggested that the transient 

increase in irisin, which is induced by acute exercise, might be associated with the 

increased translation of FNDC5 mRNA rather than the increased transcription of 
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FNDC5 mRNA in skeletal muscle (Norheim et al. 2014). Besides, Huh et al. pointed 

out that irisin release might be related to the defective metabolism in skeletal muscle 

due to acute exercise, showing a short-term effect to restore ATP homeostasis, given 

the fact that circulating irisin levels were increased significantly when the ATP levels 

in muscle were decreased but remained unchanged when the ATP remained 

unchanged (Huh et al. 2012). 

 

This study also shows that irisin response to acute exercise was independent of 

training status, which is consistent with the finding reported by Huh et al. (Huh et al. 

2014), who used an acute bout of maximal running as the stimulus with blood 

samples taken within 10-15 minutes post-exercise. The current results also seem to be 

in accordance with another study from Kurdiova et al. (Kurdiova et al. 2014), where 

the authors observed no significant difference regarding irisin response to the same 

acute exercise conducted separately before and after a 3-month combined resistance 

and endurance exercise training among the same group of participants who were 

initially untrained. However, it is worth noting that blood samples for the irisin 

measurement in that study were all taken 60-70 minutes after both acute bouts of 

exercise (Kurdiova et al. 2014), a time-window in which the irisin levels are already 

decreased to baseline as shown in the current study and the others (Daskalopoulou et 

al. 2014; Huh et al. 2014). 

 

Furthermore, this study shows for the first time that irisin response to an acute bout of 

running was different from that of cycling, along with significantly elevated irisin 

levels for a longer time induced by running than by cycling. Several previous studies 

have well-documented that fat oxidation rates are higher in running versus cycling at 

the same relative intensity or over a wide range of intensities (Achten et al. 2003; 

Capostagno and Bosch 2010). Since irisin is not only a myokine but also an adipokine 

that is released from adipose tissue (Moreno-Navarrete et al. 2013), it seems likely 

that the higher fat oxidation rates and larger muscle mass involved in running might 

contribute to the prolonged time-period of elevated irisin levels compared with 
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cycling. Taking this into consideration and given the evidence that running induced a 

significant increase in the total amount of irisin release during the course of exercise 

test and 60-minute recovery period, it is hypothesized that more health benefits might 

be gained by running than by cycling, although it still remains controversial to date 

whether irisin has any beneficial effects on systematic metabolism in humans 

(Raschke et al. 2013; Scharhag-Rosenberger et al. 2014).  

 

Recently a cross-sectional study by Ruchala et al. showed that irisin levels were 

negatively correlated with CK levels in patients with thyroid disorders who are 

vulnerable to muscle destruction (Ruchala et al. 2014). However, another study by 

Gouni-Berthold et al. reported that simvastatin intervention, which is known to induce 

muscle damage, was associated with significantly increased irisin levels compared 

with baseline in male volunteers, and the changes in irisin levels were not correlated 

with the changes in CK levels (Gouni-Berthold et al. 2013). In line with the finding 

from Gouni-Berthold et al. (Gouni-Berthold et al. 2013), the results here also show 

that there was no significant association between exercise-induced changes in irisin 

and CK levels at any time-points, or between the total amount of exercise-induced 

irisin release and that of CK. However, moderate and negative correlations were 

observed between exercise-induced changes in irisin and AST as well as Mb, which 

are other typical biomarkers of muscle damage besides CK, suggesting that irisin may 

have potential protective effects against muscle damage induced by acute exercise. 

Together with the report from Anastasilakis et al. (Anastasilakis et al. 2014), the 

current work also refuse the hypothesis that irisin could reach blood circulation by 

leakage due to muscle damage. 

 

This study has several limitations. First, the sample sizes are relatively small and 

somewhat arbitrary in both exercise studies, which are due to the fact that no prior 

studies are available to date to enable such power calculations. Nevertheless, the 

sample sizes used in this study have already shown that irisin is an exercise-induced 

factor as well as the difference of irisin response to different exercise modes. Second, 
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there is an increasing concern regarding the decay of irisin levels in frozen blood 

samples (Hecksteden et al. 2013), however, no previous studies have clearly proved 

or validated this relationship by using the same blood samples stored for different 

time periods. Although there might be a potential risk of bias in interpreting the 

current results in this study, results from the percentage changes in exercise-induced 

irisin levels which might take the irisin decay rate into consideration foster confidence 

in these findings. Third, this study fails to adjust the irisin levels for plasma volume 

shift using the method described by Dill and Costill (Dill and Costill 1974), since the 

irisin levels were determined using frozen serum samples. Nonetheless, it has been 

indicated that the minimal shift is unlikely to largely affect the significantly increased 

irisin levels post-exercise (Kraemer et al. 2014). Finally, the assessment of irisin 

levels was not completely blinded in this study, which might also increase the risk of 

detection bias from a theoretical point of view. 
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4.2. Irisin response to chronic exercise training in 

adults: a meta-analysis 

As the second part of the dissertation, this meta-analysis shows for the first time that 

chronic exercise training had a moderate and significant effect in decreasing 

circulating irisin levels in healthy adults when compared with the controls in the 

RCTs (d = -0.46, 95% CI: -0.76 to -0.15). However, this effect size was weakened to 

be trivial and even non-significant in the NRS (d = -0.04, 95% CI: -0.30 to 0.23), 

indicating that study design study design might be a major source of heterogeneity 

and bias in interpreting the results, at least partly. Chronic resistance exercise training 

showed a moderate and significant effect in decreasing circulating irisin levels in the 

RCTs (d = -0.41, 95% CI: -0.75 to -0.06), while the evidence regarding the effects of 

chronic endurance or combined chronic endurance and resistance exercise training on 

changes in circulating irisin levels in the RCTs or NRS, remains somewhat 

insufficient.  

 

It is biologically plausible that chronic exercise training is associated with a decrease 

in circulating irisin, although the underlying mechanisms still remain to be fully 

explored. Recent studies have demonstrated that irisin is not only a myokine but also 

an adipokine that can be secreted from adipose tissue (Moreno-Navarrete et al. 2013; 

Roca-Rivada et al. 2013). Because circulating irisin levels have been shown to be 

decreased after surgically induced weight loss (Huh et al. 2012), and considering the 

fact that chronic exercise training is generally associated with body weight and body 

fat reduction (Miller et al. 1997; Pimenta et al. 2013), it seems possible that 

circulating irisin will be decreased as a consequence of chronic exercise training. 

Furthermore, several cross-sectional studies have pointed out that circulating irisin 

levels are positively correlated with insulin resistance (Garces et al. 2014; Park et al. 

2013; Sesti et al. 2014) as well as fasting blood glucose (Al-Daghri et al. 2014b; Park 

et al. 2013) in nondiabetic subjects, suggesting that irisin might be involved in the 
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glucose metabolism regulation (Al-Daghri et al. 2014b). Therefore, it is assumed that 

irisin might have an increased or/and compensatory release by adipose or/and muscle 

tissue to overcome the underlying irisin resistance, and potentially give physiological 

counteract effect to the deteriorated insulin sensitivity (Park et al. 2013). Since 

chronic exercise training is shown to be associated with ameliorated insulin resistance 

(Conn et al. 2014), it seems logical that circulating irisin will be reduced 

consequently. 

 

The results of this study also show that study designs (that is, RCTs versus 

before-and-after comparisons) might have contributed to the inconsistent results 

regarding the effects of chronic exercise training on in circulating irisin changes. In 

support of this finding, the recent RCT conducted by Scharhag-Rosenberger et al. 

showed that chronic resistance exercise training was correlated with reduced 

circulating irisin levels as compared with the control group (Scharhag-Rosenberger et 

al. 2014). However, when simply analyzing the data from chronic resistance exercise 

group, which will be treated as a before-and-after comparison, circulating irisin levels 

were shown to be significantly decreased in response to chronic exercise training 

(Scharhag-Rosenberger et al. 2014). In this case, this result seemed to be consistent 

with the initial finding from Boström et al. (Boström et al. 2012). 

 

Yet, it should be noted that in the study by Scharhag-Rosenberger et al., no significant 

changes in circulating irisin levels were observed in chronic resistance exercise group 

when corrected for storage time of frozen blood samples (Scharhag-Rosenberger et al. 

2014), an important modifier which was already suggested to be associated with a 

significant, time-dependent decay of irisin levels in blood samples (Hecksteden et al. 

2013). It therefore seems that failure to do so may result in an erroneous increase or 

non-significant changes in circulating irisin levels in response to chronic exercise 

training for intra-group comparisons in the study by Boström et al. (Boström et al. 

2012) and these included NRS (Ellefsen et al. 2014; Huh et al. 2012; Kurdiova et al. 

2014; Moraes et al. 2013; Norheim et al. 2014; Pekkala et al. 2013). Furthermore, 
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there exists a high risk of attrition bias due to the improper handling of outcome data 

in the initial study by Boström et al. (Boström et al. 2012), because the authors only 

analysed irisin data from 8 out of the 11 subjects without providing detailed 

explanations. It seems likely that this risk of bias might also contribute to the current 

discrepancies against the other similarly designed studies (Huh et al. 2012; Kurdiova 

et al. 2014; Norheim et al. 2014; Pekkala et al. 2013). 

 

In addition to the storage time of frozen blood samples, increasing evidence has 

suggested that there were several other influencing factors associated with the 

changes in circulating irisin, such as age (Huh et al. 2012), sex (Anastasilakis et al. 

2014; Scalzo et al. 2014) and BMI (Huh et al. 2012; Park et al. 2013). Failure to 

adjust irisin levels for these confounding factors would also lead to inconsistent 

results, especially for those included NRS which lacked proper controls. Although 

results from the meta-regression analyzes did not find any potential moderator in 

regulating the changes in circulating irisin, it should be acknowledged that there was a 

risk of aggregation bias resulting from meta-regression analyses, which were 

performed at the patient-level rather than with the individual patient data (Thompson 

and Higgins 2002).  

 

The results of our study further show that chronic resistance exercise training had a 

moderate and significant effect in decreasing circulating irisin levels in the RCTs, 

while chronic endurance exercise training only showed a strong trend (P = 0.07). It 

seems likely that this discrepancy might be probably caused by the small number of 

studies (only one) conducted on chronic endurance exercise training and the relatively 

small sample size (only 23 intervention participants) used in that study (Hecksteden et 

al. 2013). 

 

However, the interpretation of these results should be done with several cautions. First, 

all circulating irisin data described in this study had been determined by commercially 

available ELISA kits from 2 companies (Aviscera and Phoenix Pharmaceuticals), yet 
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the validity of those kits still remains somewhat controversial (Al-Daghri et al. 2014a; 

Raschke et al. 2013). This will increase the potential risk of systematic bias. Despite 

the fact that increasing evidence has demonstrated the existence of circulating irisin in 

human beings (Boström et al. 2012; Lee et al. 2014; Liu et al. 2013; Stengel et al. 

2013; Zhang et al. 2013), it seems not all ELISA kits have been validated so far, since 

studies that used different or even the same commercial kits yielded different baseline 

results in the matched population (Hecksteden et al. 2013; Huh et al. 2012; Pekkala et 

al. 2013). It cannot be fully excluded that some ELISA kits show off-target detection 

(Boström et al. 2014), which might mask the alterations in circulating irisin. Second, 

it should keep in mind that one additional difference between the findings of Boström 

et al. (Boström et al. 2012) and the other studies included in this meta-analysis was 

the applied methods for determining circulating irisin levels – Western Blot versus 

ELISA, although it remains unknown whether these 2 methods have any difference in 

irisin measurement. Finally, all participants involved in the RCTs were healthy 

untrained adults. Results from the meta-analysis of RCTs might largely represent the 

effects of chronic exercise training on circulating irisin changes in healthy untrained 

adults.  

 

The present meta-analysis has several strengths. First, it is to date the most 

comprehensive analysis that systematically evaluates the effects of chronic exercise 

training on circulating irisin changes in adults. Second, the methodology of this study 

was registered a priori (PROSPERO CRD42014007529), which minimises the 

reporting bias. Third, the available RCTs and NRS provided a larger overall sample 

size, fostering confidence in the current findings. 

 

The study also has several limitations. First, possibilities of publication bias cannot be 

completely excluded considering that the Begg's test or Egger's test could be 

underpowered and given the fact that there was a language restriction to the included 

studies. Second, the somehow small number of studies, especially RCTs, limited our 

ability to fully understand the effects of chronic exercise training on circulating irisin 
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changes, such as combined chronic endurance and resistance exercise training effects, 

and to identify potential moderator variables associated with the changes in 

circulating irisin, such as insulin sensitivity/resistance index. Third, the 

methodological quality of the included studies was low in general. All the included 

RCTs applied the per-protocol analysis rather than the intention-to-treat analysis, and 

reported high dropout rates (more than 20%). These would also increase the risk of 

bias. Fourth, participants involved in the NRS were mixed (Table 4), which might 

further lower the quality of the evidence, although subgroup analyses in this study did 

not show any significant difference among different populations regarding the effects 

of exercise training on circulating irisin changes (data not shown). Fifth, a recent 

study has observed a day-night rhythm of irisin secretion, with its lowest levels at 

6:00 in the morning and peak levels at 9:00 in the evening (Anastasilakis et al. 2014). 

Yet 5 of the included NRS did not state whether the time-points during a day for 

taking pre- or post-exercise blood samples were the same (Ellefsen et al. 2014; Huh et 

al. 2012; Kurdiova et al. 2014; Norheim et al. 2014). Besides, the time for drawing 

blood samples to determine irisin concentrations after the last bout of exercise training 

varied from 30 minutes to 7 days. These factors may potentially mask the overall 

effects of chronic exercise training on circulating irisin changes, although the kinetics 

of circulating irisin levels following chronic exercise training remains largely 

unknown. Finally, information on energy intake (e.g., carbohydrate intake 

(Lopez-Legarrea et al. 2014)) during the chronic exercise training was poorly 

recorded, except one study that used dietary records (Scharhag-Rosenberger et al. 

2014). The majority of these studies therefore failed to clarify whether the alterations 

in circulating irisin could be attributed to the changes in energy intake, since 

decreased circulating irisin levels were shown to be associated with energy restriction 

(de la Iglesia et al. 2013). 

 

In light of the current evidence and limitations from this study, the following 

recommendations for future studies are worth considering: first, well-designed RCTs 

with larger sample sizes, lower dropout rates, and using intention-to-treat analyses, 
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are needed. Second, RCTs that investigate the association between combined chronic 

endurance and resistance exercise training and changes in circulating irisin levels are 

required. Third, it is suggested to take record of the information on dietary or energy 

intake, and changes in body weight or insulin sensitivity/resistance index following 

chronic exercise training, as they will be helpful in interpreting the association 

between chronic exercise training and changes in circulating irisin. Fourth, it is 

important to keep the same time-points during the day drawing pre- and post-exercise 

blood samples in order to determine and evaluate irisin concentrations, as well as to 

investigate the kinetics of circulating irisin following chronic exercise training. 

Finally, it is necessary to validate and standardize the irisin ELISA kits, and to sort 

out the potential difference to Western Blot analyses. 
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4.3. Regulation of proliferation and differentiation of 

C2C12 cells by irisin 

As the final part of the dissertation, the current study shows that the addition of irisin 

to C2C12 skeletal muscle cells increased cell proliferation in a dose-dependent 

manner as evidenced by the cell proliferation assay, but without significantly affecting 

the PCNA mRNA expression when compared with the corresponding controls. The 

study also shows that irisin treatment on C2C12 cells had no significant effects on cell 

differentiation as supported by the expressions of MyoD, myogenin or desmin at 

mRNA levels as well as the expressions of MyoD and myogenin at protein levels. 

Besides, irisin had no significant effects on the regulation of mitochondrial biogenesis 

during C2C12 cell differentiation as shown by the mRNA expressions of PGC-1α, 

FNDC5 and TFAM. 

 

A previous study by Vaughan et al. observed that the treatment of irisin at various 

concentrations might have minor effects on C2C12 cell proliferation within 48 hours 

(Vaughan et al. 2014). In line with this observation, the current results also showed 

that irisin had no significant effects on the regulation of C2C12 cell proliferation 

within this time window. Notably, the cell proliferation was found to be significantly 

increased after 72-hour irisin treatment, and this increase was in a dose-dependent 

manner. Moreover, the proliferation of C2C12 cells seemed to reach the plateau 96 

hours later, while the proliferation of irisin treated C2C12 cells seemed to have 

already reached the plateau 24 hours before. These indicate that irisin has a significant 

effect in promoting the C2C12 cell proliferation, and this effect is dose-dependent and 

somehow time-dependent. However, the gene expression of PCNA remained 

non-significantly changed throughout the whole intervention periods. It is speculated 

that the increased cell proliferation might be associated with the accelerated G1/S 

check point without affecting the PCNA mRNA expression by irisin. 
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Skeletal myogenesis is a highly ordered and regulated process that incorporates 

multiple steps (Andres and Walsh 1996). These steps include the activation of muscle 

stem cells, proliferation of mononucleated myoblasts, irreversible cell-cycle arrest 

that guided by the expressions of muscle-specific transcription factors, such as 

myogenic factor 4, myogenic factor 5, MyoD and myogenin, and the fusion of 

differentiated myoblasts into multinucleated myotubes and functional muscle 

(Weintraub 1993). In this study irisin treatment on C2C12 cells was found to have no 

significant effects in inducing changes in the expressions of several myogenic 

markers and transcription factors (e.g., MyoD, myogenin and desmin) at different 

stages of differentiation, despite that there were some trends towards increased 

mRNA expressions of these myogenic markers in C2C12 cells treated with irisin at 40 

nM compared with the corresponding control cells at different incubation time-points.  

 

A recent study by Huh et al. showed that irisin dose-dependently regulated certain 

genes related to muscle hypertrophy (e.g. myostatin) in differentiated human skeletal 

muscle cells within 24 hours (Huh et al. 2014a). However, their work did not show 

any results on the other myogenic markers (e.g., MyoD or myogenin) and failed to 

further investigate the effects of irisin on cell differentiation at an earlier stage 

following extended incubation time-periods (e.g., 3 or 5 days). Moreover, the irisin 

receptor has not been identified yet, and only few works have focused on the 

characterization and function of irisin in skeletal muscle to date (Huh et al. 2014a; 

Huh et al. 2014b; Vaughan et al. 2014). Therefore, to identify the irisin receptor will 

be helpful in interpreting whether irisin could indeed affect the skeletal muscle 

development, although the current evidence suggests that irisin promotes C2C12 cell 

proliferation but seems to have no significant effects on cell differentiation which 

might be due to the small sample size of experiments performed. 

 

In addition to the non-significant changes in the expressions of MyoD, myogenin and 

desmin, this study also shows that irisin treatment on C2C12 cells was not associated 

with significant changes in the mRNA expression of PGC-1α, FNDC5 or TFAM at 
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different stages of differentiation. In contrast to the current results, Huh et al. pointed 

out that 2 hours treatment of irisin at a low or high concentration significantly 

upregulated FNDC5 expression, but followed by significantly reduced expressions of 

FNDC5 and PGC-1α after 6- or 24-hour irisin treatment (Huh et al. 2014a). 

Considering the evidence above, it seems likely that irisin might only have a transient 

effect in regulating cell differentiation and mitochondrial biogenesis, which is 

probably within 24 hours. 

 

There are several limitations to this study. First, although XTT assay and gene 

expression analysis of PCNA have been considered as the important methods to study 

cell proliferation, this current work did not perform other assays evaluating other cell 

cycle markers, such as cyclin D1 or c-myc (Hanson et al. 1994; Stacey 2003), which 

might have resulted in different data than PCNA itself. Second, irisin has shown to 

significantly promote the C2C12 cell proliferation in this study; however, the 

potential mechanisms underlying this effect still remain unknown. Since it is now 

generally recognized that signal transducer and activator of transcription 3, AMPK or 

extracellular signal–related kinase signaling pathway promotes cell proliferation by 

affecting DNA synthesis (Cargnello and Roux 2011; Kami and Senba 2002; 

Kisielewska et al. 2009), future work that focuses on these signaling pathways is 

therefore required to strengthen these findings. Third, the effects of irisin on C2C12 

cell proliferation and differentiation cannot simply be translated to human skeletal 

muscle due to their striking differences, especially in the degree of maturation and 

mode of glucose metabolism (Kotliar and Pilch 1992; Langelaan et al. 2011). Finally, 

since the in vitro actions of irisin in mouse cell lines may differ from that in mice in 

vivo, studies that investigate the in vivo effects of irisin are required to confirm or 

refute findings from this study.  
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4.4. Conclusions 

In conclusion, this dissertation showed that acute exercise induces an immediate and 

transient increase in irisin levels in healthy adults. The irisin response to acute 

exercise is independent of training status. An acute bout of exhausted running keeps 

irisin at consistently higher levels for a longer time-period than that of exhausted 

cycling, and induces a significant increase in the total amount of irisin release during 

the course of exercise test and 60-minute recovery period; indicating that irisin 

response to acute exercise is dependent upon exercise mode. Besides, 

exercise-induced irisin release is negatively associated with the respective changes in 

some biomarkers of muscle damage, indicating that irisin might have potential 

protective effects against muscle damage induced by acute exercise.  

 

This dissertation also showed that exercise training is associated with decreased 

circulating irisin levels by meta-analysing the RCTs, yet evidence remains insufficient 

regarding this association by meta-analysing the NRS. Study design and the failure to 

adjust irisin levels with influencing factors as well as the lack of proper controls in the 

NRS may be the major sources for heterogeneity and bias in interpreting the current 

inconsistent results (regarding the effects of chronic exercise training on circulating 

irisin changes in adults).  

 

This dissertation further provided evidence that irisin promotes C2C12 cell 

proliferation without influencing the PCNA gene expression rate. However, irisin has 

no significant effects in regulating C2C12 cell differentiation or altering the 

expressions of mitochondrial regulators PGC-1α and TFAM during cell 

differentiation.  

 

In order to confirm and explain the findings in this dissertation, future studies that 

investigate the mechanisms underlying irisin release in response to acute exercise as 
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well as the in vivo effects of irisin on skeletal muscle cell proliferation and 

differentiation in mice, are needed. Besides, studies that use the randomized 

controlled study design, utilize different exercise training modes, take records of 

dietary intake during chronic exercise training, choose the same time-points during 

the daily routine drawing pre- or post-exercise blood samples, and describe potential 

weight loss as well as changes of body fat percentage or insulin sensitivity/resistance 

index following chronic exercise training, are required. 
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5. SUMMARY 

Irisin has been proposed to be a promising therapeutic target in obesity and diabetes, 

not only because of its beneficial effects in reducing body weight and improving 

glycemic homeostasis, but also due to the evidence that irisin might mediate the 

benefits of exercise. Irisin is now recognized as an exercise-induced hormone that is 

produced primarily by skeletal muscles and adipose tissue. However, its physiological 

characteristics in the response to acute or chronic exercise training still remains 

somewhat controversial.  

 

By using serum samples at different time points before and after an acute bout of 

exercise among trained and untrained healthy adults, this study demonstrated that 

serum irisin transiently increases in response to acute exercise, and this increase is 

independent of training status. Notably, this study also showed that running could 

keep irisin at significantly elevated levels for a longer time-period compared with 

cycling; suggesting that irisin response to acute exercise is dependent upon exercise 

mode. By conducting a meta-analysis of currently available studies that had an 

assessment of chronic (≥8 weeks) exercise training effects on circulating irisin with 

reported outcomes of circulating irisin, this study provided evidence that chronic 

exercise training is associated with decreased circulating irisin levels by 

meta-analyzing the randomized controlled trials. This study further pointed out that 

differences in the study design and the failure to control for confounders in 

non-randomized studies lacking appropriate controls might be the major sources of 

heterogeneity and bias underlying inconsistent findings in the current literature, future 

studies that use randomized controlled designs, record dietary intake and changes in 

body weight or insulin sensitivity/resistance index following chronic exercise training 

are required. 
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Since regular exercise is demonstrated to be a key element in the management of 

some muscular diseases by preventing skeletal muscle atrophy and enhancing skeletal 

muscle mass, and given the fact that irisin is responsive to exercise and positively 

modulates the metabolism in skeletal muscle cells, it seems plausible that irisin might 

affect the development of skeletal muscle cells. By treating mouse skeletal muslce 

cells continuously with or without irisin at physiological and pharmacological 

concentrations during different stages of differentiation, this study showed that irisin 

promotes mouse skeletal muslce cell proliferation in a dose-dependent manner, while 

irisin seems to have no significant effects in regulating mouse skeletal muslce cell 

differentiation or altering the expressions of mitochondrial regulators peroxisome 

proliferator-activated receptor γ coactivator-1α and mitochondrial transcription factor 

A during cell differentiation. 
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